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This work presents an investigation into the structural, optical, and electrical properties of ZnAl,O4 powder.
The synthesis of this material was performed via an auto-combustion route. Then, structural
characterization was carried out by XRD followed by Rietveld refinement of the obtained pattern, which
indicates a normal spinel structure with the Fd3m space group, known as the Gahnite structure. This
result was confirmed using RAMAN spectra recorded at room temperature, which exhibited two peaks
corresponding to the Eg and T2g modes. After that, TEM microscopy proved the presence of semi-
spherical particles with a size of about 45 nm. The optical properties from the PL emission spectra

iece'ved leth Febf“ary 2026 exhibit multicolor emission that can be attributed to defects and vacancies in the material. The electrical
ccepted 14th April 2026
measurements of the prepared ZnAl,O, sample prove the existence of semiconductor behavior

DOI: 10.1039/d6ra01381c following the Jonscher law at higher frequencies. At low frequencies, the dc conduction process was
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1. Introduction

In the last few years, oxide-based materials, such as spinel and
perovskite materials, have attracted a lot of attention due to
their interesting properties and multifunctional behavior."* As
a result, they have been used for several applications, such as
catalysts, photosynthesis, laser and fluorescent materials and
sensors.>® However, an important compromise is usually di-
scussed concerning the structural stability and reproducibility
of these materials because of the high number of factors
affecting their properties. This family of materials has the
general formula AB,O, (A is a bivalent metal cation occupying
the tetrahedral site, and B is a trivalent cation, occupying the
octahedral site) and exhibits a stable Fd3m cubic structure,
mainly the one named Gahnite.”"” In particular, aluminate
luminescent materials have attracted a lot of attention
regarding their stable crystal structure, good cationic distribu-
tion and excellent optical and dielectric properties.*** The
structural stability of these materials is usually accompanied by
instability of the optical and dielectric properties. In this
context, several investigations have focused on the synthesis
and characterization of luminescent spinel zinc aluminate,
where the physical properties depend strongly on the synthesis
route. This compound is known generally as a semiconductor
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governed by the VRH process, while at high temperature it was assisted by the SPH mechanism.

material with a wide band gap at room temperature (E; = 3.5-
3.9 eV).’*'” Furthermore, its tunable optical bandgap and pho-
toluminescence efficiency represent important factors for its
application in phosphors, light-emitting devices, and
photocatalysis.*®>* These properties can be enhanced by alio-
valent or isovalent substitution of Zn or Al by transition metals
or rare-earth elements. Indeed, Shangpan Huang et al*
synthesized Mn-doped ZnAl,O, by a hydrothermal route, and
proved that a variation in the preparation process can modify
the optical properties of this material through the appearance
of a peak in the near-infrared region. In contrast, V. N. Adoons
et al.” proved that only a UV emission band was exhibited by Fe-
doped ZnAl,O, prepared by the Pechini sol-gel synthesis route.
However, the cited synthesis techniques present some disad-
vantages, such as complex operating procedures, long reaction
and treatment times, and high annealing temperatures in some
cases.””* Thus, the sol-gel auto combustion route may be an
optimal one, producing highly pure and uniform particles,*® as
heat treatment has also been shown to be a key factor for the
evolution of the physical properties of this material, as proved
by N. Pathak et al.**

Therefore, to obtain a high-performance and stable ZnAl,0,
material, it is important to carefully control the synthesis
conditions to ensure lower energy and material loss.

Accordingly, the aim of this study is to combine these
favourable conditions to obtain high-performance, stable and
reproducible ZnAl,O, nanoparticles by a sol-gel auto-
combustion process to be used in several applications. In
order to better understand the key issues involved in the
process, the structural properties and morphology of the
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prepared powder were evaluated at room temperature by the
XRD technique and TEM, respectively. In addition, the vibra-
tional and optical properties were investigated by RAMAN and
UV-visible spectroscopies carried out at room temperature.
Then, the luminescent properties of the synthesized material
were examined by photoluminescence (PL) spectroscopy.
Finally, the electrical properties of ZnAl,0, were investigated at
different temperatures from 60 to 380 K at a frequency range of
0.1 Hz to 1 MHz.

2. Experimental methods and tools

2.1. Sol-gel auto-combustion process

The ZnAl,0, material was synthesized by the sol-gel auto-
combustion method. First, zinc oxide (ZnO, 98% purity), di-
ssolved in nitric acid, and aluminum nitrate (Al(NOj;);-9H,0,
98% purity) were used as the initial precursors. Then, the ob-
tained powder was crushed and calcined at 700 °C for 6 hours.
Finally, this operation was repeated with an annealing
temperature of 900 °C for 24 hours to enhance the crystallinity
of the prepared powders.

After the annealing process, the obtained powder was
pressed into pellets 8 mm in diameter, and annealed at 700 °C
for 2 hours. The bulk density of the obtained pellet was esti-
mated to be 3.61 g cm? according to the following expression:*’

o om
P~ wrh
where h, m and r are, respectively, the thickness, the mass and
the radius of the pellet.

2.2. Measurements tools

The phase and structure of the ZnAl,O, powder were examined
by X-ray Diffraction (XRD) using a Bruker 8D Advance X-ray
powder diffractometer, with CuKa1 radiation (A = 1.5406 A).
Raman and UV-vis properties were measured using an HR 800,
Jobin Yvon and Varian Cary 5000 UV-Vis-NIR spectrometer,
respectively. Photoluminescence (PL) emission spectra were
measured in the wavelength range of 250-850 nm using
a Horiba Jobin Yvon fluorolog-3 spectrofluorometer with an
excitation wavelength of 260 nm. For the electrical measure-
ments, the back and front surfaces of the produced pellet were
masked with a thin gold layer and then the sample was fixed
between two copper electrodes in a special holder. After that,
measurements were carried out by impedance spectroscopy in
the temperature range of 40-380 K at a frequency range of
0.1 Hz to 1 MHz using an Agilent 4294 analyzer.

3. Results

3.1. XRD measurements

The crystalline structure and the purity of the synthesized
ZnAl,0, powder were evaluated by X-ray diffraction (XRD)
measurement recorded at room temperature. The obtained
XRD pattern was refined with the FULLPROF Rietveld
program,®®?® proving the normal spinel cubic structure with the
Fd3m space group where the zinc and aluminate cations occupy
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Fig. 1 Refined XRD pattern of the ZnAl,O, material.

Table 1 Structural parameters of the refined normal spinel structure
of the ZnAlLLO4 material

Space group Fd3m
a 8.085160
X2 2.45
R, 11.6
Rup 10.8
Atom positions

X Y zZ
Zn 0.12500 0.12500 0.12500
Al 0.50000 0.50000 0.50000
o 0.26532 0.26532 0.26532

their normal positions (Zn occupies the tetrahedral site and Al
occupies the octahedral site). The observed and calculated
patterns of the prepared ZnAl,0, sample as well as the Bragg
positions are displayed in Fig. 1. As a result, the structural
parameters deduced from the pattern refinement are provided
in Table 1.

Assuming that the contributions of particle size and lattice
strain to the line broadening are independent of each other, the
observed line width is simply the sum of these two contribu-
tions, leading to the Williamson-Hall equation:**

K2
B cos O =
Dwy

+ 4¢ sin 0

Therefore, the plot of (8cos§) as a function of (4 sin 6) is
displayed in Fig. 2. Then, the average value of the crystallite size,
Dy was deduced from the intercept and slope of the fitted line
to be 36 nm.

3.2. Morphology

TEM and SEM were used to evaluate the morphology, shape and
size distribution, and to assess the degree of agglomeration of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The plot of (8 cos#) as a function of (4 sin #) according to the
Williamson—Hall model.
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Fig.3 SEMimage, TEM image and grain size histogram of the ZnAlLO4
nanopowder.

the prepared powder. The obtained TEM image presented in
Fig. 3 indicates the existence of agglomerations, composed of
fine crystallites with semi-spherical shapes about 45 nm in size,
as proved by the grain size histograms based on manual
statistical particle size analysis performed using Image-J soft-
ware displayed in the same figure.

3.3. Raman spectroscopy

Fig. 4 presents the RAMAN spectra of the synthesized ZnAl,O,.
According to group theory, the normal spinel structure known
as the Gahnite structure presents five Raman active modes: Alg
+ Eg + 3T2g. As observed in Fig. 4, only two modes are detected
at 420 cm™" and 661 cm ™" attributed to the Eg and the T2g
mode, respectively, as observed previously.*!

Indeed, the higher-frequency T2g mode is due to the
motions of oxygen atoms (breathing mode) inside the AlOg
octahedra. It is also important to mention that the inexistence
of avibration mode at around 727 cm ™" of the AlO, tetrahedra,
attributed to structural disorder, indicates that no inversion was
detected in the studied spinel structure. Thus, the Eg band at
420 cm ™' does not prove the asymmetric behavior of the
disordered spinel, confirmed by a Gaussian curve with an R of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Fitted RAMAN spectrum of the ZnAlLO4 material.

0.996. These results are in good agreement with the Rietveld
refinement, proving a normal spinel structure.

3.4. Optical investigation

3.4.1. UV-visible spectroscopy and DFT calculations. The
UV-visible diffuse reflectance spectra of the ZnAl,0, sample
recorded at room temperature in the wavelength range of 200-
900 nm have been used to estimate the absorption coefficient
(o) based on Kubelka-Munk function F(R) given as:*

(1-R.)}
2R,

F(R) = =«
where R, represents the diffuse reflectance of the sample with
infinite thickness.

Therefore, we have plotted in Fig. 5, the variation of (F(R)hv)*
as a function of the energy (%v) in order to estimate the band gap
of the synthesized ZnAl,0, material. The obtained plot indi-
cates the existence of two bands at about 1.5 eV and 2.5 eV that
are due to the existence of defects and vacancies in the prepared
sample, knowing that this material has a gap energy that can
reach 4.5 eV as reported in several research works.**~*

(F(R)hv)?

1 " " 1

hv (e V)

Fig. 5 Variation of the (F(R)hv)? versus hv Tauc plots of the ZnAlL,O4
material.
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Accordingly, in order to discuss the possible factors
responsible for this observation and provide a qualitative
insight into the electronic structure of ZnAl,0, with vacancy
defects, we have used density functional theory (DFT). In
particular, the possible emergence of defect-induced in-gap
states associated with oxygen and zinc vacancies can support
the interpretation of the experimental observations by identi-
fying defect states that may be the origin of the observed PL
emission and optical transitions. The present DFT calculations,
performed within the GGA-PBE approximation, were carried out
using the WIEN2k simulation package to simulate the effect of
oxygen and zinc vacancies on the band diagram of the ZnAl,0,
material referring to the investigation of S. Huang et al.>

Accordingly, the experimental structural parameters ob-
tained from Rietveld refinement were employed to perform the
numerical study of ZnAl,0,. To model the Zng;5Al,03 75
composition, two Zn atoms and two oxygen atoms were
removed from the parent ZnAl,0, structure. The convergence
criteria were set to an energy threshold of 10™* Ry and a force
threshold of 10> Ry-A ™.

The obtained Band diagram and DOS structure of ZnAl,O,
and Zn, ;5Al,03 ;5 are illustrated in Fig. 6 and 7, respectively.
These findings confirm that the existence of Zn and O vacancies
can create levels in the band gap of ZnAl,O, and be responsible
for the observation of several transitions as observed in Fig. 5.

The obtained results present an agreement with previous
theoretical studies on defected oxide materials.*® However, it is
well established that standard DFT approaches tend to under-
estimate the band gap due to intrinsic limitations of approxi-
mate exchange-correlation functionals.*’*° In addition, these
methods do not explicitly include many-body effects, excitonic
interactions, or electron-phonon coupling, which play a crucial
role in optical processes such as photoluminescence.***!

3.4.2. Plinvestigation. The room temperature PL spectrum
of the ZnAl,0, material, displayed in Fig. 8, proves different
peaks at different wavelengths in the ultraviolet-visible-near-
infrared region (UV-visible-NIR) located at A = 385 nm, blue at
A=458nm, green at A =524 nm, red at A =712 nm, and NIR at A
= 766 nm. This observation proves the presence of various
electronic states in the band gap, where each color is due to
a specific electronic transition. These important findings are
obtained without doping the ZnAl,0, material. This proves that
the synthesis and heat conditions that differ between research
studies can also impact the optical properties of materials for
this reason its should be carefully controlled.

2nAL,0, 2n

E(eV)
TDOS(eVistate)

4 = — E-E(eV)

Fig. 6 Band diagram and DOS structure of the ZnAl,O, material.
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Fig. 7 Band diagram and DOS structure of the Zng 75A1,O3 75 material.
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Fig. 8 PL emission spectra of the ZnAl,O4 material with excitation at A
=260 nm.

The observed emission at 385 nm could be due to shallow
level O-vacancy defect vacant states below the CB and some
filled states just above the VB. On the other hand, in an earlier
work, the authors attributed emissions at 450 nm to oxygen
vacancies.” The 524 nm emission could be related to the tran-
sition from the Zn vacancy level (VZn) to the oxygen vacancy
level (VO).** However, the near-infrared band located at 712 nm
and 766 nm could either be the result of the transition from the
bottom level of the ZnAl,0, conduction band to the O vacancy
(VO) level, or the transition from the O vacancy (VO) level to the
valence band top.*® These results are confirmed with good
agreement with the DFT calculation results presented in Fig. 6
and 7.

3.5. Electrical investigation

Fig. 9a, shows the dependence of the DC conductivity of the
ZnAl,0, sample on the inverse of temperature according to the
proposed theories of Mott.

Fig. 9a proves that the conductivity is found to be lower at
low temperatures and increases with at temperature increasing,
indicating a thermally activated DC conductivity. Indeed, this
thermal activation is assisted by the SPH conduction process at
high temperatures with an activation energy of about 96 meV,
where the transport of charge carriers is due to a phonon-
assisted hopping process of polarons between localized
states.”™** However, at lower temperatures, the conduction
process is governed by an activated VRH conduction process,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) In(g4cT) as a function of 1000/T according to the Mott model. (b) Theoretical adjustment of (a,) as a function of frequency according

to the Jonscher model. (c) Temperature dependence of the s exponent. (d) Effect of temperature on the conductivity of the ZnAl,O4 material.

with an activation energy of about 9 meV, characterized by
negligible hopping and binding energies according to Mott
predictions.*>*

The plot of In(cqg.) versus 1/(T%) displayed in the inset of
Fig. 9a was fitted according to the following expression:**~**

To ) 0.25

Odc = er(_ T

where g, is a pre-exponential factor.
Therefore, the deduced T, was used to estimate the density
of localized states at the Fermi level and N(E) according to the

following expression:*’
1
o 3a’
0= ZTCkBN(E}«)

where « presents the decay factor of the localized wave function
and 1/« is estimated as the Bohr radius of the localized center
(rs = 0.83 A).%

© 2026 The Author(s). Published by the Royal Society of Chemistry

The obtained N(Eg) is about 2.4 x 10** eV ' cm™?, present-
ing a high value compared to other spinel structured mate-
rials.””*” This result can confirm the attribution of the multicore
PL emissions to the existence of defects in the studied structure.
On the other hand, the frequency dependence of the semi-log
plot of electrical conductivity under a large variation of
temperature is shown in Fig. 9b. By observing this figure, we can
clearly distinguish the semiconductor behavior of the conduc-
tivity with respect to the frequency, which can be composed of
two parts following the Jonscher power law.

Indeed, the observed plateau-type behavior in the low
frequency region corresponds to the direct current conductivity
dqc and is interrelated with the long-range translational motion
of charge carriers. Then, at high frequencies, a clear dispersion
was distinguished derived from the relaxation of the ionic
atmosphere after the movement of particles and obeys the

universal power law Aw®.*®

RSC Adv, 2026, 16, 23129-23135 | 23133
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Accordingly, the total ac conductivity, o, can be investi-
gated by theoretical adjustment using the following Jonscher's
power law:*®

Oac = 0dc t Ao’

where A is the temperature dependent pre-exponent factor, w is
the angular frequency, and s is the power law exponent, repre-
senting the degree of interaction between the mobile charge
carriers and their surrounding lattices.

To explain the carrier transport and identify the conduction
mechanism in such materials, researchers have classically
referred to the hopping over a barrier and quantum-mechanical
tunneling processes that can be assisted either by electrons,
polarons, ions or atoms.* Moreover, the transport of charge
carriers in these materials is conventionally explained accord-
ing to the evolution of the frequency exponent “s” versus
temperature, presenting then a necessary analysis to identify
the conduction process. Generally, this latter is governed by the
CBH, OLPT and NSPT models, where “s” is temperature
dependent and 0 <s < 1, or the QMT one described by a constant
value of about 0.8 regardless of the temperature.>

Furthermore, the variations of the “s” parameter shown in
Fig. 9c indicate a correlated barrier hopping (CBH) conduction
process at a lower temperature and a small polaron tunnel
(NSPT) one at high temperatures with a remarkable perturba-
tion after T = 320 K, as also observed in the conductivity plots
displayed in Fig. 9d.

Concerning the CBH conduction mechanism, the charge
carrier hopping among site pairs occurs over a potential barrier
where the “s” exponent decreases with temperature as follows:*

6kg T
(WM + kBT ln(zTCf‘C()))

s=1-—

where 1, is the characteristic relaxation time, kg is the Boltz-
mann constant and Wy, is the hopping energy.

However, in the NSPT model, the increase of the “s” expo-
nent with temperature is described by the following relation:*

4kyT
(WM — kBT ln(Zch‘z:o))

s=1+

4. Conclusions

In this study, the synthesis of ZnAl,0, nanopowder by an auto-
combustion route leads to a normal spinel Fd3m cubic structure
as confirmed by RAMAN spectra recorded at room temperature
and exhibiting two peaks corresponding to Eg and T2g modes.
The morphology of the prepared powder evaluated by TEM
microscopy proves the existence of semi-spherical particles with
a size about 45 nm. The optical properties and PL emission
spectra exhibit multicolor emission that can be attributed to
defects and vacancies in the material. Finally, the investigation
of the electrical properties of the synthesized ZnAl,0O, proves
that it exhibits a semiconductor behavior following the Jonscher
law. All of the results present a good agreement and indicate the

23134 | RSC Adv, 2026, 16, 23129-23135
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promise of ZnAl,0, materials for electronic and optoelectronic
applications.
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