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Abstract: This study investigated magnesium aluminate spinel's optical and dielectric properties with
varying stoichiometry degrees. The nanoparticles were prepared using a wet chemical route technique,
and different molar ratios of Mg/Al (1:2, 1:1, 2:1) were used to create both stoichiometric and non-
stoichiometric samples. The resulting nano-powders were sintered at 1100°C, and their morphological
properties were investigated using X-ray diffraction (XRD), which showed that all samples had a cubic
structure. However, the crystallinity and crystallite size decreased as the Mg/Al ratio moved from 1:2
to 1:1 and then to 2:1. UV-Vis spectroscopy was used to determine the optical bandgap energy, and
fluorescence spectra showed multicolored emission since the presence of various defect states in the
energy gap, such as anionic, cationic, antisite, Schottky, and interstitial. The dielectric properties were
studied in the 500 Hz to 1 MHz frequency range, and the calculated alternating current (AC)
conductivity increased with frequency. These findings suggest that the prepared materials may be
suitable for optoelectronic devices, microwave applications, and semiconductor devices.

Keywords: magnesium aluminate spinel; stoichiometric; non-stoichiometric; nanoparticles; optical
properties; dielectric properties.
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1. Introduction

With the advancement of scientific research, nanotechnology has emerged as a highly
promising field with diverse applications. With this rapidly developing technology, there is
considerable interest in materials characterized by wide bandgap, high mechanical strength,
and high electrical resistivity. Recently, nanoparticles based on aluminates have gained
significant attention and have been extensively investigated for their applications as
luminescent and energy-storage materials [1-3]. The advancement of information technology
has sparked increased interest in optoelectronic and high-performance storage devices.
Magnesium aluminate spinel (MgAl204) (MAS) is a material that possesses the desired
properties mentioned above. MAS exhibits a general formula of AB204, where A is Mg?* and
B is AI**, having a face-centered cubic structure within the Fd3m space group [4]. Khaidukov
et al. [5] explored the utility of MgAl20a as a phosphor, concluding that it is a suitable material
for developing various types of PC-LED lamps. Egorov et al. [6] investigated MgAI204 in the
terahertz range and identified it as a promising material for microelectronic devices. MAS's
optical and dielectric characteristics are of great significance, and these properties are highly
dependent on the preparation method and chemical composition. For the fabrication of MAS
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nanoparticles, various synthesis techniques are employed, including solid-state reaction [7],
co-precipitation [8], auto-combustion [9], and sol-gel technique [10]. The structure of
magnesium aluminate spinel is illustrated in Figure 1.
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Figure 1. Structure of MgAl,O.: Mg ions occupy the tetrahedral site, while Al ions occupy the octahedral site
[16].

Oxygen

F{

Consequently, in the study of material properties, the initial proportion of reagents is
crucial, as it significantly influences the final product. Several reports [11-14] have been
published to investigate the impact of stoichiometric and non-stoichiometric molar ratios of
different materials. However, for Magnesium aluminate spinel (MgAIl20a), a limited number
of studies have explored variations in the molar ratios of Mg/Al. In this paper, MAS
nanoparticles were synthesized using the sol-gel technique with different molar concentrations.
The sol-gel technique was chosen due to its simplicity in producing high-purity materials with
a homogeneous composition [15]. This study explores the influence of Mg/Al molar ratios on
MAS nanoparticles' crystallite size, energy bandgap, and electrical conductivity.

2. Materials and Methods

The sol-gel wet chemical method was used to synthesize the stoichiometric (1:2)
and non-stoichiometric (1:1, 2:1) magnesium aluminate spinel (MAS). Magnesium nitrate
[Mg(NOs3)2.6H20] with 98% purity having molecular weight 256.41, Aluminium nitrate
[AI(NO3)3.9H20] with 98% purity having molecular weight 375.13, citric acid
(CsHsO7H20) with purity of 98% with molecular weight 192.13; all from LOBA company
were used as precursors.

| Mg(NO,),dissolvedin 100mlof | AI(NOy), dissolvedin 100mlof
distilledwater distilled water

Figure 2. A simplified systematic diagram for the synthesis of stoichiometric (1:2) spinel.
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Changing the molar ratio of magnesium and aluminate to 1:2, 1:1, and 2:1 allowed
an appropriate amount to be dissolved in 100 ml of distilled water in two separate beakers
and a stirrer for 30 minutes. The solutions were then mixed in one beaker to attain
homogeneity. This solution was stirred and heated by adding citric acid until it became
milky in color and formed a gel. The gel was dried on a hot plate until nano-powder
formed. These prepared nano-powders were heated in a muffle furnace (x1°C) at 1100°C
for 4hrs. Figure 2 depicts a simplified systematic diagram for the synthesis of
stoichiometric (1:2) spinel in a simplified way. Similar procedures will be used to
synthesize non-stoichiometric (1:1, 2:1) spinels.

3. Results and Discussion

3.1. X-ray diffraction (XRD).

The XRD patterns of MAS nanoparticles synthesized with three different molar ratios
of Mg/Al =1:2,1:1, 2:1 are shown in Figure 3. As the molar ratio changes from stoichiometric
ratio (2:1) to non-stoichiometric (1:1, 2:1), the formation of two phases, i.e., MgAl2O4 and
MgO, starts to be observed. This occurs due to the presence of an excess of magnesium and
oxygen in the lattice. The diffraction peaks show that the material has a cubic structure
indexed from JCPDS no: 00-021-1152 for the MgAl.O.phase and JCPDS no: 00-045-0946
for the MgO phase. The formation of two phases leads to affect the crystallinity of
nanoparticles. The crystallinity is defined as the degree of long-range structural order that
makes up a crystal lattice within a solid. As the stoichiometric ratio changes, the
crystallinity of the prepared nanoparticles starts decreasing, and peak intensity decreases
with the increase of full-width half maxima (FWHM). This trend is mentioned in Table 1.
The Debye-Scherrer formula(equation 1) is used to calculate the average crystallite size

(D) [17]:

0.941
o Bcos6 (1)
Table 1. Calculated crystallite size, peak intensities, and bandgap of MAS with three different molar ratios.

Sample 1:2 (Mg/Al) 1:1 (Mg/Al) 2:1 (Mg/Al)

Crystallite Size (nm) [ 33.01 28.70 28.41

F.W.H.M. (degree) 0.23 0.27 0.29

Intensity (a.u.) 63.21 46.34 35.75

Crystallinity (%) 67.85 54.66 42.11

Bandgap (Eg) (eV) 5.14 5.20 5.30

2:1 (311)
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Figure 3. Powder XRD patterns of MAS synthesized with 1:2, 1:1, and 2:1 molar ratios.

https://biointerfaceresearch.com/ 30f12


https://doi.org/10.33263/BRIAC146.148
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC146.148

3.2. Scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS).

The SEM and EDS analysis is shown in Figure 4. The morphology and structure of
the prepared nanoparticles were investigated using FESEM. It can be observed that even
with the change of molar ratio, the prepared samples were uniform and well-dispersed.
The SEM images also depicted that under the influence of electrostatic gravity, the uneven
surface of nanoparticles gets self-aggregated into larger nanoparticles. The EDS spectra
show the pattern of prepared material at different molar ratios. EDS data confirms the
chemical composition and the elements present in the prepared composition are according

to the desired Mg/Al molar ratio as 1:2, 1:1, and 2:1.
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Figure 4. Shows (a) Elemental analysis (EDS); (b) SEM images of MAS nanoparticle at 1:2, 1:1, 2:1
molar ratio.

3.3. Fourier transfer infrared (FTIR) spectroscopy.

The FTIR analysis of MAS nano-powder at three different molar ratios is depicted
in Figure 5. The spectra have been recorded in the range 400-4000 cm™. The recorded
spectra of all the samples showed the same absorption bands. The absorption peak at the
wavenumber of 2345 cm™* shows the presence of O-O bonds in the crystal lattice, a feature
of spinel-structured crystallites [18]. The absorption peaks in the range of 900-450 cm™
are related to the metal-oxygen-metal bonds. The peak at the wavenumber of 696 cm™ is
related to the stretching modes of Mg-O. In addition, the peak at 508 cm™ is related to the
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stretching modes of Al-O in octahedral sites. The peaks at the wavenumber of 696 cm*
and 508 cm™ show the formation of MgAl204 spinel.

On the other hand, as the ratio changes to non-stoichiometric (1:1 and 2:1), an
additional peak at 827cm! starts to appear. This absorption peak indicates the presence of
cubic MgO. These results are consistent with several theoretical and experimental results
[19,20].

827
—_—21

Transmittance (a.u.)

2345 —1:2

508

696

T A T v T M T hd T v T ad T b 1
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm)

Figure 5. FTIR spectra of MAO with different molar ratios.
3.4. UV-visible spectrosocpy.

Figure 6a shows the absorption peak of MAS with Mg/Al 1:2, 1:1, and 2:1 in UV-
Vis spectra ranging from 200-500 nm. The spectra show two absorption peaks at 208nm
and 250 nm. The peak at 208 nm can arise from Band-to-Band absorption from MgAl204
related to [21]. The absorption band at 250 nm is due to the presence of F-centers. It can
be noticed that the absorption edge cannot be affected by changing the molar ratios. It is
observed that the intensity of the absorption decreases by changing the stoichiometric ratio.
Figure 6b demonstrates the value of the optical bandgap by extrapolating the linear region
of Eg v/s (ahv)? plot. The energy bandgap value is estimated from Tauc’s description in
equation 2 [22]

(ahv)? = A(hv — EQ) (2)
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Figure 6. (a) UV-visible spectra of prepared material; (b) calculated value of bandgap.

Where Egq is energy bandgap; v is the frequency of light; h is Planck’s constant; A
refers to the proportionality constant; a is the absorption coefficient. The estimated value
of bandgap is 5.14eV, 5.20eV, and 5.30eV with a Mg/Al molar ratio of 1:2, 1:1, and 2:1,
respectively. It was determined that the bandgap increases as the molar ratios of the Mg?*
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cation increase. The relation between crystallite size and optical bandgap with different
molar ratios is plotted in Figure 7. The graph reveals that the crystallite size decreases with
an increase in the bandgap of the material. The obtained results are consistent with
guantum confinement theory [23], which asserts that electrons and holes in the conduction
band (CB) and valence band (\VVB) are confined by the potential barriers of the surface or
potential well of the quantum box. Because of this confinement, the energy gap (Eg)
between the CB and VB increases as the particle size decreases—however, Figure 8
exhibits color images of prepared nanoparticles under three different light sources.
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[ "y : |
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Figure 8. Sample under: (a) low UV region; (b) High UV region; (c) Visible region.
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Figure 7. Relation between crystallite size and bandgap with different molar ratios.
3.5. Fluorescence spectroscopy(FS).

The emission spectra of MAS at molar ratios 1:2, 1:1, and 2:1 are shown in Figure
9. The nanophosphors have given two excitations of 209 nm and 250 nm as the material
exhibits maximum absorption in these regions, as shown in the UV absorption spectrum
Figure 6a. The emission spectra were recorded in the region from 400-800 nm. It is
observed that at both the excitation wavelengths, the material shows broad emission in the
blue region. This broad emission reveals the presence of different defect states in the MAS
bandgap [24]. The emission peak at approximately 440nm is caused by the charge transfer
between AI** and its surrounding O? ions. Another broad peak, approximately at 650nm,
is caused by the presence of oxygen vacancies [25]. Figure 10 shows the bar graph with
integrated intensities versus excitation wavelength at 1:2, 1:1, and 2:1 molar ratios. The
graph shows that as the excitation wavelength increases, the intensity decreases. The
presence of more F-centers could explain this increase in intensity at lower excitation
levels.
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Figure 9. Emission spectra of MAO at different molar ratios (1:2, 1:1, 2:1): (a) excited with 209 nm; (b)
excited with 250 nm.
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Figure 10. Intensity v/s wavelength graph of Mg/Al molar ratios.
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Figure 11. CIE coordinates of prepared material at (a) 209 nm; (b) 250 nm.

Table 2. CIE, CCT, CP, and CRI values of prepared nano-powder.

Sample Excitations 209nm Excitation 250nm
CIE CCT Color Purity [CRI CIE CCT Color CRI
(%) Purity (%)
1:2 (0.280, 0.292) P856 17.6 98 (0.282,0.294)  [9487 17.0 P8
1:1 (0.264, 0.279) [13099 22.4 99 (0.268, 0.293)  [11064 19.8 p6
2:1 (0.287, 0.285) P380 22.7 89 (0.297,0.306)  [7825 34.3 B9

To denote specifically the color characterization of the MAS compound, the

International Commission on Illumination (CIE) coordinates, correlated color temperature
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(CCT), color purity (CP), and color rendering index (CRI) were evaluated and shown in
Table 2. The CIE coordinates are mentioned in Figure 11 by using the chromaticity

diagram.
The value of CCT can be calculated by using
CCT = —449n3 + 3525n? — 6823.3n + 5520.33 3
where =;:—;i The quantity —color purityl describes how pure or monochromatic a

color is at a given light. The value of color purity lies between 0 to 100. For ideal white
light, color purity is zero. The color purity can be evaluated by using the equation described
in [26]. The calculated value of color purity at two different excitations is mentioned in
Table 2. From these values, it is concluded that MAS at a 1:2 molar ratio has suitable color
purity compared to others.

CRI measures how accurately a light source can replicate various objects' colors
compared to a natural light source. When the light source performs exactly like natural
light, the CRI rating is —100 [27]. From the calculated results of CIE coordinates, CRI,
and color purity, it is observed that among the three different ratios, 1:2 is best suited
for exploring the luminescence properties of MAS spinel. This shows that the prepared
material is suitable for optoelectronic devices. Moreover, these results can be further
improved with proper dopant to target the suitable application area.

3.6. Dielectric properties.

Impedance analysis is a powerful method for determining the relationship between the
dielectric properties of synthesized material and its microstructural composition [28]. The real
and imaginary impedance parts are determined for each spinel MAS sample at Mg/Al =
1:2,1:1, 2:1 molar ratio in the 500 Hz to 1 GHz frequency range at room temperature.

3.6.1. Real and imaginary impedance.

The real and imaginary parts of prepared spinels having the composition of MAO
(1:2, 1:1, 2:1) are shown in Figure 12. The real and imaginary part w.r.t. frequency is
calculated for each sample. The graph shows that these impedance parts depend upon the
applied frequency.
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Figure 12. This figure shows the (a) real; (b) imaginary part of impedance on the y-axis versus the log of
frequency on the x-axis.

3.6.2. Nyquist plot.

The Nyquist plot offers a helpful method for separating grain resistance from grain
boundaries. The Nyquist plot, with Z' along the x-axis and Z" along the y-axis, is shown
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in Figure 13. From this plot, we can infer three separate electroactive zones. These areas
include the interface between the samples and the electrodes, the insulating grain borders,
and the conducting grain boundaries. According to the current investigation, each specimen
had a semicircle that matched the grain boundaries and actively contributed to the electrical
properties of prepared samples. The diameter of a semicircle and the specimen's resistance
are directly related [30]. It is evident that the diameter of the semicircle decreases when
the Mg/Al ratio approaches 1:2. This drop in diameter represents the increase in
conductivity and decrease in resistivity. The variation in the radius of the semicircle may
be due to the change in molar concentration from stoichiometric to non-stoichiometric
ratio.

4107 =
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——141
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1.2x10 21

1.0x107 o
8.0%10° <

6.0x10° 4

-Z" (£2))

4.0%10° 4
2.0x10% 4
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0 1:;0‘ 2u:|u‘ 3:.10‘ 4:;0‘ 5nlmB s-:lw‘
Z'(Q)
Figure 13. Nyquist plot with changing molar ratio.

3.6.3. Frequency-dependent A.C. conductivity.

The value for the AC conductivity of the Mg/Al=1:1, 2:1, 1:2 can be calculated using
[31] (oac)

O, = 21 fgpe’ tand 4)

Where €', f, and & represent the real part of free space's dielectric constant,
frequency, and permittivity. The graph of AC conductivity and log of frequency is shown
in Figure 14. The material showed resistive behavior in the low-frequency region due to
the grain boundaries. At high frequencies, the material's conductivity gets enhanced due to
the hopping of charge carriers [31]. The AC conductivity of 1:2 (Mg/Al) is observed to be
higher than others. In the 1:2 (Mg/Al) sample, there are more hopping phenomena between
the tetrahedral and octahedral sites than others, leading to the sample's conductive nature.
Similar results have been found in previous research [32], which concluded that the 1:2 ratio
(stoichiometric spinel) produced the best performance even by varying the stoichiometric
ratio.
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Figure 14. AC conductivity versus the log of frequency.
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4. Conclusions

Magnesium aluminate spinel (MAS) at 1:2, 1:1, and 2:1 molar ratios were
successfully synthesized using the wet chemical sol-gel method sintered at 1100°C in a
muffle furnace (x1°C). The collective study of characterizations was used to study the
phase formation, surface morphology, chemical composition, and luminescence study. A
comprehensive characterization study covering X-ray diffraction (XRD), scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), UV-Vis
spectroscopy, and fluorescence spectroscopy (FL) was conducted to explain the phase
formation, surface morphology, chemical composition, and luminescent properties. XRD
analysis revealed that MAS, with a 1:2 molar ratio, exhibited a single phase of MgAl20a.
Conversely, a shift to molar ratios of 1:1 and 2:1 introduced two phases, MgO and
MgAI204, resulting in decreased nano-powder crystallinity. Fluorescence spectra exhibit
emissions at 209 nm and 250 nm under UV excitation. The emission spectra of all samples
show the highest peak, approximately 440 nm, due to the charge transition between AI3*
and its surrounding O? ions. The excitation of 209 nm is best suited because it can give
high integral intensity. Consequently, from three different molar ratios, 1:2 is best
optimized with CIE coordinates (0.2800, 0.2922), color purity (17.6), and CRI (98). The
frequency-dependent conductivity was measured and analyzed at room temperature by
varying the Mg/Al molar ratios. The observed results are reported. The results highlight
that MAS, especially at a 1:2 molar ratio, is promising for optoelectronic devices due to
its customized optical and electrical properties. Additionally, enhancements can be
achieved by introducing appropriate dopants to address suitable application requirements.
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