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1 Introduction

In recent years, several studies have been developed
to investigate materials with perovskite structure due
to their mixed conduction mechanisms when doping

ABSTRACT

Lanthanum ferrites present electrical and magnetic properties that enable their
use in several areas. Specifically, lanthanum ferrites doped with cobalt and
strontium have electrical conductivity and thermal stability, which enable their
use as electrodes (cathode) in solid oxide fuel cells and as catalysts in oxygen
separation membranes. This study aimed to investigate the effect of the fuel
concentration and calcination temperature over the synthesis of Lag¢Srg4Cog s-
Fey,0; nanopowders through solution combustion synthesis (SCS) using
sucrose (C1,H5,011) as fuel. Therefore, the powder was obtained using oxidant
and reductant reagents in a stoichiometric amount (1:1) and with an excess of
reducing reagent in the composition (1:2) and thermal treatment in several
temperature ranges, 1100 and 1200 °C, was performed. As a result, the samples
calcined at 1200 °C showed the best structural characteristics concerning the
other temperatures used, with an average crystallite size of 37 nm for the 1:1
sample and 42 nm for the 1:2 sample. The conductivity of the materials tends to
increase with increasing temperature and excess of fuel. At 500 °C, in the 1:1
sample, 2.61 x 10~ S/cm was obtained and in the 1:2 sample, 11.4 x 107%s/
cm. Given the findings obtained in this work report, the fuel excess increases
crystallite size and conductivity and reduces band gap and activation energy,
emphasizing a considerable influence of the content of fuel used in SCS in the
evaluated properties.

elements are inserted into the structure [1]. Among a
wide range of materials studied, lanthanum ferrites
doped with cobalt and strontium (LSCF) have been
highlighted and shown to be very promising in the
field of advanced ceramics, presenting good
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characteristics such as high catalytic activity in the
oxygen reduction reaction and chemical stability at
intermediate temperatures, in addition to good elec-
trical, magnetic, and thermal properties [2, 3]. Their
wide applications range from use as cathode material
in Solid Oxide Fuel Cells (SOFCs) to oxygen separa-
tion membranes and membrane reactors for syngas
production and partial oxidation of hydrocarbons
[4, 5]. As concerns SOFC application, many studies
[6, 8-11] have been developed and have shown that
the increase in the cobalt content tends to increase the
conductivity of the ferrite.

According to Jiang [8], lanthanum ferrites doped
with cobalt and strontium (LSCF) are the most pop-
ular and representative mixed ionic and electronic
conduction electrode (MIEC) material for SOFC
application operating at intermediate temperature
(600-800 °C).

The electronic structure of LSCF is a combination
of lanthanum ferrite doped with strontium (LSF) and
lanthanum cobaltite doped with strontium (LSC).
LSC and LSF have similar crystal structure but differ
in their electronic structure [8].

The composition containing the highest cobalt
concentration stands out for having higher electrical
conductivity. This is because cobalt ions at the B site,
in the ABO; perovskite structure, appear to have
lower binding energy with oxygen than Fe ions [9].
On the Other hand, Fe ions control the migration of
oxygen ions in the structure, in addition to control-
ling the thermal expansion coefficient (TEC) of the
material.

Some scientific works [6-8] describe that the com-
position, Lag ¢Srg 4Cog sFeg 03, which is the object of
this study, presents an interesting compromise of
properties, in terms of good electronic conduction
and a discreet thermal expansion, (TEC) when the
focus is on its application as a cathode in SOFCs, for
example.

In the perovskite structure (ABOj3), the elements of
the A site are rare earths and alkaline earth metals
with coordination number 12. In contrast, the tran-
sition metals occupy the B site with coordination
number 6. The A and B elements are cations in which
the A element has the largest ionic radius of the
structure, while O (oxygen) is the anion [10]. At room
temperature and without the addition of dopants,
perovskite usually presents a cubic structure. With
the addition of dopant elements, a distortion in the
structure occurs. The partial substitution of A-site
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cations for lower valence state cations increases the
oxygen vacancies in the system. This increase in
oxygen vacancies preserves the neutrality of the
system, which results in improved ionic conductivity
with better catalytic properties. As for the B site, the
substitution of ions with similar size but lower
valence can be used to adjust the concentration of
oxygen vacancies. The materials have good electronic
conductivity due to the mixed valence states of the
different constituent elements present in the B site of
the perovskites.

Several methods have been proposed to synthesize
materials with this structure, such as electrospinning
[11], sol-gel, Pechini [12], and solution combustion
synthesis [13-15], besides other methods that aim to
obtain better structural and morphological charac-
teristics and, consequently, better properties.
According to Sousa [13], in relation to other methods
of powder synthesis, the combustion reaction is
considered fast, simple, economical and makes it
possible to obtain fine, homogeneous, and, in certain
cases, crystalline powders, without the risk of con-
tamination, because it does not require grinding
steps.

Besides the choice of synthesis method, other fac-
tors influence the morphological and structural
properties of the powders. In solution combustion
synthesis, among the wide range of fuels available for
application are glycine [4, 15-17], urea [15, 17], citric
acid [15], and sucrose [15, 18]. The type and amount
of fuel selected have a direct influence on the syn-
thesis process, such as the reaction rate, gas genera-
tion, and reaction temperature. These parameters
determine the characteristics of the material obtained
such as crystallinity, particle size, and formation of
adjacent phases, thus altering the final properties of
the powders obtained, such as conductivity.

Although solution combustion synthesis has
already been used to synthesize the lanthanum fer-
rites doped with cobalt and strontium (LSCF), no
works were found in the literature in which sucrose
has been used to obtain ferrite by solution combus-
tion synthesis in the composition and with the same
percentage of dopants used in the present work.
Furthermore, the effect of sucrose variation on the
properties of LSCF powders hasn’t been done yet.

Therefore, the present work proposes the synthesis
of LagSrg4CoggFep>03 nanopowders by solution
combustion synthesis using sucrose as fuel, observ-
ing the effect of the fuel concentration and calcination
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temperature over the phase formation, electrical
conductivity, optical band gap, crystallite size, and
activation energy of the powders obtained.

2 Experimental

Solution combustion synthesis (SCS) was the method
used to obtain the powders. The fuel chosen for the
process was sucrose (Ci;pHz,0;1), as an easily
obtainable and low-cost material, besides the ability
to obtain powders with smaller particle size,
according to previous researches [19]. For the real-
ization of the reaction, oxidant and fuel were used in
stoichiometric quantity (1:1) and fuel with 100%
excess in the solution (1:2).

To produce the Lag¢Srg4CoggFen203 (represented
by the acronym LSCF) powders, several chemical
reactions were performed using La (NOj;); .6H,O
(lanthanum (III) nitrate hexahydrate (> 99.0%)), Sr
(NO3), (strontium (II) nitrate (> 98%)), Co (NOs),.6-
H,O (cobalt (II) nitrate hexahydrate (98%)), Fe
(NO3)3.9 H,O (iron (III) nitrate nonahydrate (> 98%)),
and C;,H,,04; (sucrose (> 99.5%)).

Using the method described by Jain [20] and Sousa
[13], proportions of the cation precursor reagents
(nitrates) and reductant reagents (sucrose-fuel) were
used based on the total valences of the elements,
where, in modulus, the sum of the valences of the
oxidizing elements (nitrates) divided by the sum of
the valences of the reducing element should be equal
1.

The materials were weighed separately and then
mixed with enough distilled water, necessary to
dissolve the reagents, in a round-bottomed glass
balloon. To perform the synthesis, the balloon was
placed on a heating mantle inside an exhaust hood.

The solutions were kept at 110 °C for 1 h with an
inertia of + 40 °C for water evaporation until they
turned into a gel, then raising the temperature to 280
°C. Flame propagation started at 280 °C and contin-
ued for approximately 15 min with the 1:1 composi-
tion, and 5 min with the 1:2 composition, until
powder formation.

After synthesis, the powders were deagglomerated
on a #200 mesh sieve. Then, they were calcined at
different temperatures: 900 °C, 1100, and 1200 °C,
maintaining the plateau of 1 h and the heating rate of
10 °C/minute. The calcination below 1100 °C was
performed in a Sanchis furnace (maximum
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temperature limit of the furnace) and above 1100 °C
in a Carbolite HTF 17/5 furnace.

Thermal analysis, thermogravimetric analysis
(TGA), and differential thermal analysis (DTA) of the
powder obtained were performed in a Parkin Elmer
TGA 4000 thermal analyzer. The samples were
heated in the temperature range of 30 to 990 °C, with
a heating rate of 10 °C/min in N, atmosphere.

The crystallinity of the powders obtained (before
and after thermal treatment) was analyzed by X-ray
diffraction (XRD). The measurements were per-
formed by a Siemens X-ray diffractometer (BRUKER
AXS) D-5000 with a curved graphite monochromator
in the secondary beam operating at a voltage of 40 kV
and current of 30 mA, with Cu Ko radiation
(/. = 1.5406 A) and scanning in the angular range of
10 to 70° of 26. The samples were analyzed at a step
interval of 0.05° for 1 s, with divergence and anti-
scattering slits of 1° (degree) and a reception slit of 0.6
mm. For phase identification, the program X'Pert
HighScore Plus 2012 version 3.0 was used.

In addition, the crystallite sizes of the powders
were identified using Debye-Scherrer’s Eq. (1) [21].
In the equation, B = width at half-height of the
diffraction peak determined in radians (described by
the acronym FWHM), D = crystallite size, 4 = X-ray
wavelength (1.5406 A), 0 = Bragg’s angle, and K (we
assume the value of 0.9) is the correction factor,
which can vary depending on the shape of the crys-
tallites presumed to be in the sample.

K2
~ PcosO

(1)

The samples were also analyzed by transmission
electronic microscopy (TEM), in a Thermofisher
microscope, Tecnai T20 model, with an applied
voltage of 200 kV and TIA software for evaluation of
the captured images.

Using an oven coupled to an INTI controller,
model FTK 1100, measurements of electric current
and electric voltage in direct current as a function of
temperature were performed on the 1:1 and 1:2 LSCF
powders calcined at 1200 °C. For the test, the tem-
perature was varied between 30 and 500 °C and, by
different voltage ranges, the current was determined.
The powder was deposited, without compaction, on a
sample holder (alumina ring) with an internal
diameter of 5.07 mm and an area of 20.18 mm?.
Aluminum was selected as an electrode.
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From the current and voltage measurements, it was
possible to calculate, through Ohm’s law, the elec-
trical resistance, the resistivity, and the electrical
conductivity of the material.

The area of the material was determined from the
measurement of the inner diameter of the alumina
ring used as a sample holder for the electric
characterization.

After determining the aforementioned data, the
Arrhenius curve was drawn, from which it was
possible to determine the activation energy (E,) of the
material, calculated using the Arrhenius equation,
Eq. (2), in which Cm is the material constant, T is the
absolute temperature, and k is the Boltzmann con-
stant (1.380649 x 107> m* kg. s 2k ).

Cm —Ea
o= e (W) @

The indirect band gap of the produced materials
was determined by Tauc Plot method [22] measuring
the UV-Vis diffuse reflectance spectra (UV-Vis DRS),
assisted by a spectrophotometer Shimadzu
UV2450PC using an ISR-2200 Integrating Sphere
Attachment. The experiments were performed at
room temperature in the range of 300 at 800 nm. The
baseline in the solid state was obtained using BaSO,
(Wako Pure Chemical Industries, Ltd.). For all
experiments, the obtained materials were treated as
powder.

3 Results and discussion
3.1 Thermal analysis by TGA and DTA

Figure 1a, b show the thermal behavior of the Lage.
S19.4Cop gFep 203 (LSCF) powder through the TGA
and DTA curve of the 1:1 and 1:2 samples, respec-
tively. The test, performed at a temperature between
30 and 990 °C, showed, through the TGA curve, that
there was a weight loss of 10% of sample 1:1 and 22%
of sample 1:2. In the analysis through the DTA curve,
several exothermic reactions are observed in the 1:1
composition, the peak at 600 °C being prominent. For
the 1:2 composition, four exothermic reactions are
observed at 150 °C, 500 °C, 700 °C, and 900 °C. The
peak is most intense at 500 °C.

The weight loss and the various exothermic events
occurring at different temperature ranges are possi-
bly due to the removal of humidity from the
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powders, the decomposition of the nitrates and
sucrose portion, and partial burning of the oxygen
present in the structure due to the creation of
vacancies with the addition of strontium at the A
position.

By inserting more sucrose in the structure, a
greater amount of gases was generated during the
synthesis, preventing the complete combustion of
some nitrates. Therefore, the TGA curve of the syn-
thesized powders showed a significant weight loss of
the 1:2 sample, because the increase in the tempera-
ture during the analysis could result in the total
decomposition of these nitrates.

When analyzing the DTA curves of Fig. 1a, b, it is
observed that there is some similarity regarding the
temperatures at which the exothermic reactions
occur. The first reaction, which occurs in the 150 °C
range for both samples, is possibly due to the elimi-
nation of moisture present in the ferrite powders.
However, a distinct behavior is observed that occurs
only in sample 1:1 (Fig. 1a) at 250 and 350 °C and is
possibly responsible for the decomposition of nitrates
that were still present in this sample even after the
combustion reaction and that were no longer present
in sample 1:2. Between 400 and 650 °C, exothermic
peaks are observed for sample 1:1 and a single
intense peak for sample 1:2. For both, this range
represents the formation of the crystalline LSCF
phase, in addition to decomposition of C;,H2,013
[19], and elimination of gases such as CO, [13].
Considering that both samples have the same com-
position, but with the 1:2 sample having twice as
much fuel inserted in the solution, the distinct
behavior in this temperature range implies the for-
mation of a greater amount of gases and a greater
amount of fuel to decompose, noting also that, in this
temperature range, the loss in weight for the 1:1
sample is 6%, and for the 1:2 sample 13%.

According to Biswas [18] in a study of the prepa-
ration of the LaNiOj; system by solution combustion
synthesis using sucrose as fuel, the high exothermic
peak in the 500 °C temperature range would be
linked to the slow combustion of the carbon element
present in the fuel.

Stevenson et al. [4] in a study on the electrochem-
ical properties of mixed conduction perovskites of the
type La;_M,Co;_yFe,O3_5 (M =5Sr, Ba, Ca) pre-
pared by the solution combustion synthesis, reported,
through TGA analysis under air atmosphere, that for
the structure La; _,SrxCo;_,Fe,O3_s the magnitude of
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Fig. 1 TGA and DTA curves of LSCF powder obtained by combustion: a sample 1:1, b sample 1:2

oxygen loss during heating is highly composition
dependent and tends to increase with increasing
strontium content in the A site. For a structure with
40% strontium, significant weight loss was observed
between 600 and 1200 °C.

A study by Tai et al. [9], using TGA analysis
measured under air atmosphere, demonstrated the
influence of the strontium content on the weight loss
of the structure as a function of temperature and also
the oxygen content as a function of temperature.
They concluded that for an LSCF system with 40%
strontium in the A position, there was a loss of 0.12
mols of oxygen from the structure at 1000 °C and
significant weight loss above 600 °C. This result was
also linked to the exothermic peaks present at 900 °C
for samples 1:1 and 1:2.

Sample 1:2 also presented an exothermic peak in
the range of 700 °C representing the decomposition of
the element strontium nitrate [23].

In another study [15], aiming to study the effect of
propellant on the properties of LSCF, the Lag ;51 -
CopsFeps0; was obtained by solution combustion
synthesis using different fuels in a stoichiometric
amount. In their TGA and DTA analysis, the curves
represented by powder synthesized with sucrose
showed that the weight loss was approximately 22%,
as was observed for the 1:2 sample, and the DTA
curve showed an intense exothermic peak at 370 °C
indicating the decomposition of C;,H5,01; that was
still present after synthesis (incomplete combustion).

3.2 Identified phases by XRD

The X-ray diffractograms of the 1:1 and 1:2 compo-
sitions are shown in Fig. 2a, b, respectively. In the
LSCF 1:1 composition, it was possible to identify the
beginning of the formation of the Lag ¢Sr¢.4Cop sFep -
O; phase immediately after synthesis in which the
Co304 phase is also present. On the other hand, the
1:2 composition, analyzed after synthesis, showed
only Sr(NOg), diffraction peaks according to JCPDS
sheet 76-1375.

For the 1:2 composition, the temperature required
for decomposition of this nitrate was not reached
during the SCS that, according to research conducted
by Culas [23], the decomposition temperature of
strontium nitrate is 918.3 K (645.15 °C). Furthermore,
the excess of fuel added in the reaction generated a
greater amount of gases that prevented the temper-
ature rise in the reaction from reaching the decom-
position temperature of strontium nitrate [19, 24].

Then, it was observed, for the 1:2 composition, that
as the heat treatment temperature is increased, the
decomposition and reaction of strontium nitrate
occurs. On the other hand, after heat treatment at 900
°C, this composition presented, besides the LSCF
phase with rhombohedral structure, according to
JCPDS data sheet 48-0124, a Co3;0,4 phase with cubic
structure, according to JCPDS data sheet 74-2120. As
the temperature was increased to 1100 °C, the LSCF
and Co304 phases continued to be observed, but the
peaks intensity of the Co;O, phase was smaller.
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Fig. 2 X-ray diffractograms of the material obtained by SCS: a 1:1 composition, b 1:2 composition

A similar situation was analyzed for the 1:1 com-
position, but the Co30, phase presented more intense
peaks. The intensity of the peaks of a Co;04 phase
was decreased as the heat treatment temperature
increased.

After calcining the powders at 1200 °C, it was
observed that there was still a CozO4 peak in both
samples, which can be seen in Fig. 2b. The Co30,
peak in 1:2 sample is smaller, indicating that the 1:2
composition presented a more pure LSCF phase than
the 1:1 composition.

It was also observed that, for both samples, the
higher the treatment temperature, the smaller was
the value of the width of the diffraction peak of
highest intensity, indicating greater crystallinity.
Figure 3a presents the magnification of diffraction
peaks of highest intensity 1:1 and 1:2 compositions
after heat treatment at 1200 °C. It's observed that the
peaks of the 1:2 composition are narrower than the
1:1 composition, indicating that the 1:2 powder is
more crystalline than the 1:1 powder.

It is also observed that the increase in fuel content
tends to reduce the intensity of the peak related to the
presence of cobalt oxide, as shown in Fig. 3b.

From the Debye-Scherrer Eq. (1) [21], the average
crystallite size of the powders was carried out from
all diffraction peaks of the LSCF phase, as specified in
Table 1. According to the results, the increase of the
heat treatment temperature in the 1:1 and 1:2 com-
position does not significantly change the crystallite
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size. On the other hand, increasing the fuel concen-
tration tends to increase the size of the crystallites.
The fuel content had more influence on the size of the
crystallites than the calcination temperature. This
behavior was also observed by other authors using
the same synthesis method to obtain other compo-
nents, such as mayenite [25]. The excess of oxidizers
(fuels) contributes to the formation of more heat and
the release of more gases that are not properly dis-
sipated, resulting in an increase in the size of the
crystallite, as demonstrated by Tarrago et al. [19]

In addition to the variation between fuel-to-oxi-
dizer ratio and calcination temperature, other factors
determine the crystallite size. In the literature, several
different results are found depending on the param-
eters used. In the work performed by Chanquia et al.
[26], ferrites were also synthesized by SCS using
glycine as fuel in addition to ammonium nitrate. The
ferrites were synthesized and calcined at various
temperatures for a period of 6 h and presented
crystallites size of 32.7 nm at 700 °C and 45.3 nm at
800 °C. Similar values to those described in this work.
In other works, the crystallite size determined by
Williamson-Hall and Scherrer methods, of the LSCF
synthesized by SCS using sucrose and other fuels,
was smaller than 20 nm. Conceigdo et al. [15] syn-
thesized Lag 7Srp3C00s5Feps05 by SCS using various
fuels, including sucrose in proportion 1:2. In this
work, the powders synthesized using sucrose as fuel
presented 19.7 nm of crystallite size after calcination
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Table 1 Crystallite size of

powders after heat treatment Composition (oxidant:reductant)

Heat treatment temperature (°C)  Average crystallite size (nm)

for 1 h
or 1:1

1:1
1:1
1:2
1:2
1:2

900 40
1100 38
1200 37

900 45
1100 41
1200 42

at 750 °C/10 hours. The same crystallite size was
obtained by Jamale et al. [14] with the LageSro.a-
Cop gFep 05 powders synthesized by SCS using gly-
cine as fuel and calcination at 650 °C/5 hours with
the same proportion of oxidant/reductant (1:2).

As the samples sintered at 1200 °C showed greater
purity, emphasis was placed on the more detailed
characterization of the 1:1 and 1:2 fuel-to-oxidizer
ratio calcined at this temperature.

3.3 Particle analysis by TEM

From the images obtained by TEM of LSCF powders
calcined at 1200 °C (Fig. 4), it can be seen that the
solution combustion synthesis favors the nanoparti-
cles obtained, measuring below 20 nm. In addition,
by increasing the amount of fuel (LSCF 1:2), the
average particle size tended to increase (Fig. 5) with
well-defined morphology predominating the forma-
tion of small spheres. In these samples, the occur-
rence of coalescence that may represent the beginning
of sintering is also observed. On the other hand, the
1:1 sample showed agglomerates of particles which
made it difficult to identify the particle’s

morphology. This behavior can be attributed to the
fact that there is a greater trapping of gases in the
precursor solution of the 1:2 sample, caused by excess
fuel in the precursor solution, which made it more
viscous. In addition, excess fuel tends to form a more
porous structure, which may also have implications
in the optoelectronic properties. According Tarrago
et al. [19], in a study of influence of fuel on mor-
phology of LSM powders obtained by SCS, the use of
sucrose makes the solution more viscous, promoting
the retention of gases that delineated the morphology
of the aggregates.

3.4 UV-Vis DRS measurements

The diffuse reflectance spectra of samples LSCF 1:1
and LSCF 1:2 shown in Fig. 5, reveal that both sam-
ples have similar photophysical behavior, from the
perspective of the response to diffuse reflectance,
being significantly transparent at wavelengths above
600 nm. From 550 nm, both samples present an
intense light absorption and stabilize their light
absorption at wavelengths below 400 nm.

@ Springer
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Fig. 4 TEM of LSCF powders calcined at 1200 °C: a and b LSCF 1:1; ¢ and d LSCF 1:2

On the other hand, according to Fig. 6a, b, the
indirect band gaps, determined by the Tauc Plots
method, allowed finding a certain difference between
the band gaps found. LSCF 1:1 showed a band gap of
1.51 eV while the band gap of sample LSCF 1:2 was
1.47 eV. Can be observed a reduction in the band gap
with the increase in the fuel content. This result could
be explained by the increase in the crystallite size, as
it was demonstrated by other researchers [25, 27, 28]

@ Springer

that the decrease in the crystallite size tends to
increase the band gap, due to the enhancement of
quantum confinement effect in the nanometric scale.

3.5 Electrical conductivity measurements,
activation energy, and band gap

Through measurements of the electric current and
voltage in direct current mode as a function of



] Mater Sci: Mater Electron (2023) 34:1530

DRS (%)

40 T J T ¥ T ¥ T
400 500 600 700
Wavelength (nm)

Fig. 5 Diffuse reflectance spectra of ferrites powders with
different amounts of fuel and calcined at 1200 °C

temperature realized in the powders calcined at 1200
°C, the conductivity versus temperature curves and
Arrhenius plot were obtained, presented in Figs. 7
and 8, respectively.

From the results, it can be observed that the LSCF
powder with excess fuel presents higher electrical
conductivity compared to the LSCF 1:1 sample. As
shown in Fig. 7; Table 2, the conductivity of the
sample LSCF 1:2 tends to increase above 300 °C,
reaching a conductivity of 11.4 x 10~* S/cm at 500
°C. On the other hand, the sample without excess of
fuel, LSCF 1:1, remained with the conductivity con-
stantly close to 0 S/cm until 300 °C, after which
temperature the conductivity value started to
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Fig. 7 Conductivity versus temperature curve of the LSCF
powders calcined at 1200 °C

increase, reaching 2.61 x 107*S/cm at 500 °C, with a
value almost five times lower than the value
observed for the other sample.

It is important to consider that the material ana-
lyzed was a powder that was lightly compacted in a
sample holder, that means, with low densification,
which implies the presence of pores and air that lead
to an increase in the resistivity values. Therefore, the
values presented here must be compared with
materials analyzed under the same sample prepara-
tion conditions. The Arrhenius conductivity curves
were based on the electrical measurements shown in
Table 2 with the application of 6 V for LSCF 1:1 and 4
V for LSCF 1:2.

Fig. 6 Tauc’s plot for indirect
band gap energies of LSCF
Synthesized with different
amounts of fuel a and

b calcined at 1200 °C
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Fig. 8 Arrhenius conductivity plot of the LSCF powders,
showing the logarithm of conductivity as a function of the
inverse of temperature

Concei¢do [15] obtained Lag;Srg3CogsFeqs03
powders by combustion using various fuels. When
using sucrose as fuel, the activation energy values
ranged between 0.163 and 1.026 eV due to the vari-
ation in the material synthesis temperature, which
varied between 950 and 1100 °C, respectively. Using
urea as fuel, the activation energy values varied
between 0.177 eV and 1.342 eV for the same range of
synthesis temperature variation.

In relation to other values for activation energy
found in the literature, it is difficult to perform a
direct comparison of the results for this material,
since the proportion of doping used is directly
influenced by the properties of the charge carriers of
the perovskite. The synthesis method chosen, as well
as the type of fuel used, also influence the results,
since the time and temperature to obtain the powder
as well as the temperature and time of synthesis
influences the crystallinity of the material.

It can also be found that a higher activation energy
is rightly observed for the less conductive material,
which is in accordance with the conductivity

Table 2 Conductivity and activation energy of the LSCF powders

f J Mater Sci: Mater Electron (2023) 34:1530

determined by the Arrhenius Eq. (2). The activation
energy values indicate that the reaction mechanism of
oxygen reduction is related to charge transfer and
diffusion processes [29]. Therefore, the lower the
value of activation energy, the greater the probability
of electrical conduction.

There are many reasons that can explain the
occurrence of increased conductivity. One of the most
relevant is that small polarons prevail with an
increase in conductivity as their mobility is thermally
activated. This is attributed to a substantial increase
of thermally-induced oxygen loss, decreasing not
only the concentration but also the mobility of elec-
tronic carriers at high temperatures [15]. In addition,
Co ions on the B site appear to have a smaller binding
energy for oxygen than Fe ions, due to the greater
degree of oxygen deficiency in LSCF perovskites with
high Co content. The substitution of Fe for Co alters
not only the crystal structure but also the orbital
configuration of valence electrons. Furthermore, the
increase in the conductivity may also result from the
type of charge carriers and their density [9].

In addition, Fig. 9 shows the relationship between
crystallite size, conductivity, and band gap of pow-
ders calcined at 1200 °C. This relation reveals that the
excess of fuel increases the crystallite size and con-
ductivity and reduces the band gap, emphasizing
that there is a significant influence of the content of
fuel used in SCS in the properties previously
discussed.

In the work carried out by Hung et al. [30] it was
demonstrated that the LSCF perovskite, with a smaller
crystallite size, had higher activation energy. These
authors attributed this effect to oxygen vacancies,
which tend to increase the band gap mobility of charge
carriers between the cation of the B site and the oxygen
ion. This is corroborated by the results of this study
since the LFSC 1:2 sample has a larger crystallite size,
lower activation energy, and band gap.

At this point, it is clear that there is a relationship
between the structure and properties of the ferrite
produced under varying amounts of fuel. According

Composition (oxidant:reductant)

Conductivity at 30 °C (S/cm)

Conductivity at 500 °C (S/cm) Activation energy (eV)

1:1 0.0672 x 1074
1:2 0.4630 x 1074

2.61 x 107*
11.40 x 1074

0.15
0.13
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Fig. 9 Correlation between crystallite size, electrical conductivity
at 500 °C, and optical band gap of perovskite powders calcined at
1200 °C with different amounts of fuel used during SCS.

to Fig. 3b, it is clear that the increase of sucrose in the
SCS process leads to a reduction in the presence of
cobalt oxide which means, that this process variation
promotes the migration of cobalt ions from the oxide
structure to the perovskite phase and these phe-
nomena produce a material with higher electrical
conductivity, increase in the crystallite size and the
reduction in the optical band gap as shown in Fig. 9.
These structural changes that are being assumed,
illustrate the impact generated on the electrical and
optical properties, evidencing the strong correlation
between the material structure and its respective
properties influenced by the materials process.

4 Conclusion

Nanoparticles of Lag ¢Srg4Cop sFep 203 were obtained
by solution combustion synthesis using sucrose as
fuel. From this study it can be concluded that sucrose
as fuel is promising to synthesize LSCF by SCS when
used in excess. It was demonstrated that the increase
in fuel-to-oxidizer ratio modifies the crystallinity,
crystallite size, morphology, and optoelectronic
properties evaluated.

The excess of sucrose as fuel, after calcination at
1200 °C, allowed the synthesis of the LagSro4Cops-
Fe(,0;5 phase with higher purity and crystallinity. On
the other hand, the thermal treatment at this tem-
perature favored an increase in crystallite size and a
weight loss of more than 20% for the 1:2 sample. By
the increase of fuel-to-oxidizer ratio was found a
relevant variation in the conductivity of the material
from 2.61 x 107" S/cm for the 1:1 to 11.4 x 107*
S/cm for the 1:2 sample evaluated at 500 °C.
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Furthermore, the activation energy was also lower for
the 1:2 sample presenting 0.13 eV, if compared to
sample 1:1 that was 0.15 eV. Lastly, the indirect band
gap showed a reduction from 1.51 to 1.47 eV by the
increase of fuel in SCS reaction. All these results may
be attributed to the increase in the crystalline size
which is driven by fuel amount in SCS of the pro-
posed ferrite composition.

Therefore, this scientific research established an
interesting relationship of synthesis parameters, such
as the calcination temperature and fuel-to-oxidizer
ratio which strongly influences the final characteris-
tics of the powders obtained such as crystallinity and
optoelectronic properties evaluated.
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