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La;_»,Ba,BiFeO3 (0.00 = x = 0.20) nanoparticles were prepared by the auto-combustion method using
glycine as a combustion fuel. X-ray diffractometry (XRD) measurements confirmed the orthorhombic
structure of the synthesized compounds with the Pnma space group as a principal majority phase and
showed the presence of a very minor secondary phase when x > 0.1. The nanosize criterion of the
prepared compounds was confirmed from the crystallite size values calculated using the Williamson-—
Hall formalism. The relaxation process has been studied by the frequency dependence of the imaginary
parts of impedance and modulus (Z” and M”) which satisfied the Arrhenius law. Nyquist plots allowed us
to obtain an adequate equivalent circuit involving the grains and grain boundary contributions. The

activation energies calculated from Z”, M" and the resistance of both contributions deduced from the
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Accepted 1st November 2021 Nyquist plots are found to be very similar. The conduction mechanism has been analyzed using the

temperature dependence of the exponent Jonscher's power law parameter which confirms the NSPT
DOI: 10.1039/d1ra05299¢ - - - P
conduction mechanism type for all compounds with an enhancement of the binding energy of the

rsc.li/rsc-advances charge carrier (W) with the substitution.

On the other side, previous researcher works have shown
that the substitution of the La-site with divalent metals and/or

1 .Introduction

Lanthanum ferrite (LaFeO;) perovskite structures with the
general formula ABO; are considered as promising materials
due to their interesting physico-chemical properties which
make them potential candidates for a wide range of application
areas."™ These physico-chemical properties depend not only on
the composition but also on various parameters, such as the
porosity and the particle size which are directly related to the
synthesis method. Accordingly, pure and doped lanthanum
ferrites have been prepared by several preparation processes
such as microwave,” hydrothermal,® polymer pyrolysis,” sono-
chemical methods,® sol-gel methods,*** the solid-state route,"
sonoelectro-chemical synthesis methods™ and the chemical
spin coating method.™

Several studies have been focused on the dielectric and
electrical properties of the Lanthanum ferrite. In this context, C.
Chen et al.*® displayed that the LaFeO; material exhibits a Debye
relaxation with the activation energy of 0.237 eV. Besides, Miz-
usaki et al.*® reported that this compound presents an oxygen
excess structure and p-type conductivity.

“Laboratoire de Physique Appliquée, Faculté des Sciences, Université de Sfax, B.P.
1171, 3000 Sfax, Tunisie. E-mail: benaliemna93@gmail.com

*University of Coimbra, CFisUC, Physics Department, Rua Larga, P-3004-516 Coimbra,
Portugal

‘I3N and Physics Department, University of Aveiro, 3810-193, Aveiro, Portugal

36148 | RSC Adv, 2021, 1, 36148-36165

Fe-site with transition metals has an important impact on the
structural, magnetic, dielectric, electrical and gas sensing
properties.””™ For instance, it has been confirmed that the “Sr”
ions substituted at the A-site of the LaFeO; compound increase
its electrical conductivity.”® Moreover, E. Cao et al.>* confirmed
that the “Na” substitution in the La-site of LaFeO; enhances
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Fig.1 Comparison of XRD patterns of the La;_,,Bi,BaFeOs (x = 0.00,
0.05, 0.10, 0.15 and 0.20) compounds.
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Fig.2 The structural refined XRD patterns of the (a) LaFeOs (x = 0.0) and (b) La;_,,Bi,Ba,FeOs (x = 0.15) compounds with the crystal structure. (c)
The variation of cell volume and Dy crystallite size with substitution concentration.
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this dielectric constant. Another study reported that the Ba
substitution at the A-site reduces the electrical resistance.”” In
addition, some studies reported that the substitution of La**
ions by the Bi*" ones leads to an improvement of the conduc-
tivity and the electrochemical performance.>®>*

Moreover, we have previously studied the effect of
substituting 20% of La ions by Ba and Bi-ones (10% for each
ion), and we confirmed a decrease in electrical resistance and
particle size as compared to literature which allowed the use of
such material for gas sensing applications.*®

It is important to mention that we early studied the substi-
tution effect of La*" ions by both Ba®>* and Bi** ones on struc-
tural, morphological, and ethanol and H,S gas sensing. The
compound with x = 0.10 presents the lowest particle size with
highest response to both gases.?® It was well confirmed that the
gas sensing properties of semiconductor materials are highly
dependent on both particle size and resistance properties. In
the present work we highlighted the substitution effects on
conduction mechanism, dielectric relaxation, and electrical
properties.

La,_,.Ba,Bi,FeO; (x = 0.00, 0.05, 0.10, 0.15, and 0.20)
compounds were synthesized by the auto-combustion method
where an adequate glycine amount was used as combustible
agent.

2. Experimental details

2.1. Characterization tools

The X-ray diffraction (XRD) of the samples was done at room
temperature using a Siemens D5000 Diffractometer with Cu-Ka
(A =0.154184 nm) radiation source and the data were collected
in the range of 26 = 10°-100°. Raman spectroscopy was recor-
ded under the backscattering configuration using a Jobin Yvon
HR800 system with 520 nm laser excitation source. The
morphology of the powder was examined by a TESCAN VEGA3
SBH scanning electron microscope (SEM) equipped with an EDS
detector Bruker XFlagh 410 M for elemental composition and
the homogeneity of the compounds. For the electrical
measurements, two conducting silver layers were coated on
both sides of the pellets. Then, the transport properties of the
studied materials were measured using an Agilent 4294A in the
frequency range 80 Hz-1 MHz and the temperature range 150
K-400 K.

2.2. Materials synthesis

La, ,BaBi,FeO; (x = 0.00, 0.05, 0.10, 0.15 and 0.20)
compounds were synthesized by the auto-combustion method
described in our previous study.”

Stoichiometric amount of high-purity (= 99.9%) of iron
nitrate Fe(NO3);-9H,0, lanthanum nitrate La(NOj)z-6H,0,
barium nitrate Ba(NO3), and bismuth nitrate Bi(NOj3);-5H,0
are firstly dissolved in distilled water and an appropriate
amount of glycine as fuel agent (C,Hs;NO,) was added to the
solution and heated at 70 °C with a continuous stirring until
getting dark brown viscos gel. The gel was then heated at 170 °C
until it automatically ignited and burnt in some few seconds
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(with very glowing flints) yielding black ashes (fine powder). The
obtained powders are sintered at 700 °C for 30 min to obtain the
required samples.

2.3. Methodology and calculations equations

(a) Structural properties. The equation of the Williamson
Hall's method:*”

B cos() = gx A

+ 4e x sin(6) (1)
W-H
where Dy,_y; is the average crystallite size, A (1.5405 A) represents
the used wavelength, ¢ is the Bragg angle of the most intense
peak, 8 is the full-width at half maximum (FWHM), K is the
shape factor and ¢ is the effective strain.

(b) Raman scattering spectra. The orthorhombic structure
and Pnma space group present 24 active Raman modes given by
the following equation:*®

T = 7Ag + 7B1g + SBzg + 5B3g (2)

(c) Complex impedance spectra. The Arrhenius equation
described as follow:

Ln(fo) = tn06) + | (= 2) 7] )

the Arrhenius power law used for the variation of In(R;g, ) vs.
1000/T:

E,
R= R() eXp (kBTT> (4)

(d) Complex electrical modulus analysis. The Bergman
proposed Kohlrausch, Williams and Watts (KWW) expression
described as bellow:**

"

M nax
o)+ ()]

where M" . is the maximum value of the imaginary part of
modulus M”, wnax is the maximum angular frequency, g is

M=

5 (5)

1+8

(1-6)+

Table 1 Crystallite size (Dw_n) and grain size (Dsgm) values of Lag_oy-
Ba,Bi,FeOs (x = 0.00, 0.05, 0.10, 0.15 and 0.20) compounds

0.00 0.05 0.10 0.15 0.20
a (A) 5.548 5.545 5.5401 5.553 5.559
b (A) 7.848 7.846 7.820 7.831 7.832
c (&) 5.555 5.553 5.551 5.5702 5.579
V(A% 241.886  241.593  240.489  242.223  242.938
X 2.049 2.214 2.756 2.932 2.660
Fe-0, (A) 1.962 1.970 1.862 1.971 1.962
Fe-0, (A) 2.106 2.396 2.385 2.259 2.157
Fe-O;-Fe (°) 150.961 139.514  137.853 136.588 138.701
Fe-O,-Fe (°) 174.517  169.263  177.243 178.274  178.357
Dy_y1 (nm) 40.170  34.749  31.298 40.072 46.200
Dspy (wm) 0.769 0.704 0.628 0.893 0.967

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Williamson—Hall plots of the of the La;_5,Bi,Ba,FeOs (x = 0.0, 0.05, 0.1, 0.15 and 0.2) compounds.

a stretching parameter (0 < 8 < 1) which indicates the deviation
from the Debye relaxation (8 = 1).>°

(e) The electrical conductivity. The Arrhenius' law related
to the conductivity is given by the following expression:**

oachzaoexp(fkb::T) (6)
B
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chemical elements.
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The Jonscher's power law used to adjust the conductivity:**
0=04. + Aw’ (7)

where gq.: is the direct current conductivity, A and s are the pre-
exponential and the exponent factors, respectively.

According to the NSPT model, the exponent s is given by the
following equation:**

(a) SEM image and histogram plot for particle size distribution of sample with x = 0.10 and (b) the EDS spectrum with the mapping of

RSC Adv, 2021, 11, 36148-36165 | 36151
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Table 2 Atomic weight (%)eps of La;_»xBa,BiFeOs (x = 0.00, 0.05,
0.10, 0.15 and 0.20) compounds

X La (%)eps Fe (%)eps O (%)eps Bi (%)eps Ba (%)eps
0.00 17.96 17.31 56.23 — —
0.05 18.37 20.15 61.26 0.95 1.02
0.10 14.62 17.70 54.82 1.78 1.83
0.15 14.22 19.31 60.96 3.02 3.04
0.20 11.89 19.27 59.48 3.89 3.95
4
S T S
s + Wi (o) (8)
— — In(wrt
ks T 0

where Wy is the bonding energy of the charge carrier in its
localized sites and z,: is the relaxation time of the material.
4k T
Wu

s=1+ 9

3. Results and discussion
3.1 Structural properties

Fig. 1 denotes the X-ray room temperature diffraction patterns
of the prepared La,_,,Ba,Bi,FeO; (x = 0.00, 0.05, 0.10, 0.15 and
0.20) compounds. As shown in this figure, the XRD patterns of
all prepared compounds present the same diffraction peaks of
the LaFeO; compound?* which confirms that they crystallized in
an orthorhombic structure with Pnma space group. Moreover,
some additional diffraction peaks have been detected for
compounds with a high amount of Bi** and Ba®* ions (>10%).

View Article Online
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Using the X'pert-High score software, these minoritarian
secondary phases have been identified to be the “Bi,0, ,” and
“BaFeLaO,” phases. To better understand the effect of simul-
taneous substitution of La®*" ions by Bi** and Ba®>" ones on
structural parameters, we performed the adjustment of the XRD
patterns of all compounds according to the Rietveld method®
using the Fullprof software®*®. The Rietveld refinement results
for all compounds are presented in Fig. 2 and the resulting cell
parameters and volume are regrouped in Table 1. As the good-
ness of refinement is evaluated by the x” values (Table 1), which
were found to be of low values confirming the high quality of
refinement for all compounds.

From the detailed structural analysis, the Rietveld refine-
ment parameters of Ba and Bi doped LaFeO; nanoparticles are
carried out by assuming the orthorhombic structure with the
Pnma space group. The parameters obtained from the structural
refinement of the X-ray patterns are collected in Table 1. The
ionic positions allow us to draw the graphical model of our
prepared sample Fig. 2(c).

From Table 1, we can notice that the insertion of Ba and Bi
ions in the A-site leads to a variation of all the obtained struc-
tural parameters. Also, we observe a variation of the Fe-O-Fe
angle and the Fe-O distance, which can be explained by the
difference in the size of the cations in the A-site, since the ions
radius of Ba®" (1.42 A) and Bi** (1.17 A) are larger than that of
La*" (1.16 A) one.” Normally, the increase of substitution
amount should be accompanied by an increase in the cell
parameters and cell volume which is not the case. All the
structural parameters are found to decrease with the substitu-
tion amount to reach minimum values for x = 0.1 sample and
increase for further substitution. In fact, this behavior has been
studied in previous work, and has been found to be related to

Intensity(a.u)

400

Raman Shift (cm™)

Fig. 5 Raman spectra of La;_,,BiBa,FeOs (x = 0.0, 0.05, 0.1, 0.15 and 0.2) compounds.
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the decrease of the formation of oxygen vacancies and the
presence of the secondary phases for the compounds with the
substitution amount with x > 0.1.%*

Furthermore, the average crystallite size of the La; ,,Ba,-
Bi,FeO3; nanoparticles was calculated using the Williamson
Hall's method eqn (1).>”

The value of Dy._y was calculated using the intercept of the
linear fit of (8 cos(d)) vs. (4 sin(f)) (Fig. 3). Accordingly, the

View Article Online
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calculated crystallite size values of the studied compounds were
presented in Table 1. The variation of the crystallite size values
is quite similar to the structural parameter trend with
substitution.

3.2 Morphological study

The morphologies of the La, ,.Ba,Bi,FeO; nanostructures
compounds obtained by the auto-combustion reaction are
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Fig. 6 (a—e) Fitting curves of the Raman signal for the La; ,,Ba,Bi,FeOs (x = 0.0, 0.05, 0.10, 0.15 and 0.20) ceramic samples with the Lorentzian

line shapes.
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examined by the SEM analysis (Fig. 4), which is a very useful tool  histogram for the LaggBag ;Bio1FeO; (x = 0.1) compound is
to characterize the surface morphology and microstructure of illustrated in Fig. 4a. A Lorentzian adjustment was used to
our synthesized samples. The porous structure is seen in the calculate the grain size of all samples. All the obtained grain size
SEM images; one can see that the grains show an irregular values are collected in Table 1, and the trend of these values
morphology. with the substitution amount is in good agreement with that of

The grain size distribution was calculated based on the SEM crystallite size obtained from the structural study. However, we
images and using the “ImageJ” software. The obtained can note that the grain size values are much higher than those
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Fig. 7 (a—e) The frequency dependence of the real part of impedance at serval temperature of La; ,,Ba,Bi,FeOs (x = 0.0, 0.05, 0.10, 0.15 and
0.20) ceramic samples.
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of crystallites which confirms that one grain is composed by
several crystallites. On the other side, in order to confirm the
existence of the elemental composition of our prepared
ceramics, an Energy Dispersive X-ray Spectroscopy (EDS) has
been used. The spectra illustrated in Fig. 4b shows the presence
of the peaks corresponding to all starting elements for the

= 160K e 170K 4 180K v 190K ¢ 200K
30 - <4 210K » 220K e 230K * 240K 250 K
—9 260K +— 270 K <280 K %290 K9 300K

10? 10° 10* 10° 10°
Frequency (Hz)

= 160K e 170K 4 180K v 190K ¢ 200K
<4 210K » 220K ® 230K * 240K 250 K
@ 260K+ 270 K< 280 K —* 290 K 9 300K

3t .
4 20773 260Kk < 280K @ 300K
c
~ L
o?
—
>
e
N 1 L
16‘ 165
Frequency (Hz)
0 C 1
10° 10° 10* 10° 10°

Frequency (Hz)

B 160K o 170K 4 180K v 190K ¢ 200K
6 ‘+210K+220K+230K+240K 250K

® o 260K © 270K < 280K x 290K ¢ 300K
4 4|~ 260K <280 K¢ 300K
— -. —
Gal % G3p
~ o 3
o u oz
-— A
>< N
A = 1'
= N
N 2

10° 10° 10° 10°
Frequency (Hz)

10° 10° 10* 10° 10°

Frequency (Hz)

View Article Online

RSC Advances

preparation of La; ,,Ba,Bi,FeO; compounds (La, Ba, Bi, Fe and
0). One can see that the carbon (C) and aluminum (Al) elements
are also present in the spectrum of all samples. The presence of
these two elements can be explained by the carbon tape used in
the EDS analysis and the Al peak it comes from the aluminum
used to cover the beaker during the auto-combustion reaction.
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Fig. 8 (a—e) The frequency dependence of the imaginary part of impedance at serval temperature of La; ,,Ba,Bi,FeOs (x = 0.0, 0.05, 0.10, 0.15,
and 0.20) ceramic samples, respectively. (f) Arrhenius plots and activation energies as function of the substitution amount.
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These results confirm well the absence of chemical element
losses during the preparation steps.

Furthermore, the atomic weight percentages of our
compounds are given in Table 2. The elemental composition
values are almost in good agreement with stoichiometric
chemical composition.

3.3. Raman scattering spectra

Raman spectroscopy is known as a powerful tool for phase
structural analysis and it is more sensitive than the XRD
because its excitation energy is less penetrating than X-ray.* It
was reported that the Raman spectra of pure and doped LaFeO;
compounds with the orthorhombic structure and Pnma space
group present 24 active Raman modes given by eqn (2).*

Fig. 5 shows the RT Raman spectra of La; ,,Ba,Bi,FeO; (x =
0.0, 0.05, 0.10, 0.15 and 0.20) materials, which reveals the
presence of almost the Raman actives modes of the pure LaFeO;
(x=0.0) sample. Also, these observed Raman peaks are in good
agreement with those reported in our previous work for the case
of LBBFO-AC and LBBFO-SG compounds®.

The four Raman modes selected above are: the modes
present below 200 cm ™" which are caused by the La vibrations
and are known as mode (A), modes between 200 cm™' and
300 cm ™" related to the oxygen octahedral tilt modes (T) in La,
modes present between 400 cm ™' and 450 cm ™' attributed to
the oxygen octahedral bending vibrations (B) and finally the
modes above 500 cm ™' identified by the oxygen stretching
vibrations (S).** However, we must note that no other additional
peaks corresponding to the secondary phase were found like in
XRD patterns.

The Raman peaks of the prepared samples were fitted using
the Lorentzian functions (Fig. 6). As we can see, the Ba>" and
Bi** doping ions affect the “La” vibration modes (A). Further,
the shift of some Raman signals towards the lower or the higher
wavenumber and the variation in their intensities are influ-
enced by the crystallite size, lattice size and defects.**

3.4. Complex impedance spectra

We have measured the reel and imaginary parts of the complex
electrical impedance of all La, ,,Ba,Bi,FeO; (x = 0.0, 0.05, 0.10,
0.15 and 0.20) compounds at several temperatures in the
frequency range of 100 Hz to 1 MHz in order to study their
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relaxation process. Fig. 7 illustrates the variation of real part of
the impedance (Z') of La; ,,Ba,Bi,FeO; (x = 0.0, 0.05, 0.1, 0.15
and 0.2) compounds with respect to frequency at selected
temperature range. For all temperatures, the (Z') values are
found to decrease with increasing frequency. The maximum
values of Z' of all compounds have been recorded at low-
frequency range which may indicate an accumulation of
a space charge polarization.*> Moreover, it was also noticed that
the (Z') values decrease with the increase of temperature, indi-
cating the existence of a negative thermal coefficient of resis-
tance (NTCR) behavior at the lower frequency region.*

The merging trend of all compounds graphs at high
frequencies reveals the release of space charge and a reduction
of barrier in materials which is always accompanied by an
increase of the electrical conductivity as it will be proved in the
ac-conductivity section.* Normally, for known temperature, the
increasing trend of the Z' values with increasing frequency
presents an inflexion point where the imaginary part graph
shows a relaxation peak.*

To better understand the relaxation process throughout the
La;_,,Ba,Bi,FeO; (x = 0.0, 0.05, 0.1, 0.15 and 0.2) compounds,
we plotted in Fig. 8 the frequency and temperature dependence
of the imaginary part of the complex electrical impedance Z".

As we can see in Fig. 8, for all compounds, Z” increases when
increasing the frequency to reaches a maximum value, indi-
cating the presence of relaxation phenomenon in these nano-
particles, before it decreases quickly.*® The merging of all curves
at high frequency shows a possible release of space charge.”
Furthermore, two characteristic phenomena have been noticed
in Z” graphs of all compounds: the increase in temperature is
accompanied by a decrease of the peak heights and alongside,
a shift of the peak positions towards higher frequency. This can
be related to the existence of a thermally activated dielectric
relaxation in the studied compounds.

For all compounds, the activation energy (E,) was extracted
by plotting the change of In(fy,.x) versus the inverse of temper-
ature (1/7) as shown in Fig. 8(f) with respect to the Arrhenius
equation described by eqn (3).

The extracted activation energy (E,) values, from the slope of
linear adjustment of the In(fia.) vs. (1/7) curves, and the
calculated E, values are collected in Table 3. As presented in the
inset of Fig. 8(f), the activation energy was affected by the
substitution amount: it decreases until a minimum for the

Table 3 The values of the activation energy of La; _,Ba,BiFeOs (x = 0.00, 0.05, 0.10, 0.15 and 0.20) compounds calculated from the dielectric

parameters
E, (eV)

Contribution x = 0.00 x = 0.05 x =0.10 x=0.15 x=0.20
(2”) vs. frequency 0.410 0.365 0.29 0.307 0.353
(M) vs. frequency Grain boundary 0.401 0.341 0.278 0.282 0.302

Grain — 0.162 0.142 0.179 0.246
(27 vs. (Z) Grain boundary 0.413 0.281 0.181 0.258 0.266

Grain 0.117 0.223 0.146 0.228 0.246
In(oae X T) vs. 1000/T 0.396 0.358 0.289 0.324 0.353
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compound with x = 0.10 and then increases for further
substitution amount.

In order to know the origin of the relaxation peaks that
appeared in the imaginary part of the impedance curves and to
better study separately the dielectric properties of all contribu-
tions of the studied compounds, we modeled our systems using
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an equivalent electrical circuit to adjust the Nyquist Cole/Cole
plots at different temperatures. The Nyquist plots of La; ,,-
Ba,Bi,FeO; (x = 0.0, 0.05, 0.10, 0.15 and 0.20) compounds are
presented in Fig. 9. It is clearly seen that, for all compounds,
when increasing temperature, the diameter of semicircles
decreases indicating an increase of the total electrical
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(a—c) The impedance Nyquist plots of the La;_5,Ba,BiFeOsz (x = 0.0, 0.10, 0.20) Compounds. (d) and (e) the Arrhenius plots (IN(fray) Vs.

1000/T) of the grain boundary and grain contributions, respectively. (f) The variation of the activation energy as function of the substitution

amount for grain and grain boundaries contributions.
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plots (In(fmax) vs. 1000/T) of the grain boundary and grain contributions, respectively. (f) The variation of the activation energy as function of the

substitution amount for grain and grain boundaries contributions.

conductivity.”® Obviously, the Nyquist plots are consistent of
more than semicircle proving the existence of more than one
contribution. We have used the Z-view software to adjust these
Nyquist plots for all compounds.” The adequate electrical
circuit consists of series combination of two resistors R1 and

© 2021 The Author(s). Published by the Royal Society of Chemistry

R2, where each one is in parallel with constant phase element
(Q1 and Q2) as presented in the inset of all Nyquist plots in
Fig. 9. This confirms well the existence of the grain and grain
boundary contributions in the studied compounds at low and
high frequency ranges, respectively.
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Thus, the total conductivity has both the grain and grain The values of the obtained fitting parameters are listed in
boundary contributions. These results are quite similar to those = Tables 4 and 5. As one can see, the resistance of both contri-
of doped lanthanum ferrite systems®. butions decreases with increasing temperature proving the

semiconducting criteria of the studied materials. Moreover, the
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resistance of the grain boundary contribution is higher than of
the grain one which is in good agreement with previous results
of ferroic perovskite materials.*"**> Also, we can deduce that the
values of the alpha (a) parameter are around the unite for all
compounds at the used temperature range which means that
the QPE element is very close to a capacitance. We have plotted
the logarithmic resistance values of both contributions as
function of the inverse of temperature (1/7) with respect of the
Arrhenius power law eqn (4), in order to evaluate the effect of
the substitution on the activation energy corresponding to grain
and grain boundary contributions.

Where R, is the characteristic resistance and E, is the acti-
vation energy. Related to eqn (4), the plots of In(Rg, ¢) vs. 1000/T
(Fig. 9) would be linear and one can estimate the E, using the
slope of the linear fit. The calculated activation energy values of
grain and grain boundary contributions are collected in Table 3.
It was reported that the insertion of Bi*" in the A site of LaFeOj
acts to decrease the activation energy values.*® The behavior of
activation energy (Fig. 9(f)) and resistance are quite similar to
the crystallite size behavior previously calculated by the Wil-
liamson-Hall formalism; the compound with x = 0.10 presents
the lowest value of resistance and activation energies of both
grain and grain boundary contributions. We have previously
proved the high utility of the La, gBa, 1Biy 1FeO; compound (x =
0.10) for gas sensing applications.>

3.5. Complex electrical modulus analysis

The complex modulus analysis is a very useful characterization
technique used to differentiate the dielectric relaxations of
grain (bulk) and grain boundary contributions. The variation of
the imaginary parts of the modulus (M") of all compounds as
function of the frequency, over the 150-300 K temperature
range, are shown in Fig. 10.

It is important to notice that for the compound with x = 0.00
(Fig. 10(a)), only one relaxation peak has been detected in the
selected temperature range, while when introducing barium
and bismuth ions in A-site of the lanthanum ferrite material,
a second relaxation has been identified. We can mention also
that all relaxation peaks shift towards higher frequencies when
increasing the temperature which confirms well the thermally
activated relaxation processes.” It is important to note the
existence of a pure conduction process occurring generally at
low frequencies where ions move freely on long-distance.*
When relaxation peaks shift to high frequencies, almost ions
will be confined in the localized motion corresponding to the
short-distance carriers hopping process.>*>*

To further qualify the relaxation process of different contri-
butions on the La; ,,Ba,Bi,FeO; (x = 0.0, 0.05, 0.10, 0.15 and
0.20) compounds, we have adjusted the M” experimental data
using eqn (5).>°

To calculate the activation energies of both contributions, we
used the obtained values of f,.x and we plotted the variation of
In(finax) as function of 1000/T as shown in Fig. 10(d) and (e). The
calculated activation energy values are plotted in Fig. 10(f). We
found that these values are in good agreement with those
previously deduced from the resistance value (Fig. 9(f)). Once

© 2021 The Author(s). Published by the Royal Society of Chemistry
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again, the compound with x = 0.10 presents the lowest activa-
tion energy for grain and boundary grain contributions.
Accordingly, we confirm the important utility of substituting
La®* ions by together Ba®>" and Bi*" ones with a substitution
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Fig. 12 (a—-c) The ac-conductivity adjustment results with the

Jonscher's power law of the La; ,Ba,Bi,FeOs (x = 0.00, 0.10 and
0.20) compounds, respectively.
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amount lower than 10% that decreases the activation energy
and the crystallite size values.

3.6. The electrical conductivity

The electrical conductivity is helpful to reveal more information
about the nature of the conduction mechanism. We plotted in
Fig. 11 the logarithmic variation of the ac-conductivity multi-
plied by temperature (In(o,.*T)) as function of 1000/T at the
selected frequencies. Two distinguish regions are clearly seen
for all studied compounds; low and high temperature ranges. At
high temperature region, the ac-conductivity of all compounds was
found to depend only on temperature; does not depend on the
frequency and it increases when increasing temperature indicating
a thermally activated conduction mechanism.* While at low
temperature region, the ac-conductivity depends on both tempera-
ture and frequency. It increases with the rise in temperature for each
frequency and also it rises when increasing frequency for a given
temperature as shown in Fig. 11. As known, for the large polaron
hopping process, the ac conductivity decreases with frequency while
it increases for the small polaron hopping process.*** For T'< 222 K,
one can see that the increase of frequency results in an enhance-
ment of the ac-conductivity. This confirms well that at low temper-
atures, the conduction process occurs essentially by the small
polaron hopping between localized states as we will study in detail
in the following part using Jonscher's power law.

In the high temperature region, the plots of all the
frequencies seem to merge into a single curve. We have calcu-
lated the activation energy in the region of temperature 7' > 222
K using the Arrhenius’ law given by eqn (6).*

The activation energy values, deduced from the slopes of
each linear adjustment, are collected in Table 3. These obtained
values are in good agreement with those previously calculated
which suggests that the relaxation process and the electrical
conductivity are attributed to the same type of charge carriers,
specifically the jump of electrons between the states of iron. The
decrease of the activation energy values, when introducing less
than 10% of barium and bismuth ions, can be correlated with
the decrease of crystallites size. When the substitution amount
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is higher than 10%, the increase of the crystallites size is fol-
lowed by an enhancement of the activation energies.

Fig. 12 shows the frequency dependence of the electrical
conductivity for our prepared ceramics at selected tempera-
tures. It is observed that the ac conductivity curves increase with
the rise of the frequency for all the samples which confirms that
the conduction is due to the small polaron hopping process.*>*
We can distinguish two regions with the variation of the
frequency: (R1) is a plateau region and (R2) is a dispersion
region. For the plateau, detected at low frequency region and
corresponding to 4., the conductivity increase, with the rise of
the temperature, indicates that the electrical conductivity is
a thermally activated process and the conductivity is indepen-
dent of frequency. The dispersion region at high frequency
range corresponds to the ac conductivity o,. Related to
Jonscher's power law, this frequency dependence behavior in
this region can be due to the relaxation phenomena arising due
to the hopping of mobile charge carriers.®* For more informa-
tion about the conduction process in our compounds, the
analysis is done by Jonscher's power law given by eqn (7).>

Fig. 12 shows the well-fitting curves of the conductivity. The
value s = 1 indicates a translational motion with a sudden
hopping and the value s > 1 means the presence of a localized
hopping.®® For our samples, the s values are found to vary in the
range of 0-1. So, we can confirm the presence of a translational
motion with a sudden hopping in our compounds.

To determine the predominant conduction process for our
compounds, we examined the variation of the parameter “s” as
function of the temperature plotted as shown in Fig. 13.
Different models have been suggested to describe the behavior
of the exponent “s’, for instance, the Small Polaron Tunneling
(NSPT) model, where the exponent “s” increases with the rise of
the temperature,* for the Quantum Mechanical Tunneling
(QMT) model, the exponent “s” is independent of temperature
and is almost equal to 0.8,% the Correlated Barrier Hopping
(CBH) model where “s” decreases with the rise of the temper-
ature® and the Overlapping Large-Polaron Tunneling (OLPT),*
where the exponent s decreases with the rise of temperature
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Fig. 13
0.15 and 0.2) compounds.
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predicting a minimum value and then increases again. For our
samples, from the increase of the s values with the increase of
the temperature, we can deduce that the most appropriate
model for describing conductivity is the NSPT one.

According to the NSPT model, the exponent s is given by

1%
eqn (8).* For large values of kB—;,the equation given the expo-

nent “s” eqn (8) is replaced by eqn (9).

Using the linear fit of the variation of “s” as function of the
temperature, shown in Fig. 13(a), we have determined the
values of Wy for our samples. From Fig. 13(b) illustrating the
variation of the Wy values as function of the amount of
substitution, it is clearly seen that the binding energy increases
with the rise of the Ba and Bi contents.

4. Conclusion

In our study, the Bi and Ba doped La,_,,Ba,Bi,FeO; (x = 0.00,
0.05, 0.10, 0.15 and 0.2) compounds were synthesized by the
auto-combustion route. The structural study by XRD measure-
ments showed a Pnma orthorhombic structure with two
secondary phases corresponding to the same space I4/mmm
group for the compounds with x = 0.15 and 0.2. The XRD and
SEM analyses revealed that the average crystallites and grains
sizes of our samples change with the rise of the amount of the Bi
and Ba. The vibrational study means by Raman spectroscopy,
revealed the presence of all the vibration modes related to the
Pnma space group. The impedance, the modulus and the ac
conductivity data were carried out over a frequency and
temperature range of (10* to 10° Hz) and (150 K to 300 K). The
impedance analysis confirmed the presence of the relaxation
phenomena and the contribution of grain boundary in trans-
port properties. The evolution of the ac conductivity has proven
a Jonscher's behavior where the exponent s showed an
increasing trend for all samples (NSPT model). Besides, the
activation energies obtained from the impedance, modulus and
conductivity process are very close.

The study of the doping of barium and bismuth ions in the A
site of LaFeOj; helps us to explore this compound with improved
structural, morphological and dielectric properties to be
employed in modern-day applications like the gas sensor
application which is already mentioned by our previous work.
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