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which makes it one of the essential refractory materials 
[1–3]. MAO is a mixed oxide having the physical proper-
ties of magnesium oxide and aluminum oxide. The physical 
and optical properties of the material depend upon the shape, 
size, nature of grain, grain boundaries, voids, orientation, 
and in-homogeneities present in the material [4, 5].

It had been reported in the literature that defects have 
a significant impact on the structural and optical proper-
ties of the material [6]. Defects play an important role in 
obtaining a good optical yield. The significant luminescence 
behavior is known to be induced by the presence of oxygen 
vacancies and other oxygen-related defects [7]. In addition, 
the presence of significant number of cations disorders in 
MAO (vacant 56 tetrahedral and 16 octahedral sites) allows 
the formation of intrinsic defects in the crystal which act 
as trapping centers for charge carriers [8, 9]. However, the 
formations of complex defects such as V0 + Oi, V0 + AlMg 
and V0 + MgAl (where V0 = oxygen vacancy, Oi = oxygen 
interstitial, AlMg&MgAl = antisites of aluminum and mag-
nesium) might cause an optical transition [10, 11]. Borges 
[12] studied the native defects in MgAl2O4 which act as a 
source for optical transitions. Using the cathodolumines-
cence technique, Ghamnia et al. investigated the luminous 
centers (F and F+) in alumina [13]. Alumina material with a 
high density of defects is characterized by an increase in the 
intensity of F+ emission and its response to irradiation time.

It has also been observed that the densification and 
sinterability of the material can be improved at lower 
temperatures since its strength qualities can be enhanced 
at higher temperatures [14–16]. In this study, MAO was 
prepared by sol–gel method and sintered at different tem-
peratures from 700 to 1400 °C. The sol–gel method is 
a versatile technique for producing solid materials from 
small molecules, metal salts, or metal oxides dissolved in 
a liquid sol. The process involves several steps, including 
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Introduction

MgAl2O4 (MAO) spinel has the general formula XAl2O4 
(where X = Mg) and is known as a key component of the 
spinel aluminate family. MAO can provide great stability to 
the structure against temperature, high energy radiation, and 
pressure. The melting point of MAO is very high (2135 °C) 
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the preparation of the sol, gelation, aging, and drying or 
calcination. The sol–gel method offers several advantages 
over other methods of material synthesis, such as high 
purity, good control over composition and structure, and 
the ability to produce a wide range of materials includ-
ing ceramics, glasses, and composites. It is also a rela-
tively simple and low-cost method, making it an attractive 
option for industrial-scale production.

Overall, the sol–gel method is a powerful tool for pro-
ducing high-quality materials with tailored properties for 
a variety of applications, including catalysis, electronics, 
and optics.

The prepared material was characterized by XRD, 
UV–Vis, FTIR, SEM, and FL. The purpose of this study 
is to explore the effect of temperature on the structural 
and optical properties of magnesium aluminate spinel.

Experimental detail

Analytical reagent grade nitrate of magnesium Mg 
(NO3)2·6H2O and aluminum Al (NO3)3·9H2O was taken in 
a corresponding stoichiometric ratio, dissolved in deion-
ized water. The solution was mixed at a temperature of 
70 °C via the magnetic stirrer. After 3-h stirring, a chelat-
ing agent, citric acid (C6H8O7) was added. The mixture 
was stirred until it gets the transparent viscous solution. 
This viscous solution was converted into cream color gel 
which was dried at 150 °C to form a powder. Moreover, 
the prepared powder was grinded manually in mortar and 
pestle for 30 min. Finally, to obtain MgAl2O4 spinel the 
prepared sample was sintered at temperatures of 700 °C, 
800 °C, 900 °C, 1000 °C, 1100 °C and 1400 °C. The char-
acterizations were carried out by using XRD, FTIR, SEM, 
UV–Vis, and fluorescence spectra techniques.

B r u ke r  e qu i p m e n t  w i t h  C u - K α  r a d i a t i o n 
(λ = 1.54060 Å) was used to record an X-ray diffraction 
(XRD) pattern for the prepared MAO powder in the 2θ 
range of 20°–80°. Fourier transform infrared (FTIR) 
spectrum from Perkin Elmer has a scanning range from 
8300 to 350 cm−1 offering a resolution of 0.5 cm−1. The 
prepared sample of FTIR spectra was obtained in the 
400–4000  cm−1 range. SEM, from Jeol, which has an 
accelerating voltage of 0.1–30 kV is used to examine the 
morphology of the prepared material at 700 °C, 900 °C, 
1100 °C, and 1400 °C. Shimadzu UV–Vis spectrophotom-
eter (UV-1900i) was used to record the excitation spec-
trum of the prepared sample. Perkin Elmer’s fluorescence 
spectroscopy which has a pulse xenon lamp was used to 
examine the optical properties or emission properties of 
prepared material.

Results and discussion

Powder X‑ray diffraction (XRD) analysis

Figure 1a illustrates the XRD spectra for magnesium alu-
minate spinel sintered at 700 °C, 800 °C, 900 °C, 1000 °C, 
1100 °C, and 1400 °C temperatures recorded in the range 
of 20°–70° of Bragg’s angle (2θ). In Fig. 1, no diffraction 
peaks were observed at 700 °C, indicating the amorphous 
nature of the material. At 800 °C, the crystalline phase 
started developing and consisted of mixed phases, but when 
the temperature was raised to 900 °C, the MgAl2O4 phase 
took dominance and it was found that the crystalline char-
acter improves as the sintering temperature increases. At a 
temperature of 1100 °C, the pure phase of MAO was found 
and peaks could be directly indexed to the cubic phase. So, 
these results designate that MAO configurations appear to 
be an established phase.

It can be observed that peak intensity increases with sin-
tering temperature up to 1100 °C; however, around 1400 °C, 
the intensity of the peaks decreases slightly. The observed 
peaks have corresponding (hkl) planes (220), (311), (200), 
(400), (422), (511), (220), and (440). However, two addi-
tional peaks having (hkl) plane (200) and (220) are due 
to the presence of MgO phase [17]. Figure 1b shows the 
peak shifting of (311) and (200) peaks. The peak is shifting 
toward a lower angle, indicating that inter-planar distance is 
expanding [18].

The d-spacing (d), peak intensity, crystalline size (D), 
and lattice parameter a (Å) are tabulated in Table 1. Using 
Bragg’s Law and the Scherrer equation, the d-spacing, 
crystallite size, and lattice parameter [peak corresponding 
to (311) plane] produced at different sintering tempera-
tures were calculated. The material’s porosity (P) is also 
determined using the XRD data. The value of porosity was 
calculated using the relation mention in Figure 2b. As the 
sintering temperature increases from 800 to 1400 °C, the 
porosity decreases from 0.96 to 0.93% due to the process of 
sintering densification. Decreasing the porosity of a mate-
rial can have a significant impact on its optical properties, 
particularly when it comes to its emission properties. When 
a material is porous, it can trap light within its pores, leading 
to decreased emission efficiency. By reducing the porosity of 
the material, more of the emitted light can escape, resulting 
in an increase in emission

(1)d =
n�

2 sin �

(2)D =
0.94�

� cos �
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Figure 2 shows the relation between peak shift and 
crystallite size as a function of sintering temperature. 
As the temperature rises, peaks shifted toward the lower 
angle side because of tensile strain. There was a uniform 
increase in crystallite size up to 1100 °C. The increase in 
peak shifts with crystallite size indicates the expansion 
of the lattice up to 1100 °C. However, the lattice starts to 
contract above 1100 °C temperature, as clearly seen in the 
graph. The peak shift observed in the XRD pattern may 
be related to the incomplete reaction and the presence of 

(3)a =
[

d2
(

h2 + k2 + l2
)]1∕2 excess magnesium and oxygen, or it may be due to lattice 

strain caused by defects introduced during the reaction.

Scanning electron microscopy (SEM)

Figure 3 shows the SEM images of sintered MgAl2O4 at 
700 °C, 900 °C, 1100 °C, and 1400 °C temperatures. From 
the SEM images, it is observed that the particle size and 
surface morphology behave differently with rising tem-
peratures. At 700 °C material was amorphous in nature 
as shown in Fig. 3a. At 900 °C, crystalline nature starts 
developing in the material and particles become indistin-
guishable (Fig. 3b). It can be seen that with the increase 

Fig. 1   The XRD pattern of MgAl2O4 a sintered at 700 °C, 800 °C, 900 °C, 1100 °C and 1400 °C b shift in 2θ with increase in sintering tem-
perature

Table 1   Structure parameters of MgAl2O4 at different temperatures

Temp. (°C) 2θ (°) Peak intensity (A.U.) Crystallite 
size (nm)

d-spacing (Å) Lattice Parameter 
(a = b = c) (Å)

Porosity (%)

MgAl2O4 800 36.982 8.3071 8.46 2.4348 8.0753 0.96
900 36.922 30.7750 22.19 2.4356 8.0781 0.95

1000 36.946 33.3270 25.72 2.4310 8.0629 0.94
1100 36.874 164.5900 49.42 2.4325 8.0679 0.94
1400 36.887 160.7600 46.04 2.4287 8.0553 0.93
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in sintering temperature, the size of the crystallites also 
increases. With increases in temperatures, the shape of 
the crystallites was smooth and rounded, forming irregu-
lar structures. With the increase in the temperature, the 
crystallites sinter together and form larger grains and 
aggregates. The distribution of the grain size varied, and 
for the highest calcination temperature, at 1100 °C fine- 
and irregular-shaped crystal particles were formed and 

the average particle size calculated from SEM is around 
62 nm which also verified the XRD results. Moreover, on 
a further increase in temperature up to 1400 °C, the par-
ticles started to take on an irregular shape and size, and 
agglomeration particles appeared. The particle size cal-
culation was done by taking forty selected particles from 
each image as shown in Fig. 4.

Fig. 2   a Peak shift and crystallite size as a function of sintering temperature. b variation of porosity and densification

Fig. 3   SEM images of MAO at 
a 700 °C b 900 °C c 1100 °C d 
1400 °C
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Fourier transfer infrared spectroscopy (FTIR)

The FTIR spectra of prepared samples in the wavenumber 
range of 400–4000 cm−1 are shown in Fig. 5. The FTIR 
spectrum confirms the co-ordinance state of Al and Mg 
cations in the nanocrystalline spinel phase.

1.	 It is considered that at 700 °C the peak at wavenumber of 
3416 cm−1 and at 1658 cm−1 was due to the –OH stretch-
ing and H–O–H bending vibrations of adsorbed water, 
respectively, which reflects the large surface area of the 
powder [19]. The intensity of these peaks vanished as 
the sintering temperature increases. In addition to this, 
the absorption band around 1364 cm−1 is attributed to 
the vibrations of N–O bond of NO3− groups. The two 
peaks observed at 656 cm−1 and 547 cm−1 match the 
vibrations Mg–O–Al bond.

2.	 At 900 °C, peak observed at 1381 cm−1 indicates the 
presence of N–O (nitrates) vibrations. These vibrations 
of nitrates vanish with rise in temperature. The peaks 
present at 681 cm−1 and 500 cm−1 indicates the forma-
tion of MgAl2O4 spinel.

3.	 At low temperature, some impurity peaks were found; 
however, impurities get vanished with the rise in tem-
perature as shown in Fig. 5. The water and nitrate peaks 
get disappeared with the rise in temperature. At higher 
temperatures, i.e., at 1100 °C and 1400 °C, only metal–
oxygen–metal peaks of Mg–O–Al bonds appeared which 
successfully confirms the formation of MgAl2O4 spinel. 
The wavenumber with their corresponding functional 
group is mentioned in Table 2.

At all different temperatures 700 °C, 900 °C, 1100 °C, 
and 1400 °C, the metal–oxygen–metal bond is formed rang-
ing from 500 to 800 cm−1, as mentioned in Table 2. The 
vibration bands in this region point out the spinel-type struc-
ture, which is linked by the lattice vibrations of tetrahedral 
and octahedral coordinated metal ions [20]. This spectral 
region from 500 to 800  cm−1 is vibrational Al–O bonds 

Fig. 4   Particle size of MAO at sintering temperature of a 1100 °C b 1400 °C

Fig. 5   FTIR spectra of MAO at different sintering temperatures
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of the octahedral site and the network vibrations of Mg–O 
bonds occupied in normal spinel [21, 22]. The XRD and 
FTIR spectrum confirms the formation of MgAl2O4 spinel.

UV–Vis spectroscopy

UV–Vis absorption spectrum of MAO samples has been 
recorded with Shimazu 1800 UV–Vis spectrophotometer. 

UV–Vis spectroscopy was used to investigate the absorption 
properties of MAO spinel sintered at 900 °C, 1100 °C, and 
1400 °C. Figure 6 shows the absorption spectrum consisting 
of absorption peaks around 299 nm, 310 nm, and 300 nm 
which indicate the existence of different kinds of defect 
states within the bandgap. The peaks at 299 nm and 310 nm 
can be assigned as F2 and F2

2+ centers [23]. On the other 
hand, the band that appeared near the visible light region 
possibly will be attributed to the O2− → Al3+ charge transi-
tion due to the excitation of electrons from the valance band 
of O (2p) to the conduction band of Al (3d) [24].

Fluorescence spectroscopy

Figure 7a shows the schematic diagram for the excitation 
mechanism in MgAl2O4. Emission spectra with excitation 
wavelengths of 351 nm, 395 nm, and 405 nm signify the 
presence of oxygen vacancies. In the MAO compound, 
p states of Al, Mg, and O contribute to the upper part of 
the valence band, while s and p states of Mg and Al, con-
tribute to the lower part of the conduction band. Figure 7b 
shows four types of transition that take place after the 

Table 2   Wavenumbers and related functional groups in FTIR spectra 
of MAO

Wavenumber Functional group

500 Al–O (stretching)
547 AlO6 group
656 Al–O (stretching)
681 Mg–O
778 AlO4 (stretching)
1364, 1381 Vibration modes of nitrates
1658 Vibrations of H–O–H bonds
3416 –OH band

Fig. 6   The UV absorption of MAO at a 900 °C b 1100 °C c1400 °C

Fig. 7   a Excitation mechanism 
of MAO b Transition mecha-
nism in MAO



2372	 J Opt (December 2023) 52(4):2366–2374

1 3

photoionization process: (1) formation of an electron–hole 
pair by excitation of electrons from the valence band (VB) 
to the conduction band (CB); (2) electron transfer from the 
conduction band to the positively charged donor level just 
below the CB; (3) transition from the capture of the VB hole 
by the negatively charged acceptor level just above the VB; 
and (4) the transfer of a captured electron from the donor 
level to the acceptor level [25].

The fluorescence spectra of material prepared at higher 
temperatures were excited using three different excitation 
wavelengths, and it shows a broad emission band, as seen 
in Fig. 8. The compound reported in Table 3 has several 
emitting components that are responsible for broad emission 
profiles. From Table 3, it was observed emission efficiency 
increases with temperature supported the fact stated in XRD 
section that decreasing the porosity of a material can have 
a significant impact on its optical properties, particularly 
when it comes to its emission properties. When a material is 
porous, it can trap light within its pores, leading to decreased 
emission efficiency. By reducing the porosity of the material, 
more of the emitted light can escape, resulting in an increase 
in emission.

The charge transfer transition between Al3+ and its 
surrounding O2− ions is responsible for the emission 
observed near 460 nm. The transition of an electron to a 
hole trapped at the Mg ion vacancy caused the green emis-
sion peaks around 490 nm [26, 27]. The peak at 525 nm is 
due to the presence of Oxygen vacancies [7]. The presence 
of F-centers causes peaks at 540 nm. F2

2+ centers surround 

the octahedralAl3+ ion, which is a pair of F+ centers [28, 
29], whereas a peak at 610 nm can be attributed to oxygen 
vacancies caused by the presence of MgAl antisites [30]. 
The peaks around 680 nm could be due to the presence of 
F2

1+ defect centers [31]. These multicolor emissions show 
the presence of multiple defect states inside the bandgap, 
each of which is caused by a different electronic transi-
tion. The occurrence of multiple defect states is the source 
of these electrical states [31]. It is also observed that the 
emission spectra do not change substantially when the 
MAO compound is sintered at higher temperatures. The 
integrated area under the curve with different sintering 
temperatures is compared in Table 4.

Fig. 8   Emission spectra of MAO excited by a 351 nm b 395 nm c 405 nm

Table 3   Defects centers responsible for emission wavelength

S. no Sample preparation 
temperature (°C)

Excitation 
wavelength 
(nm)

Integrated area 
under the curve 
(A.U.)

1 900 351 4256.25
1100 3865.08
1400 4650.45

2 900 391 3176.79
1100 3141.99
1400 2632.81

3 900 405 2403.43
1100 3341.50
1400 3368.91
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To denote the color characteristics of the prepared mate-
rial, the CIE (Commission Internationale de I’Eclairage) 
coordinates were calculated. MAO at 900 °C, 1100 °C and 
1400 °C was tested for white light source material by calcu-
lating color purity, CCT, and CIE coordinates. For an ideal 
white light source, CIE coordinates (x, y) should be close 
to (0.33, 0.33) and color purity close to zero. CCT (color 
correlated temperature) theoretical parameter compares the 
appearance of the light emitted by a light source with a black 
body as a reference source when heated to a particular tem-
perature in degrees Kelvin (K). If the CCT value is more 
than 3200 K, then light is warm (yellow) and usually less 
than 4000 K which is cool light (blue). The values of x and 
y coordinates indicate that the material has the potential to 
use a white light-emitting source. The color purity of these 
phosphors is calculated using the equation:

color purity =

√

(

xs − xi
)2

+
(

ys − yi
)2

√

(

xd − xi
)2

+
(

yd − yi
)2

× 100%

where (xi, yi) is the CIE coordinates for white light, (xs, 
ys) is the chromaticity coordinates of prepared phosphors, 
and (xd, yd) is the chromaticity coordinates of the dominant 
wavelength. The calculated value of color purity, CCT, and 
CIE coordinates of the MAO sample prepared at 900 °C, 
1100 °C, and 1400 °C is tabulated in Table 5.

Conclusion

MAO spinel was sintered at temperatures ranging from 700 
to 1400 °C using the sol–gel method. The XRD analysis 
revealed a uniform increase in crystallite size up to 1100 °C, 
indicating lattice expansion, and then contracting at 1400 °C. 
SEM images concluded that particle size and surface mor-
phology behave differently with increased temperatures. 
Peaks in the UV absorption spectra around 299 nm, 310 nm, 
and 300 nm indicate the presence of several kinds of defect 
states in the bandgap. MAO sintered at 1100 °C produces the 
best results with 395 nm excitation, with CIE coordinates, 
color purity, and CCT of (0.30, 0.33), 9.29, and 7214 K, 
confirming MAO as a good white light optical material.

Table 4   The excitation wavelength with an integrated area under the 
curve

Dominating emission 
wavelengths (nm)

Defects responsible for emission wavelength

460 Charge transfer between Al3+ and O2−

490 Trapping of hole at Mg ion vacancy
525 Oxygen vacancy
540 F-centers
560 F2

2+

610 Oxygen vacancy
680 F2

1+

Table 5   The calculated value 
of CIE coordinates, CCT, and 
color purity of MAO sample 
sintered at 900 °C, 1100 °C, 
and 1400 °C with excitation 
wavelengths 351,395 and 
405 nm

S. no Excitation wave-
length (nm)

Sample (°C) CIE coordinates CCT (K) Color purity (R)

1 351 900 (0.333, 0.365) 5484.59 10.309
1100 (0.325, 0.369) 5779.90 10.302
1400 (0.318, 0.363) 6081.54 14.96

2 395 900 (0.301, 0.329) 7167.58 8.85
1100 (0.30, 0.332) 7213.91 9.29
1400 (0.284, 0.328) 8236.97 12.24

3 405 900 (0.289, 0.326) 7751.91 14.70
1100 (0.292, 0.314) 4286.99 12.38
1400 (0.287, 0.314) 8422.85 14.94
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