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Nickel aluminate (NiAl2O4) nanoparticles were synthesized using sol-gel method with auto-combustion. The prepared nanoparticles 
were made into four parts and calcinated at 700, 900, 1100 and 1300℃ and taken up for the present study. The taken-up nanoparticles 
were characterized using powder X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Energy Dispersion X-Ray 
Spectroscopy (EDS), Fourier Transform and Infrared (FT-IR) spectroscopy and UV-Vis spectroscopy techniques. The X-ray diffraction 
patterns confirmed the spinel structure and Fd3m space group. Scherrer formula was used to calculate the crystallite size and found in 
the range 5.78 to 20.55 nm whereas the lattice parameter was found in the range of 8.039 to 8.342 Å. The average grain size was found 
in the range 142.80 to 187.37 nm whereas interplanar spacing was found in the range of 2.100 to 2.479 Å. The FTIR spectroscopy 
showed six absorption bands in the range 400 to 3450 cm-1 and confirmed the spinel structure. The optical band gap (Eg) was decreased 
with calcination temperature and found in the range 4.2129-4.3115eV. 
Keywords: Nickel Aluminate nanoparticles; Sol-Gel Auto-Combustion method; Calcination Temperature; Crystallite size; Grain size; 
Elemental analysis; IR and UV-Vis spectroscopy 
PACS: 75.50.Gg, 61.05.cp, 68.37.Hk,  78.40.Fy,  33.20.Ea, 42.70.Qs 

INTRODUCTION 
Since few years, the usage of composite materials has significantly increased in various applications due to their 

exceptional properties when compared with metals, ceramics and polymers. The composite materials containing spinel 
phase are stable at high temperatures, chemically resistant, abrasion resistant and exhibit high hardness [1-3]. The 
composite oxides such as mixed spinels have been attracted the scientists due to their significance behaviour in magnetic 
properties [4], catalytic properties [5], luminescent properties [6], sensing properties [7], lithium batteries [8] etc. The 
composite oxides having chemical formula AB2O4, where A, represents divalent metal ion residing tetrahedral sites and 
B, represents trivalent metal ion residing octahedral sites [9, 10]. In the recent days, spinel oxides having chemical formula 
MCr2O4, where M represents a divalent metal ion such as Ni, Cu, Zn, Co, Mg, Fe have attracted several researchers 
because of their upgraded properties [11]. These materials at the nanoscale range are gained importance because of their 
small size and large surface area with their upgraded properties compared to their counter bulk materials. Especially, 
ZnCr2O4 mixed spinels have become important functional materials due to their humidity sensing properties [12], optical 
and photocatalytic properties [13], electrical and magnetic properties [13-14]. The properties of these materials would 
depend on the synthesis process and reaction conditions. Many synthesis processes were found in the literature to 
synthesize ZnCr2O4 nanoparticles such as ball milling method [15], solid-state reaction method [16], micro emulsion 
method [17], precipitation method [18], auto-combustion method [19] etc. Few of the synthesis processes give the product 
material of low quality with existence of impurities, require high temperature and consume more energy, require 
involvement of organic solvents which makes the process costly. Kumar et al [20] investigated structural properties of 
ZnCr2O4 nanoparticles prepared by sol-gel method with auto combustion as it gives the product material of high purity, 
good homogeneity at low processing temperature. Expecting an interesting study on calcination temperature dependent 
physical and optical properties, the nickel aluminate (NiAl2O4) spinel nanoparticles were considered for investigation and 
prepared by using sol-gel method with auto combustion. 

EXPERIMENTAL 
Nickel aluminate (NiAl2O4) spinel nanoparticles were prepared by sol-gel method with auto-combustion [21] 

following the procedure shown in flowchart (Fig. 1). The materials such as nickel nitrate (Ni(NO3)2·6H2O) and aluminium 
nitrate (Al(NO3)2·6H2O) were used as starting materials. The citric acid and ammonia of analytical grade (AR) were also 
used in the required quantity in the synthesis process. A solution was prepared using the raw materials in their 
stoichiometry by dissolving in a deionized water. The molar ratio of citric acid and the total moles of nitrate ions was 
adjusted to 1:3 and added to the arranged solution to chelate Ni2+, Al3+ and Fe3+ ions in the solution. The prepared solution 
was made neutralized by maintaining the pH value 7 by the addition of ammonia (NH3) to the solution in required 
proportion. The final neutralized solution was then heated at about 100℃ on a hot plate with constant stirring till the 
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viscous state was reached which led to form a viscous gel. There onwards, the temperature was increased to ~ 200℃ to 
burn the gel entirely in a self-propagating combustion manner to turn into a loose powder [22, 23]. The prepared powder 
was divided into four parts and calcinated at 700, 900, 1100 & 1300℃ for 8 h. 

 

 

Figure 1. Flowchart of the sol-gel auto combustion 
method 

Figure 2. XRD patterns of NiAl2O4 nanoparticles calcinated 
at 700, 900, 1100 & 1300℃ 

Using Phillips Expert Diffractometer, the X-Ray diffraction (XRD) measurements were carried out at room 
temperature in the range of 20˚-80˚ whereas ZEISS EVO 18, Special Edition was used to bring out the micro structural 
studies and elemental analysis of the prepared samples. Using Shimadzu FTIR spectrometer (Model: FTIR-8400 S), 
Fourier transform infrared spectroscopic studies were carried out within a range of 300-4000 cm-1. Using, SYSTRONICS 
DOUBLE BEAM UV-VIS Spectrophotometer: 2202, UV-Vis spectra studies were recorded in the range 200-800 nm. 

 
RESULTS AND DISCUSSION 

XRD Analysis 
XRD plots of the nickel aluminate (NiAl2O4) spinel nanoparticles calcinated at 900, 1100 and 1300℃ are shown in 

Fig. 2. They clearly exhibited the prominent peaks for the crystal planes of Miller indices (1 1 1), (2 2 0), (3 1 1), (4 0 0), 
(5 1 1), (4 4 0) and they confirmed the establishment of single-phase spinel structure with space group of Fd3m [24].  But, 
in the XRD pattern of the sample calcinated at 700℃ the crystal planes of Miller indices (1 1 1) were missed. Few extra 
peaks were observed in all the XRD plots and they were marked with star symbol. Hence, it was clearly understood that 
the crystal phase was formed perfectly in all the samples [25-27] except in the sample calcinated at 700℃. Using Scherrer 
formula [28] shown in equation (1), the crystallite size was calculated for all the prominent peaks and the same furnished 
in the Table 1 along with Miller indices, FWHM, 2θ and d-spacing values. 

 𝑡 ൌ .଼ଽ ఒ ఉ ௦ ఏ (1) 
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Aqueous Solution 
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Table 1. (hkl), 2θ, FWHM, crystallite size, Interplanar spacing of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300℃ 

Calcination 
Temperature 

(℃) 

Average 
FWHM 

(Radians) 

Average 
Crystallite 

Size  
(nm) 

Lattice 
Parameter  

(Å) 

Unit Cell 
Volume 

(Å3) 

Average 
Interplanar 

spacing 
(Å) 

Average 
Grain Size 

(nm) 

700 0.45 20.55 8.342 580.64 2.100 142.80 
900 1.80 5.78 8.039 519.54 2.472 145.29 

1100 1.05 9.21 8.042 520.34 2.479 159.75 
1300 0.90 10.38 8.058 523.17 2.479 187.37 

Where, t is known as crystallite size, λ is known as X-ray wavelength (1.54 Å), θ is angle of diffraction and β is known as 
full width at half maximum (FWHM). The average crystallite size of all the samples was found in the range 5.78 nm-20.55 nm 
and the same furnished in the Table 2. 

Table 2. Interplanar spacing, average grain size, reciprocal lattice of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300℃ 

Calcination 
Temperature (℃) 

(h k l) 2θ 
(Degrees) 

FWHM 
(Radians) 

Crystallite Size  
(nm) 

d (spacing) (Å) 

700 220 32.40 0.62 13.34 2.76 
311 35.12 0.32 26.04 2.558 
400 42.8 0.35 24.82 2.113 
511 56.9 0.46 19.65 1.617 
440 62.48 0.48 19.36 1.486 

900 111 19.3 2.29 3.52 4.608 
220 31.76 2.9 2.85 2.416 
311 37.20 1.3 6.45 2.416 
400 45.14 0.95 9.05 2.006 
511 59.96 2.3 3.99 1.543 
440 65.68 1.07 8.84 1.420 

1100 111 19.12 1.42 5.67 4.628 
220 31.38 1.26 6.55 2.837 
311 37.08 0.82 10.22 2.423 
400 45.12 0.66 13.03 2.009 
511 59.80 1.46 6.28 1.558 
440 65.70 0.70 13.51 1.421 

1300 111 19.16 1.06 7.60 4.632 
220 31.38 1.00 8.25 2.840 
311 37.08 0.76 11.02 2.425 
400 45.06 0.60 14.33 2.010 
511 59.84 1.32 6.94 1.547 
440 65.66 0.67 14.11 1.421 

Though, the phase is not formed completely for the sample calcinated at 700℃, the crystallite size was observed highest, 
i.e., 20.55 nm where as for the sample calcinated at 900℃, the crystal phase was formed perfectly and the crystallite size was 
observed lowest, i.e., 5.78 nm. Further, the crystallite size was found increased for the samples calcinated from 900 to 1300℃ 
[29]. The calculated lattice parameter values were found in the range of 8.039 to 8.342 Å. In the similar lines to the crystallite 
size, the lattice parameter was found highest, i.e., 8.342 Å for the sample calcinated at 700℃ where as it is found lowest, i.e., 
8.039 Å, for the sample calcinated at 900℃. Further, the lattice parameter was increased with the calcinated from 900 to1300℃. 

The bond lengths between cations and oxygen located at A and B sites were measured along with ionic radii of cations 
furnished in Table 3. The bond lengths of A site-oxygen and B site-oxygen were found maximum in case of the sample 
calcinated at 700℃ where as they were found minimum for the sample calcinated at 900℃. 

Table 3. Bond lengths and ionic radii in NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300℃ 

Calcination 
Temperature 

(℃) 
Bond length of A 

site-O (0A) 
Bond length of B 

site-O (0A) 
Ionic radius(rA) 

(0A) 
Ionic radius(rB) 

(0A) 

700 1.898 1.984 0.4796 0.4855 
900 1.829 1.913 0.4076 0.4132 
1100 1.830 1.914 0.4084 0.4141 
1300 1.834 1.918 0.4120 0.4177 

Further they were found increased with the calcination temperature. In the similar lines, the ionic radii at A and B sites 
were found maximum in case of the sample calcinated at 700℃ where as they were found minimum for the sample calcinated 
at 900℃. Further they were found increased with the calcination temperature. Hence, it can be concluded that the effect of 
calcination temperature on all the calculated parameters from the XRD data was clearly observed. 



358
EEJP. 3 (2023) Katrapally Vijaya Kumar, et al.

SEM Analysis 
The SEM micrographs of the nickel aluminate (NiAl2O4) spinel nanoparticles calcinated at 900, 1100 and 1300℃ 

are shown in Fig. 3. It is clearly observed that the size and shape of the grains were appeared as non-uniform flakes [30] 
with several pores and voids. The calculated average grain size was found in the range 142.80 to 187.82 nm and the same 
furnished in the Table 2. The grain size was found minimum for the sample calcinated at 700℃ and it was found gradually 
increased with the calcination temperature [31]. 

At 700℃ b) At 900℃

At 1100℃ d) 1300℃ 

Figure 3. SEM images of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300℃ 

EDS Analysis 
The Energy Dispersive X-ray Spectra of all the nickel aluminate (NiAl2O4) spinel nanoparticles are shown in Fig. 

4. It was clearly observed that the presence of Ni, Al and O without any impurities and the atomic percentages are
furnished in Table 4.
Table 4. Elemental percentage of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300℃ 

Calcination Temperature (℃) Element Atomic %

700 

Ni 4.93
Al 8.05
O 25.44
C 61.58

900 
Ni 14.23
Al 28.40
O 57.36

1100 
Ni 14.78
Al 25.78
O 59.43

1300 
Ni 14.37
Al 28.30
O 57.34

It was clearly noticed that the theoretical and experiential atomic percentages of nickel, aluminium and oxygen are 
in close agreement in case of all the taken-up samples [32]. It was clearly observed that no impurities were traced in all 
the samples except in the sample calcinated at 700℃ as an impurity of carbon was found in a considerable quantity. 
Further, it was also clearly noticed that there was no loss of any fundamental elements during the synthesis process. 
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a)700℃ b) 900℃ 

  
c)1100℃ d) 1300℃ 

Figure 4. EDS spectra of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300℃ 
 

FTIR Spectroscopy 
Fourier transform infrared (FTIR) spectra of all the nickel aluminate (NiAl2O4) spinel nanoparticles are presented 

in Fig. 5. 
The FTIR spectra showed a categorization of absorption peaks in the 
range of 300-4000 cm-1 and the concerned frequencies are furnished in 
Table 5. Based on the absorption peaks, the functional groups that are 
existing were appraised for all the samples. The characteristic frequencies 
in the range 499-730 cm-1 may be attributed to characteristic metal-
oxygen vibrations indicating the establishment of single phase 
NiAl2O4 [33]. The peaks observed in the frequency range 499-730 cm-1 
can be assigned to Ni-O, Al-O, and Ni-O-Al bonds. The peaks observed 
in the frequency range of 499.5-511.1 cm-1 can be attributed to Al-O 
stretching vibrations whereas the peaks observed in the frequency range 
719.4-729.1 cm-1 can be attributed to Ni-O stretching vibrations. The 
peaks observed in the frequency range 1400-1413 cm-1 represent the 
stretching vibrations in CH2 and CH3 [34]. The peaks observed in the 
frequency range 1630-1632 cm-1 can be assigned to the deformative 
vibration of water molecules which would be most possibly due to water 
absorption during the pressing of the powder samples with KBr. The 
strong peak observed at the frequency 2349 cm-1 originates from the mode 
of CO2

3- ion. The presence of this CO2 would be either because of the 
presence of aerial CO2 or may be due to the presence of CO2 inside the 
grains of powders [35]. The peaks observed in the frequency range 3441-
3143 cm-1 denoted for the -OH stretching vibration of free hydrogen 
bonded hydroxyl groups [32]. For the nanosized grains, the atomic 

orientations along the boundaries very much differed from those of bulk crystals with regard to coordination number and 
bond lengths and showed some extent of disorder [36, 37]. And it can be concluded that impurity phase was not detected 
in FTIR spectra which agrees with the results attained by XRD. 
Table 5. The Characteristic wavenumbers of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300℃ 

Calcination 
Temperature (℃) 

ν1 
(cm-1) 

ν2 
(cm-1) 

ν3 
(cm-1) 

ν4 
(cm-1) 

ν5 
(cm-1) 

ν6 
(cm-1) 

700 511.1 729.1 1413 1630 2349 3441 
900 509.2 729.1 1400 1632 2349 3443 
1100 501.5 725.3 - 1632 2349 3443 
1300 499.5 719.4 - 1630 2349 3441 

 

Figure 5: FTIR patterns of NiAl2O4 
nanoparticles calcinated at 700, 900, 1100 & 
1300℃ 
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UV-Visible Spectroscopy 
Optical absorption properties of all the nickel aluminate (NiAl2O4) spinel nanoparticles were studied in the wavelength 

region 200-800 nm at room temperature using UV-Visible spectroscope. Fig. 6 shows the UV-Visible absorbance spectra of 
all the samples and observed two prominent absorption peaks in the wavelength range 230-360 nm and few peaks thereafter. 

a) 700℃ (b) 900℃

(c) 1100℃ (d) 1300℃

Figure 6. UV-Vis patterns of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300℃ 

The first peak can be assigned to the O2- → Ni2+ charge transfer process while the second peak to the O2- → Ni3+ charge 
transfer [38]. The energy-level diagram for Ni2+ (3d7 configurations) in both octahedral and tetrahedral sites presents few 
spin-allowed transitions. Regarding Ni2+ in a tetrahedral site, it was detected a peak recognized to the [4A2 (F) → 4T1 (P)] 
transition at around ~ 426 nm (red region), 538 nm (green region), ~ 586 nm (yellow-orange region) and ~646 nm which 
gives rise to the red coloration. These peaks can be accredited to a Jahn-Teller distortion of the tetrahedral structure [39, 40]. 
From the literature [41], the absorption peak at 540-650 nm can be attributed to the spin electronic transition 3T1(F) →3T1(p) 
assigned to tetrahedrally coordinated Ni2+, the peak at 630-800 nm was due to spin transition 3A2g(F) → 3T1g(F) assigned to 
octahedrally coordinated Ni2+ and the peaks at 230-360 nm and 360-540 nm can be assigned to the charge transfer.  

The band gap can be determined by extrapolation to the energy axis of the linear plots of (αhν)n as a function of the 
photon energy (hν) as shown in Fig. 6 (Tauc plot). To determine the type of transition, we have used equation (2) which 
is known as Tauc formula [42]: 

(αhν)1/n = A (hν – Eg). (2) 

Where, α is known as absorption coefficient, A is known as proportional constant, Eg is known as optical band gap of the 
material and exponent, n represents the nature of electronic transition (2 for a direct transition and 1/2 for an indirect 
transition). The optical band gap (Eg) value for all the samples is calculated, found in the range 4.2129-4.3115eV and 
furnished in Table 6. 
Table 6. The band gap values of NiAl2O4 nanoparticles calcinated at 700, 900, 1100 & 1300℃ 

Calcination Temperature 
(℃) 

Band gap (Eg) 
(eV) 

700 4.3115
900 4.2893

1100 4.2721
1300 4.2129
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It can be observed that the optical band gap was found minimum (Eg= 4.2129 eV) for the sample calcinated at 700℃, 
further it was increased with calcination temperature and found maximum (Eg= 4.3115 eV) for the sample calcinated at 
1300℃. In the case of Rahman et al, the optical energy gap for the undoped ZnO and zinc aluminate spinel nanoparticles 
were found 2.82 and 2.84 eV respectively [43] and they found that it is increased to 3.07 eV with aluminium concentration. 
Suresh et al. found, the higher optical energy gap of 4.11 eV in case of zinc aluminate [44].  The increase in band gap is 
due to formation of ZnAl2O4 spinel phase in ZnO–Al2O3 system and can be explained on the basis of the Burstein-Moss 
effect [45]. The optical band gap of nickel aluminate spinel nanoparticles in the present work was observed in the range 
4.6270-4.7330 eV. It can be understood that the Fermi level would move close to the conduction band when the carrier 
concentration was increased, therefore the lower energy transitions were blocked and the optical band gap would be 
increased. This was also found in good agreement to the quantum confinement effect of the nanoparticles [46]. 

CONCLUSIONS 
1. The prepared nickel aluminate (NiAl2O4) nanoparticles were divided into four parts and calcinated at 700, 900, 1100

and 1300℃.
2. The X-Ray diffraction patterns authorize the establishment of single-phase cubic spinel structure with space group

Fd3m for all the samples except the sample calcinated at 700℃.
3. The average crystallite size and lattice parameter were found maximum in case of the sample calcinated at 7000C.

Both the parameters were found to be increased with the calcination temperature from 900 to 1300℃.
4. The average grain size was found increased with calcination temperature and it was found in the range of 142.80-

187.82 nm.
5. The average grain size was found in the range 142.80-187.37 nm whereas interplanar spacing was found in the range

of 2.100-2.479 Å. Both the parameters were found to be increased with calcination temperature.
6. The two absorption peaks related to octahedral and tetrahedral sites, in the range 499.5-511.1 and 719.4-729.1 cm-1

which confirmed the spinel cubic crystal structure and in good agreement with XRD results.
7. The value of optical band gap (Eg) was found in the range 4.2129-4.3115eV, and the band gap was increased with

the calcinated temperature.
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ВПЛИВ ТЕМПЕРАТУРИ КАЛЬЦИНАЦІЇ НА СТРУКТУРНІ ТА ОПТИЧНІ ВЛАСТИВОСТІ НАНОЧАСТИНОК 
АЛЮМІНАТУ НІКЕЛЮ 

Катрапалі Віджая Кумарa, Сара Дурга Бхаваніb 
aКафедра фізики, Інженерний коледж університету JNTUH Rajanna Sircilla, 

Аграхарам, район Раджанна Сірчілла, 505302, TS, Індія 
bКафедра хімії, Державний коледж, Раджендра Нагар, Хайдарабад, 500001, TS, Індія 

Наночастинки алюмінату нікелю (NiAl2O4) синтезовано золь-гель методом з автоспалюванням. Підготовлені наночастинки 
були розділені на чотири частини та прожарені при 700, 900, 1100 і 1300℃ і використані для цього дослідження. Захоплені 
наночастинки були охарактеризовані за допомогою порошкової рентгенівської дифракції (XRD), скануючої електронної 
мікроскопії (SEM), енергетичної дисперсійної рентгенівської спектроскопії (EDS), перетворення Фур’є та інфрачервоної (FT-
IR) спектроскопії та спектроскопії UV-Vis. Рентгенівські дифрактограми підтвердили структуру шпінелі та просторову групу 
Fd3m. Формула Шеррера була використана для розрахунку розміру кристалітів і було знайдено розмір в діапазоні від 5,78 до 
20,55 нм, тоді як параметр решітки був знайдений в діапазоні від 8,039 до 8,342 Å. Середній розмір зерна знаходився в 
діапазоні від 142,80 до 187,37 нм, тоді як міжплощинний відстань знаходився в діапазоні від 2,100 до 2,479 Å. Спектроскопія 
FTIR показала шість смуг поглинання в діапазоні від 400 до 3450 см-1 і підтвердила структуру шпінелі. Ширина забороненої 
зони (Eg) зменшувалася з температурою прожарювання і знаходилася в діапазоні 4,2129 - 4,3115 еВ. 
Ключові слова: наночастинки алюмінату нікелю; метод золь-гель автозгоряння; температура прожарювання; розмір 
кристаліту; розмір зерен; елементний аналіз; ІЧ та УФ-видима спектроскопія 


