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1 Introduction

Spinal structured aluminate is a compound containing aluminum and oxygen with
more electropositive elements that is a salt of the hypothetical aluminic acid. It is
broadly used in water purification, manufacture of zeolites, ceramics, petrochemical
industry, and photocatalysts due to its thermal resistance, electronics, and optical
properties [1–6]. Generally, the spinal structure is formulated as A2+B2

3+O4 in
which A and B are known as divalent and trivalent metal ions. Spinal structure may
be classified as A2+ occupy eight tetrahedral holes, B3+ occupy four octahedral
holes, and the anions are arranged in a cubic close packed lattice which belongs to
fd-3 m space group [7–9]. Zinc aluminates (ZnAl2O4) are well-known luminescent
materials emitting in the visible region when doped with suitable activators such as
rare earth and transition metal ions [10, 11]. Zinc aluminates have high thermal
stability, high mechanical resistance, hydrophobicity, and magnificent optical
properties; due to this ability, they may be used as a ceramic, electro-conductive
material, and catalyst [5, 12]. Nickel aluminate (NiAl2O4) has received attention as
a catalyst solid support due to its stability, strong resistance to acids and alkalis, and
high melting point [13]. Nickel aluminates are one of the most important aluminates
materials used in many applications such as magnetic materials, catalysts, pigments,
sensors, and refractory materials [14–17]. Spinal metal aluminates can be synthe-
sized by various methods such as co-precipitation, combustion, hydrothermal,
micro-emulsions, electrodeposition, solid-state reactions, and sol–gel methods
[18–22]. Generally, nanosized metal aluminates are synthesized by solid-state
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reaction, but the main disadvantage of this method is using a high temperature of
more than 1000 °C [23, 24]. Due to this high temperature, product is obtained with
low surface area, heterogeneous, and lack of morphology control [25]. The sol–gel
approach is an effective and low temperature technique that allows the stoichio-
metric control of the products chemical composition and produces homogeneous
materials [26]. Sol–gel is a facile way to synthesize nanoparticles from aqueous salt
solution by the addition of a base under inert atmosphere at room temperature or at
elevated temperature [27]. The significance of the sol–gel process as compared to
other methods is that it includes the ability to maintain a high degree of purity, high
homogeneity, and high surface area at low temperature [28].

In the present work, pure phase nickel and zinc aluminate material has been
synthesized using sol–gel method and effect of annealing on structural parameters
like (crystallite size, lattice strain etc.) luminescence and magnetic properties. To
the best of my knowledge very few research finding are available on optical
properties of aluminate and its annealing effect.

2 Experimental

2.1 Materials

All the compositions of NiAl2O4 and ZnAl2O4 nanoparticles were prepared from
Merck Germany GR grade chemicals viz Ni(NO3)2.6H2O, Zn(NO3)2.6H2O, Al
(NO3)3.9H2O, and aqueous NH3 (Merck India, 30%). The chemicals obtained were
used as received without any further purification.

2.2 Synthesis of NiAl2O4 and ZnAl2O4 Nanoparticles

2.2.1 Synthesis of NiAl2O4 Nanoparticles

In the present study, Ni aluminate nanoparticles have been synthesized using
suitable precursors by the sol–gel method. Nickel nitrate, (99% assay), aluminum
nitrate (99.9% assay), and citric acid (99% assay) as a chelating agent were used for
synthesis of NiAl2O4 nanoparticles. Schematic diagram of preparation method of
nickel aluminate is shown in Fig. 1a. Nickel nitrate (290.79 gm/mole), aluminum
nitrate (750.26 gm/mole), and citric acid (768.48 gm/mole) were taken after
weighing. Firstly, nickel nitrate is mixed in deionized water which is 20 ml, and
then, aluminum nitrate in another beaker separately mixed with deionized water. All
three chemicals are mixed in one beaker and shifting of pH with the help of
ammonia (NH3) at pH 7. Then, it was put on magnetic stirrer for 4–5 h at 80 rpm
for preparing a homogenous mixture. The solution obtained was then evaporated at
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80 °C to get a gel. Then, gel was dried in an oven and obtained nickel aluminate
powder. Finally, nickel aluminate was annealed at 650, 750, and 850 °C for 2 h in
muffle furnace (Nabertherm, Germany).

2.2.2 Synthesis of ZnAl2O4 Nanoparticles

In case of Zinc aluminate, zinc nitrate (99.9% assay) 297.47 mol/gm, aluminum
nitrate (99.9% assay) 750.26 mol/gm, and citric acid (99% assay) 768.48 gm/mole
were used for synthesis. Schematic diagram of synthesis method of zinc aluminate
is shown in Fig. 1b. Zinc nitrate is mixed in 20 ml deionized water in a beaker, and
aluminum nitrate is mixed with 20 ml deionized water in another beaker. All three
chemicals are mixed and shift the pH value with the help of ammonia (NH3) at pH
7. Afterword similar process was used as used in synthesis of nickel aluminate. The
precise measurement of the properties of the synthesized material has the upmost
importance in the field of research. In the present study, the synthesized samples
were characterized by modern sophisticated instruments namely XRD, VSM, and
PL in order to reveal the physical properties.

Fig. 1 a Schematic diagram of nickel aluminate. b Schematic diagram of zinc aluminate
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3 Results and Discussion

3.1 X-Ray Diffraction Measurement

X-ray diffraction pattern of powder ZnAl2O4 has been obtained using a Bruker D8
X-ray diffractometer as shown in Fig. 2a. The crystallite size of the prepared
ZnAl2O4 particles was calculated applying Scherer’s Eq. (1), particularly to the
peak having highest intense value at angular location 2Ө = 36.75° (Fig. 2a).
Powder X-ray diffraction graph reveals that all samples were of single phase cubic
in nature possessing spinel structure [29]. The crystalline size calculated using
Scherer’s equation given below [30].

d ¼ 0:9k
B � Cosh ð1Þ

In which d represents the average crystallite size, k is the wavelength of
X-ray, B is the peak width at half-maximum height, 0.9 is known as shape factor,
and h is for Bragg’s incident angle. The crystalline size obtained was 18 nm, 28 nm,
and 30 nm for annealing temperatures of 650 °C, 750 °C, and 850 °C, respectively.
It concludes that crystallinity size of ZnAl2O4 particles increases with annealing
temperature. All the diffraction peaks were found to be perfectly at 2h positions
(31.2°), (36.75°), (44.7°), (59.3°), and (65.3°) which signifies to (220), (311), (400),
(511), and (440) crystallographic planes, respectively, which are in agreement with
the reported values. This indicates that the complete formation of ZnAl2O4 spinel
phase with reference that zinc aluminate is a cubic crystal system spinel structure
(JCPDS file no. 98–007-5098) of Fd3m space group. Moreover, absence of any extra
peaks reveals impurities which were negligible in the synthesized sample.

For the same three different annealing temperatures of 650, 750, and 850 °C,
XRD patterns of nickel aluminate are shown in Fig. 2b. The sample consisted of
moderate crystalline NiAl2O4 particles being present as a single phase. But degree
of crystallinity is quite different from that of zinc aluminate. Although both the
materials were prepared with same thermodynamic parameters and utilizing same
chemical based citrate precursor method, result shows that nucleation and growth
mechanism of both Zn aluminate and Ni aluminate crystal is different. The thermal
analysis measurement is required for better understanding of thermal decomposi-
tion. This is our future work. Further, the XRD spectrum contains desirable five
signature peaks in coincidence with the standard data of the cubic spinel Ni alu-
minate phase (JCPDS card No. 98–007-2075). The peaks of the prepared solid
powders were referred to the crystal plane of spinel nickel aluminate, which planes
having miller indices {220}, {311}, {400}, {511}, and {440} as shown in Fig. 2b.
The nickel aluminate crystals possess spinel form and have got space group Fd3m.
Average crystallite size was calculated using Scherer’s formula and was found to be
8 nm, 12 nm, and 14 nm, respectively. The lattice parameter (a) is calculated from
the peak with highest intensity {311} using the following equation [30]
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Fig. 2 a XRD spectra of ZnAl2O4 at various annealing temperatures. b XRD spectra of NiAl2O4

at various annealing temperatures
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a ¼ d h2 þ k2 þ l2
� �� �1=2 ð2Þ

where h, k, and l denote miller indices, d is used for the distance between crys-
tallographic planes, and ‘a’ is lattice parameter. The structural parameters were
evaluated like d-spacing, lattice constant, and cell parameters which are being
shown in Table 1a–b.

3.2 Magnetic Measurement and Discussion

Magnetic properties were characterized by using vibrating sample magnetometer
(Lake Shore, USA). M-H curves were characterized in the range of magnetic
field ±20 kOe. Figure 3a shows M-H curves for the NiAl2O4 particles at room
temperature. It is observed that saturation magnetization (Ms) is not attained even in
the high magnetic field of 20 kOe. The same trend is observed for all three samples.
The M-H curve declares the magnetization behavior of NiAl2O4 particles that are
paramagnetic at room temperature. From Table 2, it is clear that coercivity and
retentivity increase regularly with increase in annealing temperature, while satu-
ration magnetization is approximately steady with slight variation in the values.
This is due to crystallite size, broken exchange bond, and the increases in annealing
temperature. As the particle size increases, the magnetization increases. Similar
behavior was also reported [31].

M-H curve of zinc aluminate for the same three annealing temperatures such as
650, 750, and 850 °C is depicted in Fig. 3b. The magnetic behavior of zinc alu-
minate samples was investigated by magnetic field between ±20 kOe. M-H curves
are showing diamagnetic behavior of zinc aluminate. Coercivity values do not
follow a regular pattern, while magnetization values increase smoothly. The coer-
civity (Hc), magnetization (Ms), and retentivity (Mr) have been enlisted in Table 3.
The maximum coercivety was found 909.86 G for nickel aluminates.

Table 1 (a-b) Lattice parameters for ZnAl2O4 and NiAl2O4

Nickel aluminate
(annealed at)

d-spacing
(Å)

Angular position
(2Ɵ) in degree

Lattice
constant (Å)

Cell volume
(cm3)

650 °C 2.4245 37.050 8.0410 519.912

750 °C 2.4259 37.026 8.0460 520.882

850 °C 2.4277 36.998 8.0520 522.049

Zinc aluminate
(annealed at)

d-spacing
(Å)

Angular position (2Ɵ)
in degree

Lattice
constant (Å)

Cell volume
(cm3)

650 °C 2.4244 36.823 8.0890 529.278

750 °C 2.4419 36.775 8.0990 531.244

850 °C 2.4567 36.443 8.1010 531.637
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Fig. 3 a M-H curve of NiAl2O4 for three different annealing temperatures. b M-H curve of
ZnAl2O4 for three different annealing temperatures. c Photoluminescence spectra of NiAl2O4.

d Photoluminescence spectra of ZnAl2O4
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3.3 Photoluminescence Measurement

In order to understand the fluorescence mechanism of the prepared ZnAl2O4 and
NiAl2O4 samples, schematic band diagram best examples the excitation phe-
nomenon as well as emission for the system. PL spectra for NiAl2O4 and ZnAl2O4

were excited by 200 nm wavelength resulted in an intense blue emission using
Perkin Elmer photoluminescence spectroscopy. In the wavelength window of
(420–580) nm, the reflected optical spectrum was obtained for aluminates as shown
in Fig. 3c, d. The PL spectrum of the both nickel aluminate and zinc aluminate
samples annealed at different temperatures are in visible range. In nickel aluminate

Table 2 Magnetic parameters of nickel aluminate

Magnetic parameters Nickel aluminate
at 650 °C

Nickel aluminate
at 750 °C

Nickel aluminate
at 850 °C

Coercively (Hc) Oe 104.41G 208G 909.86G

Magnetization (Ms) (emu/gm) 0.17338 0.1984 0.1522

Retentivity (Mr) (emu/gm) 3.3063 � 10–3 8.396 � 10–4 6.926 � 10–4

Table 3 Magnetic parameters of zinc aluminate

Magnetic parameters Zinc aluminate
at 650 °C

Zinc aluminate
at 750 °C

Zinc aluminate
at 850 °C

Coercivity (Hc) Oe 109.76G 29.759G 264.08G

Magnetization (Ms) (emu/gm) 0.0972 0.1620 0.2473

Retentivity (Mr) (emu/gm) 2.7146 � 10–3 3.9744 � 10–3 4.0578 � 10–4

Fig. 3 (continued)
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sample annealed at 750 °C, PL peaks intensity are sharp and higher compared to
sample annealed at 850 and 650 °C. On the other hand, in nickel aluminates, all the
emissions peaks are in visible range.

But the peak intensities are not prominent. This may be due to size dependent
properties. Further study needed the actual mechanism of this phenomenon. This is
our future plan. Most interesting things is that emission are in visible range, which
may be useful for various applications [32, 33]. The emission peaks near 480, 519,
and 530 nm (known as red shift) might be due to oxygen vacancies. This is called
green emission. It is obvious that PL emission is getting shifted with the change in
particle size and shape, which supports the results of XRD data suggesting average
crystallize size as 8 nm, 12 nm, and 14 nm, respectively. Such PL emission was
also reported [34].

4 Conclusion

The nanosized zinc and nickel aluminate nanoparticles were synthesized using
low-cost citrate precursor method. The XRD study confirmed that pure phase nickel
and zinc aluminate nanoparticles are formed having space group Fd3m. The PL
measure measurement shows that the material shows both blue and green emissions
this might be due to the oxygen vacancies and defects created in the nanomaterials.
These materials will show good photocatalytic and optoelectronic properties and
can be used in varied applications. Similarly, the material shows decrease in sat-
uration magnetization and corresponding increase in coercivity showing the size
dependency on magnetic properties.
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