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ological, and electrical properties
of silver-substituted ZnAl2O4 nanoparticles

Mohamed Amghar, *a Amira Bougoffa, a Abdessalem Trabelsi,a

Abderrazek Oueslati b and Essebti Dhahri a

In this paper, nanoparticles of AgxZn1�xAl2O
4�

x
2

(x ¼ 0.05 and x ¼ 0.1) were synthesized by the sol–gel

auto-combustion method and characterized by various techniques. X-ray diffraction (XRD) for structural

characterization confirms the successful formation of a cubic spinel structure with the space group

Fd�3m. Their morphology was evaluated with a scanning electron microscope (SEM) which shows an

agglomeration of nanoparticles. To characterize the electrical behavior of our compounds, we used

impedance spectroscopy at temperatures ranging from 313 K to 653 K and frequencies ranging from

0.1 Hz to 1 MHz. The experimental data for the real and imaginary impedance parts were mounted on

the equivalent grain resistance (Rg)//fractal capacitance (CPE) circuit. Indeed, the activation energies

extracted from the electrical conductivity and the resistance of the grain resistance (Rg) closed and

confirmed a transformation of the electrical behavior confirmed by a decrease in the resistance of the

materials. The study of the alternating conductivity shows a Jonscher curve behavior and a thermally

activated conduction process. The variation of the exponent “s” as a function of temperature shows, on

the one hand, the presence of two models of conduction correlated barrier jump (CBH) and non-

overlapping small polaron tunneling (NSPT) for x ¼ 0.05 and, on the other hand, a CBH model for x ¼ 0.1.
1. Introduction

Metal oxides with a spinel structure, which are commonly
cultivated in AB2O4 compositional stoichiometry, are a class of
compounds with a wide range of interesting magnetic, optical
and electrical properties. In the normal spinel structure, A is
a divalent metal ion which occupies the tetrahedral site and B is
a trivalent metal ion which occupies the octahedral site,1 and
oxygen has a closed fcc compaction arrangement, exhibiting
a related specic character, to the possibility of transformation
of electrical behavior.2 Zinc aluminate (ZnAl2O4) is a mineral
with a normal spinel structure. ZnAl2O4 is of great application
interest for catalytic reactions such as dehydration, cracking,
dehydrogenation, and hydrogenation.3 Many advantages exist
for zinc aluminate, including hydrophobic behavior, high
thermal and chemical stability, low sintering temperature, high
mechanical strength, and high quantum yields.4 ZnAl2O4 is of
interest due to the large optical band gap (Eg ¼ 3.8 eV) and is
hence used in optoelectronic applications.5 This semiconductor
material is used as a catalytic material. The sol–gel route,6 the
solid-state method,7 the combustion method,8 and the solution
route are most currently used to synthesize ZnAl2O4.
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Nanocrystalline materials, such as ZnAl2O4 spinels, have
sparked considerable interest in the eld of catalysis in recent
years because they can be used as supports for noble metals to
replace more traditional materials. In the eld of photoemis-
sion application, ZnAl2O4 is a suitable host matrix, and a recent
review of the literature revealed that ZnAl2O4 unsaturated and
doped with different activating ions such as Eu3+, Dy3+, Tb3+,
and Mn2+ exhibit d 'excellent phosphorus properties with
various optical and medical applications.9 ZnAl2O4 has the
unusual properties of having low dielectric permittivity and
high quality (Q). The spinel structure of ZnAl2O4 by sintering for
4 h at 1700 �C, in 2008, Chen et al. reported and offered a high
quality factor (quality (Q) � frequency (f)) and a low relative
permittivity. As a noble material, silver atom proved especial
physical properties where Ag incorporation had the role to
affects the electrical properties of compounds leading to
decrease of the electrical resistivity due to an increase of the
concentration of electric charge carriers10–16 It is also found in
the literature that the addition of Ag in spinel or perovskite
systems, improves the size of the grains and the connectivity of
these grains by the silver bonding path in the matrix.14–16 In
recent years, nanocrystalline materials like ZnAl2O4 spinels
have attracted considerable interest in the eld of catalysis
because they can be used as carriers of noble metals to substi-
tute for more traditional materials.17,18 Typically, the use of
silver as a doped element improves the electrical inhomogeneity
on the grain and the surface microstructure,19–21 and catalytic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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activities. Additionally, when the highly conductive metal Ag
provides a conduction path between the grains, the resistivity of
the spinel will be reduced, greatly improving the activity,
selectivity, recycling, and reproducibility of catalytic systems,
making the material useful for potential of application.3,22,23 In
the normal structure of the aluminum spinel (Zn)[Al2]O4, the
Zn2+ cations occupy the 8a Wycoff tetrahedral sites positions,
Al3+ cations occupy the 16d octahedral sites and O2� anions
occupy the 32nd positions. On co-dopant with {Li,Al}, pairs of
Zn2+ cations are substituted in equal proportion by Li+ and Al3+,
to maintain charge neutrality, giving a composition of (Zn1�x-
Lix)[Al2+x]O4.24–28 In our case, we substituted Zn2+ with Ag+.
According to the equation of electronic neutrality, a rate of
substitution “x” will induce the creation of a self-oxygen de-
ciency with a rate x/2. The electronic equation of the
compounds is written in the following form AgxZn1�xAl2O

4�
x
2

.

In this regard, the present study aims to explore the impact
of a substitution of zinc (Zn) by silver (Ag) in the A site of the
ZnAl2O4 spinel lattice. In order to achieve a better under-
standing of the key issues involved in the process, the study
considers nanoparticles of AgxZn1�xAl2O

4�
x
2

(x ¼ 0.05 and

x ¼ 0.1) synthesized by the sol–gel auto-combustion. Variations
in structural, morphological and electrical properties of Ag
doped ZnAl2O4 are investigated at several temperatures going
from 313 to 653 K in the frequency range from 0.1 Hz to 1 MHz.
2. Experimental
2.1 Materials

Silver nitrate (AgNO3), zinc oxide (ZnO), aluminum nitrate
(Al(NO3)3$9H2O), citric acid (C6H8O7), and nitric acid (HNO3)
were purchased from Sigma-Aldrich.
2.2 Sol–gel auto-combustion process

(7.68 mmol, 0.63 g) zinc oxide ZnO (98% purity) dissolved in
nitric acid, (6.18 mmol, 6.07 g) aluminum nitrate Al(NO3)3-
$9H2O (98% purity), and (0.040 mmol, 0.07 g) silver nitrate
AgNO3 (99.8% purity) were used as raw materials to prepare the
samples of formula AgxZn1�xAl2O

4�
x
2

(x ¼ 0.05 and x ¼ 0.1) by

the sol–gel auto-combustion method29 (this synthesis method is
one of the most useful and attractive techniques for synthe-
sizing nanoscale materials due to its advantages such as: low
treatment temperature, homogeneous reactant distribution, the
products obtained by this method exhibit high crystalline
quality, narrow size distribution and uniform shape).30 Each of
the precursors was dissolved individually in distilled water (50
ml). The solution obtained was then homogenized by adding
(35.85 mmol, 5.76 g) citric acid C6H8O7 (98% purity) with
constant stirring to result in a homogeneous transparent solu-
tion, which was then heated to 80 �C to obtain a viscose: gel
solution. Then, the formed gel was heated on a hot plate at
180 �C to be transformed into powders which were ground and
calcined in air at 350 �C for 6 h to obtain a dry uffy mass. To
© 2022 The Author(s). Published by the Royal Society of Chemistry
remove organic matter and residual matter, the powder was
calcined at 500 �C for 6 h. Then this powder was crushed and
calcined at 700 �C for six hours to improve the crystallinity of
the synthesized powders. In the last step, this powder was
pressed into pellets 8 mm in diameter, nally sintered at 800 �C
for 24 hours to induce crystallization. X-ray diffraction (XRD)
with a D8 Advance diffractometer and monochromatic CuKa

radiation l ¼ 1.54060 Å, was used to study the crystal structure
and purity of the prepared samples. Morphology and chemical
compositions were examined using a scanning electron micro-
scope (SEM) SU5000, at an accelerating voltage (15.0 kV),
equipped with an EDX detector. Impedance spectroscopy
measurements in a temperature range of 313 K to 653 K and
a frequency range of 0.1 Hz to 1 MHz using an Agilent 4294
analyzer, were used for the electrical studies of our samples.
2.3. Methods

Using the X-ray diffraction, the lattice parameters (aexp) of
AgxZn1�xAl2O

4�
x
2

(x ¼ 0.05 and x ¼ 0.1) was calculated based

on the following expression:31

aexp ¼ l

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p

sin q
(1)

where l ¼ 1.54060 Å indicates the wavelength, (hkl) denotes the
Miller indices and q is the Bragg's angle.

Then, the link lengths between the spinel structure sites (LA–
A, LB–B, and LA–B) were deduced using Standely's equations:328>>>>><

>>>>>:

LA�A ¼ a
� ffiffiffi

3
p .

4
�

LB�B ¼ a
� ffiffiffiffiffi

11
p .

8
�

LA�B ¼ a
� ffiffiffi

2
p .

4
� (2)

The crystallite size (DD–S) was estimated also from the main
peak (311) of the XRD data referring to the Debye–Scherrer
formula, as follows:33

DD�S ¼ 0:9� l

b� cos q
(3)

where b is the width of the peak at half height and q is the Bragg
angle for the most intense peak.

Taking into account the dependence of material properties
on the direction considered, it has been proven that the strain-
induced in powders due to imperfection and crystal distortion

is proportional to
�

1
tan q

�
:

3 ¼ b

4� tan q
(4)

Since the contributions of particle size and lattice strain to
line broadening are independent of each other, then the
observed line width is simply written as the sum of these two
contributions which leads to the following Williamson–Hall
equation:34
RSC Adv., 2022, 12, 15848–15860 | 15849
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b� cos q ¼ K � l

DW�H

þ 43� sin q (5)

On the other hand, the X-ray density (dX-ray) was calculated,
for each sample, using the following equation:35

dX-ray ¼ Z �M

aexp3 �NA

(6)

where M is the sample's molecular weight, NA ¼ 6.022 � 1023

mol�1 is Avogadro's number, Z is the number of molecules in
a spinel lattice pet unit cell (Z ¼ 8) and aexp is the lattice
parameter.

Accordingly, the bulk density dexp of the samples was deter-
mined using the following formula:36

dexp ¼ m

pr2h
(7)

where: m, r, h denote respectively the mass, the radius and the
thickness of the pallet.

The difference between the X-ray density and the bulk
density sets forward the notion of porosity (P), which is calcu-
lated by the following formula:37

P ð%Þ ¼
�
1� dexp

dX-ray

�
� 100 (8)

The dislocation density (d) was used to represent the number
of defects in the sample, which is dened as the length of the
dislocation lines per unit volume of the crystal:38

d ¼ 1

DW�H
2

(9)

In the same contest, the number of unit cells (N) of the
AgxZn1�xAl2O

4�
x
2

crystals (for x ¼ 0.05 and x ¼ 0.1) was

calculated using the following formula:32

N ¼ p�DW�H

6V
(10)

where V is the volume of the unit cell.
3. Results and discussion
3.1 Structural studies

XRD was used to identify the crystallization phases of the
prepared samples, which are shown in Fig. 1 for x¼ 0.05 (a) and
x¼ 0.1 (b) (where the experimental diffractogram is represented
in red, the calculated one in a solid black line, their difference
in blue, and the positions of the Bragg lines in green), exhibited
the characteristic XRD peaks corresponding to the reection of
the planes of ZnAl2O4 (ref. 39) with a spinel cubic structure in
the space group Fd�3m, (111), (220), (311), (222), (400), (331),
(333), (440), (620), (533), (642), (553), and (800) (JCPDS no. 05-
0669).39 In addition, diffraction peaks appeared in the XRD
associated with the phase minority Ag, space group Fm�3m. The
15850 | RSC Adv., 2022, 12, 15848–15860
Rietveld renement of two samples x ¼ 0.05 and x ¼ 0.1 of
powder was carried out using the FULLPROF program40 Fig. 1.

Fig. 1(c): showing the structure of these AB2O4 spinel struc-
tures. (1) tetrahedral gap site A(Zn + Ag): 64 per unit cell, 8
occupied) and (2) octahedral gap site B(Al): 32 per unit cell, 16
occupied). The values of the renement parameters such as
“goodness of t” (c2), the R-value of the prole (Rp), the R-value
of the weighted prole (Rwp), the lattice constant parameter (a),
and the volume of the cell (V) for all samples were calculated.
The structural parameters obtained from the renement of the
prole are listed in Table 1.

Table 1 shows that as the concentration of Ag increases, the
network parameters (8.0812 to 8.0786 Å), and the unit cell
volume (527.7498 to 527.2438 Å3) decrease. This can be
explained by the fact that the ionic radius of Ag+ which is equal
to 1.26 �A is greater than that of Zn2+ which is 0.60 �A.41

The calculated values of aexp are shown in Table 1, these
values decrease (8.0812 to 8.0786 Å) with silver concentration.
This can be logically attributed to the difference between the
ionic radius of the Zn2+ and Ag+ ions.42

In addition, link lengths between the spinel structure sites
(LA–A, LB–B, and LA–B), crystallite size (D), lattice strain (3), X-ray
density (dX-ray), bulk density (dexp), porosity (P), dislocation
density (d), and unit cell number (N) were extracted from X-ray
data and summarized in Table 1.

It is observed that the jump length of the tetrahedral and
octahedral sites represented in Table 1, decreases with the
addition of Ag+ ions for the two compounds, this decrease in the
jump lengths is due to the decrease in the lattice parameter.42

The values obtained suggest that the value of the crystallites
(28 to 26 nm) decreases with increasing Ag content. This is due
to the lower solubility of Ag ions in these compounds and their
low tendency to occupy the spinel structure.43 Crystal deciency
occurs in the spinel network when the Ag ion is incorporated
therein due to the greater atomic radius of Ag+ ions relative to
Zn2+.

The plot of (bhkl � cos q) versus (4 sin q) for the preferred
orientation peaks of AgxZn1�xAl2O

4�
x
2

compounds (x ¼ 0.05

and x ¼ 0.1) is shown in Fig. 2.
The average values of crystallite size (DW–H) and lattice strain

(3) were extracted from the intercept and the slope of the tted
line.

It is clearly remarkable that the crystallite sizes determined
by the Debye–Scherrer model were smaller than that calculated
by the Williamson–Hall method. This is owing to the broad-
ening effect resulting from the lattice strain which was held in
consideration only in the second model.

The data reveal that the X-ray density increases (4.6151 to
4.6195 g cm�3) with increasing Ag content due to the increase in
molecular weight.44

The results clarify that the porosity values (37.6351 to
37.5993%) have the opposite density trend for the two
compounds. This trend may be due to the creation of more
cation vacancies with the reduction of oxygen vacancies which
play a predominant role in accelerating densication, i.e. the
decrease in oxygen ion diffusion would retard densication.42
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Refined diffractograms of AgxZn1�xAl2O
4�

x
2

(x ¼ 0.05 (a) and x ¼ 0.1 (b)). (c) Crystal structure of AgxZn1�xAl2O
4�

x
2

(x ¼ 0.05)
nanoparticles.
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The dislocation density (d) increases by ((2.2676 to 2.5) �
10�3 nm�2) due to Ag doping.

It is worth noting that the concept of porosity (P), as well as
the number of cell units (N), proves that the uniform particle
size distribution is well agglomerated and almost homogeneous
over the entire surface of the samples.32
3.2 Scanning electron microscopy (SEM) studies

The surface morphology of AgxZn1�xAl2O
4�

x
2

(x ¼ 0.05 and x ¼

0.1) studied by scanning electron microscopy (SEM) is shown in
Fig. 3(a and b). The micrographs obtained show the formation
of multigrain agglomerations formed by ne crystallites having
random shapes and sizes. Furthermore, these obtained images
were carefully processed by the image analysis program
(ImageJ) to extract the histograms of the particle size distribu-
tion of the two samples shown in Fig. 3(c and d). The deter-
mination of the average agglomerate size (DSEM) was therefore
worked out, and it was found to be about 30 and 39 nm for x ¼
© 2022 The Author(s). Published by the Royal Society of Chemistry
0.05 and x ¼ 0.1 respectively. Furthermore, an appropriate
dispersive X-ray analysis was carried out to conrm the presence
of the chemical elements, present in the AgxZn1�xAl2O

4�
x
2

compounds. In this context, the presence of the elements Zn,
Ag, Al, and O in Fig. 4(a and b) shows the substitution of the
silver dopant in the nanoparticles.
3.3 Complex impedance spectroscopy

In order to study the relaxation process of AgxZn1�xAl2O
4�

x
2

nanomaterials, we measured the real (Z0) and imaginary (Z00)
parts of the complex impedance at several temperatures going
from 313 to 653 K in the frequency range from 0.1 Hz to 1 MHz.

3.3.1 Real part of impedance. Fig. 5 displays the variation,
versus frequency, of the real part of the impedance (Z0) at several
temperatures of the compounds AgxZn1�xAl2O

4�
x
2

studied for x

¼ 0.05 and x¼ 0.1. The amplitude of Z0 is typically greater at low
RSC Adv., 2022, 12, 15848–15860 | 15851
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Table 1 Summary of the structural parameters obtained from the XRD
for the AgxZn1�xAl2O

4�
x
2

(x ¼ 0.05 and x ¼ 0.1) nanoparticles

AgxZn1�xAl2O
4�

x

2 x ¼ 0.05 x ¼ 0.1

a (Å) 8.0812 8.0786
V (Å3) 527.7498 527.2438
Rp (%) 29.3 35.9
Rwp (%) 19.4 26.7
c2 1.787 2.982
aexp (Å) 8.0812 8.0786
LA–A (Å) 3.4993 3.4981
LA–B (Å) 3.3503 3.3492
LB–B (Å) 2.8571 2.8562
DXRD (nm) 28 26
DW–H (nm) 21 20
3 (no unit) �0.07487 �0.06522
DSEM (nm) 30 39
dX-ray (g cm�3) 4.6151 4.6195
dexp (g cm�3) 2.6116 2.7255
P (%) 37.6351 37.5993
d (�10�3 nm�2) 2.2676 2.5
N (nm�2) 20.8348 19.8617
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frequencies and gradually decreases with increasing frequency
for both samples. Indeed, in the high frequency range, the plots
show that Z0 reaches a minimum value independent of
temperature. This behavior, consistent with the spinel mate-
rials one, can be explained by the space charge, which occurs
when the potential barrier of the material has been reduced due
to the increase in temperature. Hence, a possible improvement
in the conductivity of the material with temperature at high
frequencies is strongly expected it is consistent with the result
of reports in the literature.45,46

3.3.2 Imaginary part of impedance. Fig. 6 illustrates the
variation of the imaginary part of impedance (Z00) with frequency at
different temperatures for the two samples studied. It can be
noted that for all temperatures, Z00 increases and takes amaximum
value which shis to higher frequencies with increasing temper-
ature, beckoning the increased relaxation time.47
Fig. 2 The Williamson–Hall plots of AgxZn1�xAl2O
4�

x
2

(x ¼ 0.05 (a) and

15852 | RSC Adv., 2022, 12, 15848–15860
In this respect, a relaxation phenomenon, probably
explained by the presence of electrons and/or immobile species
at low temperature and defects at high temperature, is well
implemented.48 It is worth noting that the increase in temper-
ature is at the origin of a characteristic broadening of the peaks
with a slightly asymmetrical shape. Hence, a close relationship
between the relaxation phenomenon and the handling
temperature is conrmed.49 Furthermore, the increase in the
relaxation peaks frequency with increasing temperature proves
a non-Debye type of relaxation,50 bettingly described by
Arrhenius' law:51

fmax ¼ f0 exp

�
� Ea

KBT

�
(11)

where f0 is the pre-exponential factor, Ea the activation energy
and KB is Boltzmann's.

In this context, from Fig. 7, giving the variation of ln(fmax)
compared to (1000/T), the activation energies of the prepared
samples are extracted. With values equal to 0.716 eV and
0.395 eV determined, by linear t, respectively for x¼ 0.05 and x
¼ 0.1, a decrease in the activation energy is observed by
increasing the rate of substitution of silver.

3.3.3 Equivalent circuit. The variations of the imaginary
part (Z00) of the complex impedance as a function of the real part
(Z0) at different temperatures for the AgxZn1�xAl2O

4�
x
2

compounds are illustrated in Fig. 8. These plots, known by the
Nyquist diagrams, allow to distinguish the contributions of
electrodes, grains and grain boundaries.52 It is clearly seen, for
the two compounds studied at all temperatures, that each
diagram is formed only by a single semi-circle corresponding to
the response of the grains. Besides, a thermally activated
conduction process is to be reported from the decrease in the
diameters of the semi-circles by increasing the temperature.53 In
fact, this results in a signicant increase in continuous
conduction.54

To better understand this process, the experimental data of
the Nyquist plots were adjusted using Z-view soware. Satis-
factory adjustments are achieved by means of an equivalent
circuit formed by a parallel combination of a grain resistance
x ¼ 0.1 (b)).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scanning electron microscope images of AgxZn1�xAl2O
4�

x
2

(x ¼ 0.05 (a) and x ¼ 0.1 (b)) and grain size histograms of
AgxZn1�xAl2O

4�
x
2

(x ¼ 0.05 (c) and x ¼ 0.1 (d)).
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(Rg) and a fractal capacitance (CPE). The following relation55

gives the CPE impedance (ZCPE):

ZCPE ¼ 1

QðjuÞa (12)
Fig. 4 EDX spectra of AgxZn1�xAl2O
4�

x
2

(x ¼ 0.05 (a) and x ¼ 0.1 (b)) na

© 2022 The Author(s). Published by the Royal Society of Chemistry
where Q is a proportional factor indicates the value of the
capacitance, a is an empirical exponent with values between
0 and 1 indicating the change of the compressed semicircle
from an ideal semicircle, and u is the angular frequency.
noparticles.
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Fig. 5 Shows the variation of the real part of impedance Z0 with frequency and temperature for compounds AgxZn1�xAl2O
4�

x
2

(x ¼ 0.05 (a) and
x ¼ 0.1 (b)).

Fig. 6 Shows the variation of the real part of impedance Z00 with frequency and temperature for compounds AgxZn1�xAl2O
4�

x
2

(x ¼ 0.05 (a) and
x ¼ 0.1 (b)).
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In this respect, the good agreement between the theoretical
and experimental ndings conrms the contribution of the
grains and the non-appearance of the effects of the grain
boundaries within the inspected samples. The real (Z0) and
imaginary (Z00) complex impedance components of the equiva-
lent circuit are studied on the basis of eqn (13) and (14):56

Z
0 ¼ Rb

2Qua cosðap=2Þ þ Rb

ð1þ RbQua cosðap=2ÞÞ2 þ ðRbQua sinðap=2ÞÞ2 (13)

�Z00 ¼ Rb
2Qua sinðap=2Þ

ð1þ RbQua cosðap=2ÞÞ2 þ ðRbQua sinðap=2ÞÞ2 (14)

Fig. 5 and 6 represent the frequency dependence of the
experimental data of Z0 and Z00 with their adjustments using eqn
(13) and (14). The good agreement between the experimental
data (points) and theoretical data (continuous lines) conrms
the choice of the electrical circuit.

On the other hand, the variation of grain resistance (Rg) as
a function of temperature is conveniently plotted in Fig. 9 for
the two rates of substitution of silver (x ¼ 0.05 and x ¼ 0.1). A
15854 | RSC Adv., 2022, 12, 15848–15860
decrease in Rg values with temperature is noted. This corre-
sponds to a negative temperature coefficient of resistance
(NTCR) behavior that may arise from an increased mobility of
charge carriers.57 For the compound x ¼ 0.05, a transition
towards 393 K is observed (Fig. 9(a)). Contrary to the compound
x ¼ 0.1, one notes that Rg decreases with the increase in the
temperature on all the range of temperature explored (Fig. 9(b)).
Moreover the values for the two formulations are of a different
order of magnitude for the two compounds.

Furthermore, the determination of the activation energies of
our compounds was carried out on the basis of Arrhenius' law.
Fig. 10(a and b) which illustrate the variations of [ln(1/Rg)] as
a function of [1000/T] respectively for x ¼ 0.05 and x ¼ 0.1.
Activation energy values equal to 0.706 eV for x ¼ 0.05 and
0.390 eV for x ¼ 0.1 were extracted from the previously
mentioned plots.

3.3.4 Electrical conductivity study
3.3.4.1 Ac conductivity. As shown in Fig. 11(a and b), ac-

conductivity (sac) was measured for the two compounds over
a wide temperature range (313 K to 653 K) at different
frequencies (0.1 Hz to 1 MHz). All samples show a trend for
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The variation of ln(fmax) with respect to 1000/T for samples AgxZn1�xAl2O
4�

x
2

(x ¼ 0.05 (a) and x ¼ 0.1 (b)).

Fig. 8 Nyquist plots of AgxZn1�xAl2O
4�

x
2

(x ¼ 0.05 (a) and x ¼ 0.1 (b)).

Fig. 9 Grain resistance diagrams as a function of the temperature of
AgxZn1�xAl2O

4�
x
2

(x ¼ 0.05 and x ¼ 0.1).
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semiconductor materials with an increase in conductivity with
temperature. It is worth noting, for low frequencies, that all
conductivity spectra plotted for different temperatures, are
frequency-independent. However, at high frequencies, an
© 2022 The Author(s). Published by the Royal Society of Chemistry
increase in ac-conductivity (sac) with frequency is clearly
observed for all temperature values. This arises from a relaxa-
tion of the ionic atmosphere resulting from the movement of
particles.58 This behavior conforms to Jonscher's universal
power law expressed as follows:59

sac ¼ sdc + Aus (15)

where sdc symbolizes the conductivity of direct current, A is
a constant that varies with temperature, u is the angular
frequency and s is a dimensionless quantity that presents the
degree of interaction between moving charge carriers and their
environment.

In the same context, a conrmation of this deduction was
mentioned based on Fig. 11(c and d), obtained by tting the
experimental data of sac(f) according to the previous equation
(eqn (15)).

On the other hand, to specify the conduction process or
processes which appear in the compounds studied (for x ¼ 0.05
and x ¼ 0.1), the plotting of the variation of the exponent (s) as
a function of the temperature, carried out in Fig. 12, proves to
be essential. In this regard, it has been proven, for x ¼ 0.05, the
RSC Adv., 2022, 12, 15848–15860 | 15855
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Fig. 10 The variation of ln(1/Rg) as a function of 1000/T from the data of the equivalent circuit for x ¼ 0.05 (a) and x ¼ 0.1 (b).

Fig. 11 Variation of the conductivity sac as a function of the frequency at different temperatures of the nanoparticles of AgxZn1�xAl2O
4�

x
2

(x ¼

0.05 (a) and x ¼ 0.1 (b)). (c) and (d) Typical example (conductivity vs. frequency at (613 K) for x ¼ 0.05 and 0.1 adjusted using the power-law

universal of Jonscher.
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presence of two conduction processes namely the NSPT and the
CBH respectively for low and high temperatures. Whereas for x
¼ 0.1, only the CBH process is observed. This allows to affirm
that the increase in the rate of substitution of silver leads to the
homogeneity and uniformity of the conduction process.

3.3.4.2 Dc conductivity. The temperature dependence of the
continuous conductivity (sdc) of the studied samples (for x ¼
0.05 and x¼ 0.1) is shown in Fig. 13. The plots obtained conrm
15856 | RSC Adv., 2022, 12, 15848–15860
the behavior of semiconductors mentioned in the previous
section. An increase in continuous conductivity has been noted
whether by increasing the temperature or by increasing the rate
of Ag. The increase in sdc with the amount of Ag can be
attributed to the good conductivity of this metal which ensures
the improved grain connectivity. This effect leads to the
reduction of the barriers encountered by the carriers and the
diffusion of electrons.60 Additionally, Fig. 14 representing the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Temperature dependence of the exponent s for the samples AgxZn1�xAl2O
4�

x
2

(x ¼ 0.05 (a) and x ¼ 0.1 (b)).

Fig. 13 The temperature dependence of the conductivity continues
sdc in the AgxZn1�xAl2O

4�
x
2

(x ¼ 0.05 and x ¼ 0.1) samples.
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variations of sdc � T with temperature for the two samples
studied shows a partial linear response due to a thermally
activated transport. The small polaron jump (SPH) model ts
Fig. 14 Variation of Ln (sdc � T) vs. (1000/T) for AgxZn1�xAl2O
4�

x
2

(x ¼

© 2022 The Author(s). Published by the Royal Society of Chemistry
well to data in high temperature regions, described by the
following mathematical relation:15

sdc � T ¼ s0 exp

�
� Ea

KBT

�
(16)

An adequate t of the linear part of each curve gives the
energy values d following activation: 0.509 eV for x ¼ 0.05
(Fig. 14(a)) and 0.470 eV for x ¼ 0.1 (Fig. 14(b)).

In the literature, various experimental instigations conrm
that the substitution by silver element affects the physical
properties of the materials.19–21 Accordingly, it is found that
the presence of silver permits the activation of tunneling
conduction processes. In addition, it was conrmed by
Moualhi et al. that the presence of silver leads to the coexis-
tence of multiple conduction mechanisms in the same
material.19–21 In the present work, it was conrmed that
increasing the rate of silver element enhance the quality of
surface of the studied system, which induces the diminution
of the number of the resistive barriers. This implies the
diminution of the activation energy value by increasing the
rate of the silver element.
0.05 (a) and x ¼ 0.1 (b)).
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Fig. 15 Variation of Ln (sdc) vs. (T
�1/4) for AgxZn1�xAl2O

4�
x
2

(x ¼ 0.05 (a) and x ¼ 0.1 (b)).
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On the other hand and based on the variable range hopping
(VRH) model61 best ts the data in the low temperature region,
written by the following equation:

sdc ¼ s0 exp

"�
�T0

T

�1=4
#

(17)

To t the linear part of the curves in Fig. 15 giving the vari-
ation of ln(sdc) as a function of T�1/4, the Mott temperature (T0)
was extracted. In this regard, T0 values of 0.3828 � 108 K and
4.2368 � 108 K were determined for x ¼ 0.05 and x ¼ 0.1,
respectively.

Moreover, when T0 is a characteristic temperature coefficient
which measures the degree of disorder, then it is suitably given
by the following relation:47

T0 ¼ 24

p� KB �NðEFÞ � x3
(18)

x denotes the decay length of the localized wave function having
a value equal to the cation–cation distance which is about 3 Å,47

KB represents the Boltzmann constant and N(EF) is the density
of states located at the Fermi level.

With calculated values of N(EF) equal to 0.8577 � 1020

eV�1 cm�1 for x ¼ 0.05 and 0.0775 � 1020 eV�1 cm�1 for x¼ 0.1,
we can conrm a decrease in the density of states located at the
Fermi level by increasing the rate of substitution. This is in good
agreement with the variation in grain activation energy shown
in Fig. 10.

In the same context, the temperature dependence of the
jump energy W(T) is given by the following equation:62

W ¼ KB � T3=4 � T0
1=4

4
(19)

Besides, the jump distance R(T) is dened as follows:63

R ¼ a1=4

½8p� KB �NðEFÞ � T �14
(20)
15858 | RSC Adv., 2022, 12, 15848–15860
At T ¼ 313 K, the respective calculated values of W and R
corresponding to x ¼ 0.05 are 0.1261 eV and 1.5 � 10�3 Å and
those corresponding to x ¼ 0.1 are 0.2299 eV and 2.75 � 10�3 Å.

Finally, it is worth noting that the conduction mechanism of
our samples is governed by the VRH model in the low-
temperature region and the SPH model in the high-
temperature region.

According to Mott theory and basing on the conducted
experimental results by Moualhi et al., the electrical conduc-
tivity of the oxides materials, at low temperatures, was
explained by the activation of the variable range hopping
process.64,65 In such case, the conduction process thermally
inactivated. By increasing the temperature, a small polaron will
formed, leading to the activation of the small polaron hopping
mechanism. The aforementioned model was recently proposed
to investigate the electrical response of manganite and ferrite
oxides.64–67 In addition, both SPH and VRHmodels were used to
investigate the electrical response of thin lm materials.68,69
4. Conclusion

In summary, we have studied the structural and electrical prop-
erties of cubic spinel compounds prepared by self-combustion
sol–gel route for nanoparticles AgxZn1�xAl2O

4�
x
2

for x ¼ 0.05

and x¼ 0.1. Both compounds crystallize in the cubic structure of
the Fd�3m space group with a nanometric grain size and exhibit
a minority phase of Ag, according to XRD measurements. Then,
EDX analysis conrmed the purity of the samples. The electrical
properties of these materials have been studied in the frequency
domain (0.1Hz to 1MHz) as well as the thermal domain (313 K to
653 K). The increase in the relaxation peak in the (Z00) spectra with
increasing temperature for the two compounds studied
conrmed Arrhenius' law. In addition, electrical conductivity
measurements follow Jonscher's law. The variation of the expo-
nent (s) as a function of temperature proves that the models non-
overlapping small polaron tunneling (NSPT) and correlated
barrier jump (CBH) are associated with conduction mechanisms
for x ¼ 0.05, while the appropriate model is used for x ¼ 0.1 is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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(CBH). The activation energy was calculated using the alternating
current conduction dc, and the imaginary part of the impedance
(Z00). In this context, the activation energies extracted demon-
strate a transformation of the electrical behavior as a function of
the substitution process, which is conrmed by a decrease in the
resistance of the material.
Conflicts of interest
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