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Abstract: La0.9Sr0.1MnO3 nanoparticles were prepared using the citrate–gel route and sintered at
different temperatures (TS = 600 ◦C, 800 ◦C, and 1000 ◦C). The x-day diffraction patterns reveal
that the samples exhibit a single phase with a rhombohedral

(
R3C

)
structure. The transmission

electron microscopy technique shows an increase in the grain size when the sintering temperature
(TS) rises. The obtained values are approximately similar to that of crystallite size calculated from
x-ray diffraction patterns. The impact of sintering temperature (TS) on the electrical properties of
La0.9Sr0.1MnO3manganite is examined using the impedance spectroscopy technique. A metal-semi-
conductor transition at a specific temperature (TM-SC) is observed for all samples. Indeed, the sintering
temperature increase induces the shift of this transition temperature toward higher temperatures.
Such a behavior is explained by the increase in the grain size. An agreement between the metal-semi-
conductor transition values coming from the DC resistivity and the grain boundaries analyses is
observed. This agreement proves the contribution of the grain boundaries in the electrical properties
of the studied samples. In addition, the presence of the relaxation phenomenon is confirmed. The
fitted Nyquist plots show the correlation between the microstructure of the material and the electrical
properties using an electrical equivalent circuit model. The DC resistivity and the impedance analyses
reveal the thermal activation of the transport properties in the investigated system.

Keywords: manganite; sintering temperature; impedance spectroscopy; electrical resistivity

1. Introduction

Manganites constitute one of the most popular families of oxide-perovskites. This pop-
ularity comes from its distinguished physical properties. The colossal magnetoresistance
effect is pronounced by the close interplay between the magnetic and the electrical trans-
port properties of manganite compounds [1]. In addition, manganites are characterized by
phase separation and charge ordering, which make them competitive compounds in mag-
netic applications, photonic and magnetoelectronic devices, and spintronic technology [2].
The strong correlation between their structural, magnetic, and electrical properties makes
these kinds of materials compatible for numerous technological applications [3–9]. Among
the manganite systems appropriate for these useful applications, lanthanum manganites
(La1−xAxMnO3) have been extensively studied due totheir rich physical properties [10–20].
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A focus on their structural properties attests to the fact that they have a general formula—
La1−xAxMnO3—where La is a rare earth and A is a divalent or monovalent ion. The parent
compound LaMnO3 is known as an anti-ferromagnetic insulator material. Its conductivity
is enhanced by the incorporation of the divalent ion Sr2+ in LaMnO3 at the La site. This in-
corporation produces the proportional converts of Mn3+ to Mn4+ ion. The formation of the
Mn4+ ions is generated due to the difference in charge between La3+ and Sr2+ ions. Indeed,
the occurrence of Mn ions is responsible for the double exchange interaction manifested
by the whole hops from Mn4+ to Mn3+ cations [21,22]. These hops are more likely to take
place in the ferromagnetic phase where the localized spins of these ions are parallel [21].
This later synchronization between the ferromagnetic behavior and the enhancement of
the double exchange mechanism gives an explanation to the metallic ferromagnetic charac-
ter below the metal-semi-conductor transition temperature [23]. Furthermore, the bond
angle Mn–O–Mn and bond length Mn–O have a strong dependence on the grain size in
manganites [24–28]. So, the electrical information associated with the effects of grains
and grain boundaries makes it very important to understand the overall properties of
polycrystalline materials. Indeed, the charge carriers transport in these materials can occur
by the contribution of grains, the grain boundary, and the sample–electrode interface. By
means of the impedance spectroscopy technique, we have the ability to clarify these effects
independently [29–34].

Lanthanum–strontium manganites (LSM) currently remain as commonly exploited
compounds. Thus, they are used in solid oxide fuel cells as cathode materials due to
their mixed conduction properties [35–37]. Vuk Uskokovic et al. [38] have explored their
implication in biomedicine by benefiting from their use in hyperthermia treatment. In
fact, the use of this compound allowed us the ability to distinguish malignant cells from
healthy ones, which are less vulnerable to the increase in temperature. As a consequence,
our studied compounds may be exploited in cancer cure [38,39]. Furthermore, given their
good catalytic activity and high stability, LSM are used as electro-catalysts. They exhibit
electro-conductivity, which is combined to the ionic conductivity provided by the ionic
conductor backbones to form high functional cathodes [40]. LSM systems attract the atten-
tion of numerous research groups as they undergo a series of structural, electronic, and
magnetic phase transitions when they are exposed to variable temperature [1]. Taking
into consideration these tremendous usefulness and special properties, LSM were widely
studied theoretically [41,42] and experimentally [30–32,43–52] from all sides (i.e., morpho-
logically, structurally, magnetically, and electrically) and in different forms (i.e., bulk, as
nanoparticles and thin films [53,54]). The effect of several factors was investigated such as
vacancies at the La site [55] and the Mn site [56] as well as oxygen stoichiometry [38,57,58].
In addition, the effect of different amounts of Sr has been explored [59,60]. Old and recent
studies have been discussed the effect of introducing an amount of 10% of Sr in an LaMnO3
system [37,45–49,59]. This interest about the La0.9Sr0.1MnO3 compound is due to its dis-
tinctive physical properties. In fact, such a compound is frequently used in solid oxide fuel
cells (SOFC) as the cathode. For that reason, the interaction between the La0.9Sr0.1MnO3
cathode and metallic interconnect for a solid oxide fuel cell at reduced temperature has
been investigated [37]. In order to more understand the physical properties of this sys-
tem, Shinde et al. [49] have reported the influence of the annealing temperature on its
morphological and magnetic properties. Furthermore, the preparation route determines
the electrical and magnetic behavior of LSM. Among the preparation route conditions,
the circumstances of the heat treatment (the sintering temperature [1,49,61–66], the sinter-
ing time [67,68], the steps followed in sintering, microwave sintering [69,70], the fully or
partially annealing [71]) affect the response of lanthanum manganite systems. In fact, the
increase in the sintering temperature (TS) induces a decrease in the electrical resistivity,
which leads to the improving of the electrical transport in these materials [62]. Such a
result seems to be explained by the increase of the mobility of charge carriers with the
increase in TS. Moreover, the rise in this temperature (TS) conferred a modification on
the metal-semi-conductor transition. Several researchers of manganites have reported the
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possibility of the shift of this transition temperature (TM-SC) toward the lower [66] and the
higher [25,65,66] temperatures with the rise of Ts. The effects of sintering temperature on
the physical properties of manganites have been recently reported [72,73]. Accordingly, it
is found that TS affects the grain size, leading to a variation in the metal–insulator tran-
sition temperature [72]. Dey and Nath [72] confirm that the grain size variation does not
affects the ferromagnetic–paramagnetic transition temperature. In some cases, this thermal
excitation causes the disappearance of the transition temperature [26]. Whereas Baaziz
et al. [61] found that the metal-semi-conductor transition temperature was not affected and
estimated it at 160 K for all the sintered samples. In the literature, a complete study on the
La0.67Sr0.33MnO3 compound has been investigated [61,74–76]. They started to explore the
effect of sintering temperature on the structural and magnetic properties of La0.9Sr0.1MnO3
brought by the variation of particle size [77–79]. In terms of variation as a function of
particle size, the evolution of the magnetic properties has been explained by the core–shell
model [77]. In addition, the decrease in the Curie temperature (TC) with the increase in
the grain size has been justified by the strain effect of grains induced by the distortion at
grain boundaries. In addition, the RCP (Relative Cooling Power) values at a low field are
comparable with those of the commercial magnetic refrigerant materials. Such comparison
indicates that our compound can act as a candidate for magnetic refrigeration [79]. In the
aim of completing the enlightenment of the remaining sides of the whole study, we opt to
advance a study on the effect of sintering temperature on the electrical properties of the
La0.9Sr0.1MnO3 system.

2. Experimental Details

La0.9Sr0.1MnO3 material was synthesized by the Citrate–Gel route. The nitrate precur-
sors are La(NO3)3 6H2O, Mn(NO3)2 4H2O, and Sr(NO3)2. The stoichiometric amounts of
the precursors are dissolved beforehand in water. Then, they are mixed with ethylene glycol
(C2H6O2) and citric acid (C6H8O7), forming a stable solution. The metal/citric acid molar
ratio was 1:1. Then, the solution was heated on a thermal plate under constant sintering at
80 ◦C to remove excess water and obtain a viscous gel. The gel was dried at 130 ◦C and
then calcinated at 600 ◦C for 12 h. Eventually, the obtained powder is divided into three
portions. The first one is the sample sintered at 600 ◦C. The second and the third portions
are sintered at 800 and 1000 ◦C respectively for 12 h. The phase purity and the structure of
the prepared samples were checked by x-ray diffraction (XRD) using the Cu-Kα1 radiation
source (D5000 diffractometer, BRUKER). The recording of the x-ray powder diagrams
was carried out at room temperature in an angular range varying from 10 to 100◦ with a
recording time of 10 s by a step of 0.02◦. Transmission electron microscopy (TEM) is used
to determine the samples’ morphology. Then, the samples are pressed into pellets using a
hydraulic press by applying a pressure of 4000 Psi. By means of impedance spectroscopy,
the sintered samples were electrically characterized by the following steps. First, thin silver
films of some nanometers were deposited on the two opposite faces of the pellets to serve
as electrodes. Then, the samples were branched in a Janis VPF 800-cryostat to pick out
the electrical measurements using an impedance analyzer 4294A whose frequency range
varies from 40 Hz to 10 MHz. We performed the measurements in parallel mode for the
equivalent circuit and with an amplitude of 20 mV for the signal. Furthermore, the electrical
parameters were recorded in darkness and along the range of temperature extended from
80 to 400 K, using the liquid nitrogen to reach such low temperatures.

3. Results and Discussion
3.1. Structural and Morphological Study

Figure 1a–c show the XRD diagrams of the studied material La0.9Sr0.1MnO3 sintered
at 600 (a), 800 (b), and 1000 ◦C (c). The diagrams present a typical Rietveld refinement
including the observed and the calculated data as well as the difference profile. The
formation of the perovskite phase La0.9Sr0.1MnO3 is confirmed. The prepared samples
were found to be single phase without any detectable impurity, which are crystallized in
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the rhombohedral symmetry with the R3c space group. The refined lattice parameters are
summarized in Table 1.
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Figure 1. X-ray diffraction patterns and Rietveld refinement of the La0.9Sr0.1MnO3 system sintered at
600 (a), 800 (b), and 1000 ◦C (c). TEM micrographs of the sintered samples (TS = 600 ◦C (d), 800 ◦C (e),
and 1000 ◦C (f)) for the La0.9Sr0.1MnO3 system.
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Table 1. Structural parameters of the La0.9Sr0.1MnO3 system sintered at 600, 800, and 1000 ◦C.

TS (◦C) 600 800 1000

a(Å) 5.50(3) 5.51(1) 5.51(8)

c(Å) 13.35(0) 13.34(6) 13.34(7)

v(Å3) 350.14(7) 351.11(4) 351.92(8)

d(XRD) (nm) 45 75 85

d(TEM) (nm) 43 72 84

The unit cell volumes are 350.14(7), 351.11(4), and 351.92(8) Å3 for TS = 600, 800, and
1000 ◦C, respectively. For each sample, the average crystallite size was determined based
on the full width at half maximum (FWHM) of the Bragg peaks (the intense peaks) and the
peak position using the Debye–Scherrer expression as follows:

DSC =
0.9λ

β cos θ
(1)

where β is the full width at half maximum of the Bragg peak, λ is the wavelength of
CuKα1 (λ = 1.5406Å), and θ is the diffraction angle of the most intense peak. Table 1 shows
the sensibility of the crystallite size (d(XRD)) on the sintering process. Indeed, d(XRD)
increases with the sintering temperature rise (d(XRD) = 45, 75, and 85 nm, respectively
for TS = 600, 800, and 1000 ◦C). Such a result is in good agreement with comparable
systems [61]. The increase in the unit cell volume may be due to a strong correlation
between the lattice parameters and the grain size. Figure 1d–f shows the representative
TEM micrographs for the particles of our samples. The micrographs reveal a variable grain
size as a function of the sintering temperature. It exhibits an increase in the grain size
(d(TEM)) from 43 to 72 to 84 nm with the increase in TS (Table 1). The calculated crystallite
size is practically similar to the grain size. This indicates that each grain is composed by a
single crystallite. Figure 1d–f shows also that these nanoparticles combine in agglomerates.
As the sintering temperature rises, the agglomeration rate increases. In addition, it is
observed that the prepared nanoparticles, with a form that is not completely spherical,
have an inhomogeneous size.

3.2. DC-Resistivity Analysis

Figure 2a–c show the temperature dependence of the electrical DCresistivity (ρDC)
for the three studied samples sintered at 600 (a), 800 (b), and 1000 ◦C (c). There is a
similarity in each curve. Then, a metal-semi-conductor transition at TM-SC was observed.
For T > TM-SC, the decrease in ρDC can be related to the fact that as the temperature rises,
more charge carriers are released from the trapped centers and participate in the conduction.
In perovskite systems (for T > TM-SC), the electrical conductivity is usually generated
by hopping conduction processes [80,81]. The activation of such processes induces the
observed resistivity decrease. The inferred values of TM-SC are depicted in Figure 2a–c.
It can be seen that TM-SC increases with the increase in TS, as shown in Figure 2d. Such
behavior has been also detected by the increase in the annealing time reported by Banerjee
et al. [82] for the La0.5Pb0.5MnO3 compound. For the La0.67Sr0.33MnO3 system, TM-SC was
found by Baaziz et al. [61] to be unaffected by the sintering temperature excitation. For
the same system reported by Venkataiah et al. [83], TM-SC increases from 200 to 270 K
with the rise in TS. Such a difference in results for the same investigated compound
(La0.67Sr0.33MnO3) is probably due to the sintering and the synthesis conditions.
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Figure 2. Temperature dependence of the electrical DC-resistivity for the La0.9Sr0.1MnO3 compound
at different sintering temperatures (TS = 600 ◦C (a), 800 ◦C (b), and 1000 ◦C (c)). Evolution of TM-SC

with sintering temperature TS (d).

The metal-semi-conductor transition temperature can be explained by the DE mecha-
nism, which can be affected by the grain boundary region. In fact, TM-SC may be correlated
to a variation made on the stoichiometric ratio of Mn3+/Mn4+, the bond angle Mn–O–Mn
(θMn–O–Mn), or the bond length Mn–O (dMn–O). In the present thermal excitation, the shift
of TM-SC toward higher temperatures can be attributed to the reduction of the double
exchange interactions as TS rises. This reduction may be a result of an increase in θMn–O–Mn
or dMn–O caused by the detected increase in the unit cell volume (Table 1) as a function of
particle size [24–27] or the fact that parts of the Mn3+–O2−–Mn4+ network are broken. The
representative TEM (transmission electron microscopy) micrographs (Figure 1d–f) exhibit
an increase in the grain size from 43 to 72 to 84 nm with the increase in TS (Table 1). Such
an increase indicates that the particle size might have a considerable influence on these pre-
viously mentioned parameters, leading to its role in the shift of TM-SC. In a microstructure
view of the samples, manganites are composed of two regions: a ferromagnetic-metallic
one linked with the paramagnetic-insulating region. In addition, it is known that the
electrical resistivity is strongly influenced by the region of the grain boundaries. This region
can behave as an improved scattering center for the conductive electron. Consequently,
the increase in grain size causes a reduction in the number of grain boundaries, leading
to the decrease in this insulating region as well as the enhancement of the grain connec-
tivity. The ascending of TM-SC values is expected [25,27,82,83]. An agreement with the
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literature [25,27,63–65,82–85] for comparable cases in manganites was confirmed. For the
La0.85K0.15MnO3 compound [65], this heat treatment results an increase in the crystallite
size (from 31.5 to 78.8 nm) as well as the grain size (from 85 to 490 nm). In addition,
as TS rises, the unit cell volume increase leads to the detected increase indMn–O with a
constant value of θMn–O–Mn. These factors cause the mentioned shift of TM-SC toward room
temperature (from 281 to 290K) [65].

3.3. Impedance Analysis

The spectra of the normalized imaginary part of the impedance Z′′ (Figure 3a–c) are
characterized by the appearance of a peak at a specific frequency (f r) for each temperature curve.
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Figure 3. Frequency dependence of the normalized imaginary part of the impedance (Z′′) at different
temperatures for La0.9Sr0.1MnO3 compound sintered at 600 ◦C (a), 800 ◦C (b), and 1000 ◦C (c). Plot
of ln(τ) versus the inverse of temperature (1/kB ×T) of the La0.9Sr0.1MnO3 compound at different
sintering temperatures (d).

This specific frequency is known as “the relaxation frequency”. The displacement
of f r, the center of each peak, with temperature allows visualizing clearly the imprints
of the metal-semi-conductor transition. Such behavior has been also observed for the
La0.6Sr0.2Na0.2MnO3 compound [14]. Below TM-SC for each sample, the peak shifts toward
low frequencies, as depicted in the inset of Figure 3a–c. Such an observation constitutes
a good concretization of the metallic behavior. Above TM-SC, an opposite displacement
takes place, reflecting a semi-conductor behavior proved by a thermally activated process
(Figure 3a–c). Accordingly, the shift of this peak as a function of the temperature indicates
the presence of the relaxation phenomenon in the investigated compound. Several groups
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of researchers have observed the contribution of this phenomenon in the conduction for
different perovskite-type manganites [29–32,86]. However, the presence of this relaxation
phenomenon is correlated to the presence of electrons/immobile species at low tempera-
tures and defects/vacancies at the higher temperature side [86]. At lower frequencies, a
second relaxation peak with a lower peak magnitude than the previous one is observed.
Such an observation reveals the presence of two relaxation processes, which is clearly
shown for the sample sintered at 800 ◦C. Numerous studies have found this experimental
result in manganites [87–89]. Indeed, for the BaMnO3 manganite compound [88], the
appearance of this second peak at low frequencies is confirmed. Accordingly, the relaxation
frequency f r and its corresponding relaxation time τ values are deduced from each peak
using the following relation:

2πf r · τ= 1 (2)

As shown in Figure 3d, the relaxation time ln(τ) varies linearly against the inverse of
temperature (1/kB·T). Such a variation confirms that it obeys the Arrhenius law [90]:

τ(T) = τ0 exp(−Ea/(kB·T)) (3)

where τ0 is constant. The activation energy (Ea) values deducted from the slopes of these
linear variations are shown in Figure 3d.

Figure 4a–c present the Nyquist diagrams of the studied samples. The diagrams are
characterized by the presence of two overlapped semi-circle arcs with a conserved shape
when the temperature increases. The overlapped nature of these arcs corresponds to the
existence of more than one relaxation phenomenon, in which they are associated to different
electro-active regions [91]. The overlap degree of the two arcs suggests that the relaxation
frequencies of each contribution are very close. The evolution of the diameter of these
arcs with the temperature excitation is another manifestation of the metal-semi-conductor
transition. Indeed, for the observed semi-conductor behavior, the diameter of the semi-
circle decreases as the temperature rises (Figure 4a–c). The insets of Figure 4 (a–c) show an
increase in this diameter with temperature. Such behavior confirms the metallic character.
So, the TM-SC values are detected at 170 K, 180 K, and 210 K for TS = 600, 800, and 1000 ◦C,
respectively. Such values confirm the strong agreement between the impedance results and
the resistivity evolution.

In order to examine the participation of the grains and grain boundaries regions
as well as the electrodes in the electrical conduction, we have modeled the investigated
samples to an electrical equivalent circuit. [Rg + (Rgb//CPEgb) + (Re//CPEe)] is the most
appropriate equivalent circuit, which is plotted in the insets of Figure 4a–c (where Rg,
Rgb, and Re are the grain, grain boundary, and electrodes resistances, respectively, and
CPEgb and CPEe are the constant phase elements of the grain boundary and electrodes,
respectively). Such a model allowed us to correlate between the electrical properties and
the microstructure of this material. As shown in Figure 4a–c, the obtained experimental
data were well fitted using Z-view software. According to this model, the first semi-circle
presents the contribution of grains and grain boundaries [88,89], and the second one at
low frequencies can be associated to the electrodes effect [88,89]. Moreover, the impedance
response of grains dominates at high frequencies. Indeed, the left intercept of the first cited
semi-circle with the real impedance axis is attributed to the grain resistance. The diameter
of this semi-circle provides the grain boundary resistance. Accordingly, the right intercept
at low frequencies is ascribed to the total resistance of the samples RT = Rg + Rgb + Re. The
fitted values of these resistances are shown in Table 2.
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Table 2. Fitted values of grains, grain boundaries, and electrodes resistances extracted from the
electrical equivalent circuit model.

TS (◦C) 600 800 1000

Resistance (Ω)

T (K) Rg Rgb Re Rg Rgb Re Rg Rgb Re

80 63 2390 272 68 248 35 4 1551 150

120 80 3065 473 85 370 49 22 1800 300

170 80 3150 570 120 617 77 29 3450 460

180 125 300 2120 121 633 77 29 3587 470

200 105 215 1455 110 582 63 27 3415 400

210 88 180 1268 108 592 66 22 4057 505

220 74 150 964 95 550 63 23 3985 489

230 65 120 780 90 492 56 21 3685 480

240 63 102 616 79 412 43 23 3000 160

280 37 45 257 52 214 22 13 1717 151

300 29 30 180 50 148 19 13 1390 130

340 65 207 16 19 87 11 12 697 84

380 70 122 6 19 61 6 13 590 55

400 70 123 4 17 65 5 14 568 22

Table 2 shows the reduction of electrode response with the rise of temperature for
different TS. Such evolution may be related to the fact that the charge carriers’ mobility
increases at the sample–electrode interface as the temperature rises. For the sample sintered
at 600 ◦C, the electrodes region is much more resistive than the grain boundary (Re >> Rgb),
as the sample starts to behave as a semi-conductor (T > TM-SC). Therefore, the electrodes
response is responsible for the reduction of the grain boundary effect. So, in this temper-
ature range, the contribution of the electrodes region in the conduction process is more
important than the grain boundaries. Then, as the temperature rises, the grain boundary
returns to be more resistive than the electrodes region for 340 K–400 K. As TS rises from
600, 800, or 1000 ◦C (and grain size increases), this observation is suppressed, and the
grain boundaries recover their higher resistance values (Table 2). As it can be seen for
the sample sintered at 800 ◦C, the electrodes resistance is lower than the grains and the
grain boundary ones (Re < Rg < Rgb). As the sintering temperature increases from 800 to
1000 ◦C, accordingly, the grain size increases, and the electrodes resistance becomes higher
than the grain one (Rg < Re < Rgb). Furthermore, Rg values are very low compared to Rgb
(Rg << Rgb) [13,29–32]. In manganites, the grain boundaries are more resistive than the
grains [13,29–32,91]. Such a result can be related to the existence of different conventional
electro-active phases [91].

The grain boundary plays a decisive role in the determination of transport properties
in manganite oxides [13–15,29–32]. Its resistance variation with temperature is represented
in Figure 5a. Indeed, Rgb increases, sculpting the traces of a metallic behavior. Then,
it decreases following a thermally activated process in a semi-conductor behavior. This
decrease can be related to the fact that the grain boundaries effect has assisted in the
reduction of the barrier against the charge carriers hopping. Thereby, it has paved the
way to enhance the electrical transport with the temperature increase [30,32]. Hence, the
previous TM-SC evolution is confirmed (Figure 5b). The evolution already discussed Rgb
values with temperature for the sample sintered at 600 ◦C, which is represented in Figure 5a.
This evolution is also observed in Figure 5c, which depicts the plot of the resistivity against
temperature for different frequencies.
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Figure 5. Temperature dependence of the grain boundary resistance for the La0.9Sr0.1MnO3 com-
pound at different sintering temperatures (a). Evolution of TM-SC with sintering temperature TS (b).
Temperature dependence of the electrical resistivity for the sample sintered at 600 ◦C performed at
different frequencies (c). Plot of ln(Rgb/T) against (1/kB × T) at different sintering temperatures (d).

In the temperature range of 80–170 K (region 1), the resistivity is practically frequency
independent in which the curves are combined. Then, as the temperature rises in region
2, the resistivity is strongly dependent on frequency. Indeed, a significant decrease in
the electrical resistivity is observed. Such a result may be due to the pumping force of
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the applied frequency that excites the trapped centers of charge carriers for the gradual
evacuation when the frequency increases [92]. In turn, this causes the participation of
more charge carriers in the conduction process and therefore the improving of transport
properties. Such a variation confirms the evolution mentioned above of the Rgb values,
which are also obtained at high frequencies (Figure 5a). This similarity in their behaviors
proves the contribution of the grain boundary region in conduction. In region 3, the
resistivity is frequency independent, which can be employed in suitable applications.
Figure 5d depicted the plots of ln (Rgb/T) against (1/kB·T). The curves are well fitted by
a straight line for T > TM-SC. From this linear variation, we deduce the activation energy
value for each sinteredsample. In fact, in manganites, the electrical transport properties are
governed by the grain boundary region effects [13,15].

4. Conclusions

In this study, the effects of sintering temperature on the electrical properties of the
La0.9Sr0.1MnO3 compound are explored. The citrate–gel method is used to prepare the
studied samples. The XRD study shows the samples crystallization in the rhombohedral
symmetry with the space group. The XRD and TEM analyses prove the increase in the
crystallite and grain size under the sintering temperature effect. A metal-semi-conductor
transition is observed for all samples, whereas the metallic character extends over a longer
temperature range as TS rises. Such a shift of TM-SC toward high temperatures seems
to be assigned to structural and morphological changes, and it is comparable to that
reported in the literature. The impedance analysis confirms the existence of the electrical
relaxation phenomenon. [Rg + (Rgb//CPEgb) + (Re//CPEe)] is the most suitable equivalent
circuit model to describe our material. The resemblance in the resistivity and the grain
boundaries variations with temperature confirms the contribution of the grain boundaries
in the electrical transport properties.
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