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Abstract: In this experimental study, zinc aluminate and calcium aluminate spinel nano-powders were synthesized using

the solution combustion method. Subsequently, we explored the impact of metal cation substitution (Zn?2 and Ca?2) on the

optical and structural properties of these samples through ultraviolet–visible (UV–Vis) spectroscopy, Fourier transform

infrared spectroscopy (FT-IR), and X-ray diffraction analysis (XRD). Crystalline forms of ZnAl2O4 and CoAl2O4 were

obtained after calcination at 900 �C for 4 h under atmospheric air conditions. The UV–visible spectroscopy results

revealed optical bandgap values of 3.771 and 3.507 eV for ZnAl2O4 and CaAl2O4 respectively. The FT-IR spectra

demonstrated the presence of intense fundamental absorption peaks in the wavenumbers range 400–745 cm-1, confirming

the formation of metal aluminate spinel structure. The X-ray diffraction analysis confirmed the spinel structure of the

prepared samples. Furthermore, the XRD results revealed that the variation of the M element in the structure led to change

in the lattice type and the crystallite size, which is ranged from 26.003 to 42.001 nm. These findings indicate that these

compounds are promising candidates for a range of optoelectronic applications.
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1. Introduction

Spinel-type materials have garnered considerable attention

from researchers in recent years owing to their unique

properties and extensive array of applications [1–6]. This

heightened interest stems from their remarkable charac-

teristics, which make them versatile candidates for various

technological and scientific endeavors. Spinel-type is

known by its general chemical formula, which is written as

AB2O4, where A and B are divalent and trivalent metal

cations respectively, and O is the oxygen ions [7–11], the

cations A and B are occupying tetrahedral and octahedral

sites within the crystal lattice. Generally, the crystal

structure of spinel-type is closely resembles that known

structure of the mineral spinel MgAl2O4 [8]. The diverse

range of properties exhibited by these materials is influ-

enced by the method of preparation and the specific

transition metal cations employed, particularly their coor-

dination within the crystal structure. Among spinel-type

materials, the M-based aluminate spinel MAl2O4, where M

is divalent metal cations (such as Mg2?, Cr2?, Mn2?,Co2?,

Ni2?, Cu2?, or Zn2?), are present many advantages such as

large surface area, high mechanical and thermal resistance,

thermal stability, hydrophobic behavior, high melting

point, wide band-gap energy and optical transparency

[1, 2, 4, 12–15]. The latter property facilitates the genera-

tion of free radicals for advanced oxidation processes

(AOPs), which are responsible for photocatalytic reactions.

The experimental investigation of spinel-type nanoce-

ramics involves the synthesis, characterization and appli-

cation of these materials in various contexts. Researchers

employ a multitude of techniques and methodologies to

explore their unique properties and potential applications in

various fields, as manufacturing of electronic devices,

catalysis materials and energy storage [16, 17]. The nano

spinel-type can be synthesized from a mixture of oxides via

different methods such as solid-state reactions [18, 19], oil-

in-water [20], freeze-drying[21], combustion synthesis[22],*Corresponding author, E-mail: ghlamallah.benabdellah@univ-tiar-

et.dz
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sol–gel technique [23, 24], spray drying [25] and sono-

chemical process [26]. The solution combustion method is

a versatile and relatively simple technique extensively

employed for synthesizing a wide array of nano-sized

ceramic materials [22]. Generally, this method involves the

exothermic reaction between the reactants as a sol–gel or

aqueous solution which leading to the formation of the

desired products. Its efficiency is particularly notable in the

production of ceramics, intermetallic compounds, and

mixed oxides and sulfides alloys [27]. One of the key

advantages of this method is the precise control of the

chemical composition of the synthesized samples with a

good crystallinity, a perfect homogeneity and a high purity.

Moreover the properties of the synthesized samples such as

the average crystallite size, lattice parameter, interplanar

spacing, structure type, functional groups of chemical

bonds and energy band gap can be influenced by a several

factors such as the method and conditions of synthesis,

choice of organic fuel and solvent, initial precursor quan-

tities, nature of the substituting element, and dopant con-

centration [28, 29].

The aim of this research is to experimentally investigate

the influence of metal cations on the structural parameters

and optical properties of aluminate spinel compounds

MAl2O4, with zinc (Zn) and calcium (Ca) atoms selected as

the M elements. The samples of MAl2O4 were synthesized

using the solution combustion method at room temperature.

The solution combustion method is a useful technique to

synthesize spinel-type aluminate nanopowders using sim-

ple equipment. To characterize the final products of zinc

aluminate and calcium aluminate nanopowders, we have

used the available techniques in our laboratory which are:

ultraviolet–visible spectroscopy (UV–Vis), Fourier-trans-

form infrared spectroscopy (FT-IR), and X-ray diffraction

(XRD).

2. Experimental background

2.1. Synthesis of aluminate nanopowders

In this work, the aluminate ZnAl2O4 and CaAl2O4

nanopowders were prepared using the solution combustion

method [22]. The process involved the utilization of zinc

nitrate hexahydrate, calcium nitrate tetrahydrate, aluminum

nitrate nonahydrate (obtained from Sigma Aldrich with a

purity of 99.99%), and urea. The urea CO(NH2)2 is used as

fuel due to its important role in the synthesis process,

specifically, urea, featuring amine (NH2) and carbonyl

(C = O) groups, possesses the capability to potentially

form hydrogen bonds with the surface oxygen atoms of

spinel-type oxides. Moreover, urea serves as a catalyzing

agent in the synthesis of precursors crucial for spinel-type

oxide formation. The chemical formulas of these sub-

stances and the used stoichiometric proportions in this

study are summarized in Table 1.

The synthesis procedure involved preparing homoge-

neous solutions of the substances in distilled water, fol-

lowed by stirring for 6 h at room temperature (300 K).

Finally, the ZnAl2O4 and CaAl2O4 powders were obtained

through heat treatment at a calcining temperature of 900 �C
for 4 h in an air atmosphere. At 900 �C, the thermal energy

is sufficient to initiate the decomposition of the precursor

compounds and promote the rearrangement of atoms into

the desired crystalline structures of ZnAl2O4 and CaAl2O4.

Additionally, this temperature ensures the removal of any

residual organic matter from the precursor materials,

resulting in the formation of pure and well-defined spinel

powders.

The complete procedure for solution combustion syn-

thesis of zinc aluminate and calcium aluminate nanopow-

ders is illustrated in Fig. 1, detailing each step involved in

the synthesis process, including precursor mixing, thermal

agitation, drying, calcination, and product formation.

2.2. Measurements

Optical properties and band gap energy of the prepared

powders were investigated from Tauc’s plots using the

absorbance spectra of ultraviolet–visible diffuse reflectance

spectroscopy (SHIMADZU UV-1650-PC). Chemical

characterization of the powder samples was carried by

analysis of Fourier transform infrared spectra recorded by

an Alpha Bruker FT-IR spectrometer in the wavenumber

range between 350 and 4000 cm-1. The composition phase

and crystal structure of zinc aluminate and calcium alu-

minate spinel’s nanopowders were examined from the

X-ray diffraction (XRD) patterns obtained by MiniFlex 600

powder diffractometer with CuKa radiation, k = 1.5406 Å,

in the range from 2� to 90� with a step of 0.01� at room

temperature.

3. Results and discussion

3.1. Optical properties

To study the optical properties of ZnAl2O4 and CaAl2O4

samples, which are prepared by the solution combustion

method, we have performed UV–Vis measurements in the

range from 200 to 900 nm, the obtained results are depicted

in Figs. 2 and 3. We can clearly see from these figures that

the absorbance spectrum of ZnAl2O4 sample presents a

strong narrow absorption peak at kmax = 310 nm (in the

UV region), this absorption is due to the electronic exci-

tation between filled 2p-O states and empty 4 s state of
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transition metal Zn [30]. while the absorbance spectrum of

CaAl2O4 sample shows a large band absorption with a

principal peak located at kmax = 250 nm in the UV region,

this large band absorption bands was explained by the

fundamental electron transition between filled 2p-O states

and empty 3 s-Al states [13]. The compounds not absorb-

ing in the visible range are those with full or empty d

orbitals of elements in the absorption and are transparent to

UV light. The optical absorbance spectrum of our ZnAl2O4

solution appears narrower compared to the spectrum

obtained for ZnAl2O4 powders prepared via the

hydrothermal method [30]. However, our peak absorption

aligns well with the high absorbance observed in the 250 to

400 nm region at ambient temperature [30]. The wide peak

observed for CaAl2O4 compared to ZnAl2O4 in the UV–

Vis measurements could be attributed to several factors.

For example, the presence of defects, impurities, or struc-

tural disorders in the crystal lattice of CaAl2O4 can affect

the electronic band structure and lead to broader absorption

peaks in the UV–Vis spectrum. These defects may intro-

duce additional energy levels within the band gap, resulting

in enhanced absorption over a broader range of

wavelengths.

It is well known that the optical band gap can be cal-

culated from UV–Vis spectra by using the empirical Tauc’s

Table 1 Stoichiometric proportions and chemical formulas of the raw materials used in the preparation of 100 mL of solutions

Name of compound Chemical formula Physical form Color Quantities used (g)

Aluminum nitrate Al(NO3)3(H2O)9 Powder White 5.000

Zinc nitrate Zn(NO3)2(H2O)6 Powder White to colorless 2.170

Calcium nitrate Ca(NO3)2(H2O)4 Granular White or grey 1.575

Urea CH4N2O Granular Colorless 4.560

+

100ml mixing of 
nitrates and urea

Homogeneous solution

ZnAl2O4  Or CaAl2O4
(Powders)

Calcined at 900°C for 4h 

Zn(NO3)2(H2O)6

Ca(NO3)2(H2O)4 

Urea
CH4N2O

+ Al(NO3)3(H2O)9 

Characterization of 
UV-vis, FTIR, XRD

100 ml distilled water 

Dry at 120 °C for 12h 

Thermal agitation at 80°C

Fig. 1 Schematic diagram for

solution combustion synthesis

process of ZnAl2O4 and

CaAl2O4

Solution combustion synthesis



model [31], which is expressed by the following formula

[32, 33]:

ahtð Þn¼ A ht� Eg

� �
ð1Þ

where (ht) is the photon energy, a is the absorption coef-

ficient, A is a constant, Eg is the optical band gap of the

sample and the exponent n associated the type of electronic

transition (n = 1/2, 2, 1/3, and 3 for direct and indirect

optical transition).

The value of Eg is evaluated from the intercept of the

tangent with the x-axis (hm) of the Tauc’s plots [34], which

is displayed as the variation of (ahm)n versus of the photon

energy hm with n = 2 for direct band gap as shown in

Figs. 4 and 5.

Theoretically, we employ the value n = 2 in our case to

indicate a direct transition. However, the d–d transition,

attributed to the crystal field splitting of Zn2? and Ca2? in

the tetrahedral site of the spinel, is not observed, despite the

presence of the transition metal with an incomplete 3d

orbital, which typically results in colored oxides. This

transition is forbidden by the Laporte law [35]. The results

indicate that our prepared ZnAl2O4 metal spinel solution

exhibits a direct band gap value of 3.771 eV, slightly lower

than reported value of Eg = 3.9 eV for zinc aluminate

powders prepared by the solution combustion method with

glycine-urea mixed as fuel [36]. However, Theophil Anand

et al. [37] found a larger band gap value of 5.05 eV using

the microwave combustion technique to prepare their

samples. Our prepared calcium aluminate solution also

exhibits a direct band gap value of 3.507 eV, which is

lower than the value of Eg = 5.0 eV reported by Kumar

Fig. 2 Absorbance spectrum (in arbitrary unit) of the ZnAl2O4

nanoparticles calcined at 900 �C for 4 h

Fig. 3 Absorbance spectrum (in arbitrary unit) of the CaAl2O4

nanoparticles calcined at 900 �C for 4 h

Fig. 4 Plot of the quantity (ahm)2 versus photon energy (hm) obtained

from the absorbance spectrum of Fig. 2 for zinc aluminate

Fig. 5 Plot of the quantity (ahm)2 versus photon energy (hm) obtained

from the absorbance spectrum of Fig. 3 for calcium aluminate
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et al. [13] for calcium aluminate nanopowders prepared by

using a facile self-propagating solution combustion syn-

thesis with oxalyldihydrazide as fuel, and the value of

Eg = 5.6 eV reported by Mabelane et al. [38] for the same

compound prepared via the citrate sol–gel method. Fur-

thermore, it is evident that the band gap energy (Eg) values

of zinc aluminate and calcium aluminate nanopowders are

influenced by the chosen preparation technique.

3.2. FT-IR studies

Fourier transform infrared spectroscopy (FT-IR) is a ver-

satile analytical technique that provides valuable insights

into the bonding mechanisms in organic or inorganic

material. Its applications span various scientific disciplines

and industries. In this work, we have used FT-IR to identify

the formation of spinel structure and the nature of the

functional groups of chemical bonds in nanoparticles of

studied samples. Figures 6 and 7, show the infrared spec-

trums of zinc aluminate and calcium aluminate nanoparti-

cles in the range of 350 to 4000 cm-1. In view of these FT-

IR spectra of ZnAl2O4 and CaAl2O4 calcined samples, we

can observe several weak absorption peaks around posi-

tions 450.31, 492.48, 618.99, 1441.33, 1546.76, 2295.30,

and 3170.36 cm-1. Three prominent vibrational peaks

located at around positions 450.31 cm-1, 492.48 cm-1,

and 618.99 cm-1 suggest the formation of zinc aluminate

and calcium aluminate spinel structures. However, the

broad absorption bands in wavenumbers ranging from

3100 cm-1 to 3650 cm-1 correspond to symmetric and

asymmetric vibration modes of water molecules (–OH)

[39]. The other absorption peaks located at the wavenum-

bers 1441.33 cm-1 and 1546.76 cm-1 are attributed to

carbon–oxygen bonds, such as C–O and C = O [40].

Meanwhile, the weak peak observed at 2295.30 cm-1 is

related to the presence of CO2 on the sample’s surface

[40–42].

3.3. Phase and structural analysis

The phase composition and crystal structure of zinc alu-

minate and calcium aluminate nanopowders were identified

through the XRD measurements at ambient temperature.

The nanopowders samples were prepared after 4 h of cal-

cination at temperature of 900 �C. Figures 8 and 9 show

the obtained XRD patterns, we should note here that all

observed XRD peaks of aluminate samples are match

excellently with ICSD (Inorganic Crystal Structure Data-

base) PDF Card No. 01-074-1138 and 20-02-888, indicat-

ing the high-purity and crystalline structure of the prepared

Fig. 6 FT-IR spectrum of ZnAl2O4 sample prepared via solution

combustion synthesis process and calcined at 900 �C for 4 h

Fig. 7 FT-IR spectrum of CaAl2O4 sample prepared via solution

combustion synthesis process and calcined at 900 �C for 4 h

Fig. 8 XRD pattern of zinc aluminate the nanocrystals calcined at

900 �C for 4 h

Solution combustion synthesis



powders. For ZnAl2O4 nanoparticles the peaks at 2Theta

values are located at 18.964�, 31.211�, 36.775�, 38.474�,
44.722�, 48.985�, 55.543�, 59.235�, 65.099�, 73.960�,
77.171�, and 82.439�. According ICSD database, these

peaks correspond respectively to (111), (220), (311), (222),

(400), (331), (422), (115), (044), (620), (533) and (444)

diffraction planes. Whereas the CaAl2O4 sample present a

different peaks and diffraction planes compared to

ZnAl2O4 sample. For this latter, the dominant peaks are

located at 2Theta values of 15,991�, 21,955�, 26,984�,
30,140�, 31,295�, 33,341�, 35,699�, 37,442�, 41,283�,
44,902�, 47,421�, and 49,662� correspond to (012), (020),

(122), (220), (204), (311), (303), (313), (206), (035), (420),

and (240) diffraction planes, respectively. The major phase

in these structures of ZnAl2O4 and CaAl2O4 nanoparticles

exhibits a moderately crystalline nature. Zinc oxide (Zn–

O), calcium oxide (Ca–O), and aluminum oxide (Al2O3)

were not clearly observed in the XRD pattern analysis of

calcined nanopowders. The obtained XRD patterns of zinc

aluminate and calcium aluminate nanopowders confirm the

formation of cubic and monoclinic spinel phase with space

group Fd-3 m and P21/n, respectively.

From the XRD measurement data, we can also investi-

gate other important parameters, such as lattice parameter,

cell volume, interplanar spacing and the average crystallite

size of our prepared samples. The average crystallite size D

of the prepared powders can be calculated by the following

empirical Debye–Scherrer formula [43, 44]:

D ¼ Lk
B cos hhklð Þ ð2Þ

where L is the crystallite shape factor (equal to 0.9), k is

the X-ray wavelength (k = 0.154059 nm), hhkl is the

maximum of the Bragg diffraction peak (in radians) and

B is the full width at half maximum intensity (FWHM).

For cubic system, the lattice parameter a can be calcu-

lated by the following formulas [29, 45]:

a ¼ dhkl
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l

p
ð3Þ

where dhkl is interplanar spacing, it can be calculated by

using the following Bragg formula:

dhkl ¼
k

2 sin hhklð Þ ð4Þ

(h k l) are the Miller indices of the plane, k is the wave-

length of X ray source and h is the diffraction angle cor-

responding to the most intense reflection plane. The

conventional cell volume (V) can be calculated from the

lattice parameter of cubic system by the simple relation

V = a3.

For monoclinic system, the interplanar spacing are

related to the lattice parameters a, b and c and the angle b
by the following formulas:

1

d2
hkl

¼ 1

sin2ðbÞ
h

a

� �2

þ ksin bð Þ
b

� �2

þ l

c

� �2

� 2hlcos bð Þ
ac

 !

ð5Þ

And the conventional cell volume is written as:

V ¼ a � b � c � sin bð Þ.
The computed parameters from the XDR pattern anal-

ysis are summarized in Table 2. The average crystallite

sizes of CaAl2O4 and ZnAl2O4 are 26.0 and 42.0 nm

respectively. The results of the lattice parameter and

average crystallite sizes of ZnAl2O4 powders are in good

agreement with those reported by T. Tangcharoen et al. (

a = 8.092 Å and D = 42 nm calcined at 1000C�) [46]. It

has been found that the average crystallite size and lattice

parameter increase when the calcination temperature is

enhanced, promoting the crystal core formation reaction

within a short time[12, 46].

Fig. 9 XRD pattern of calcium aluminate the nanocrystals calcined

at 900 �C for 4 h

Table 2 Structural parameters extracted from XRD analysis for

ZnAl2O4 and CaAl2O4 samples

Parameters ZnAl2O4 CaAl2O4

Crystal structure type Cubic monoclinic

Space group Fd-3 m P21/n

Lattice parameters a = 8.099 Å a = 8.700 Å

b = 8.092 Å

c = 15.191 Å

a = c = 90�
b = 90.17�

Crystallite size (nm) 42.001 26.003

Cell volume (Å3) 531.24 1069.448

K Mahi et al.



4. Conclusion

The ZnAl2O4 and CaAl2O4 aluminate spinel nanopowders

were successfully synthesized using the solution combus-

tion method. Subsequently, the resulting nanocrystals

underwent calcination at 900 �C for 4 h and were subse-

quently subjected to analysis using UV–Vis, FT-IR, and

XRD techniques. Crystallographic analysis of XRD pat-

terns shows the formation of spinel phase for both com-

pounds. In addition, the lattice type, the cell volume and

the average crystallite size changes of the samples follow

M (Zn and Ca) metal cation changes. The appearance of

peaks in the frequency range 450 cm-1 and 650 cm-1 in

the IR spectra of both samples confirms the formation of

spinel structures. The results from UV–visible diffuse

reflectance spectroscopy determine distinct optical band

gap of 3.771 eV and 3.507 eV for the ZnAl2O4 and

CaAl2O4 samples, respectively. It’s clearly that such val-

ues depend on the nature of the substituting element. All

characterization results suggested that the prepared

ZnAl2O4 and CaAl2O4 powders can be potential candidates

for diverse applications such as hydrogen production,

nuclear waste, photocatalysts, refractory materials, energy

storage, photovoltaics and photodetectors.
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