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Zinc chromite (ZnCr,0,)-based nanoparticles have various exceptional properties that make them suitable for use in a variety of
fields, including chemistry, medicine, energy, the environment, industry, and information. In this work, nanocrystalline ZnCr,04
has been effectively synthesized with a distinct fuel by microwave-assisted solution combustion method. The XRD results reveal a
single-phase high pure formation of nanoscale ZnCr,O,4. The ZnCr,0, samples are further characterized by scanning electron
microscopy, transmission electron microscope, UV-Vis absorption spectroscopy, and vibrating sample magnetometer. The results
reveal that modifying the fuel precursors in the combustion technique played an impact on the particle size, bandgap energy,
magnetic properties, and reaction time of the ZnCr,0, preparation. The average particle size of the various samples ranged from
18.6 to 13.9 nm with various fuels. The significance of this study is the tuning effect of optical and magnetic properties of ZnCr,0,

by using various fuel precursors.

1. Introduction

During the last decade, the solution combustion synthesis
technology had been used to investigate the effect of the
chemical nature of chain of five fuel molecules (urea, succinic
acid, citric acid, maleic acid, and glycine) on the combustion
reaction mechanism, physical and chemical properties of syn-
thesized samples. The one-step exothermic process used in
Type I contains citric acid, urea, succinic acid, glycine, and
maleic acid which produced NO, and semidecomposed
mixed nitrate—fuel complex by metal nitrate decomposi-
tion. The temperature needed to effectively synthesize
and crystallize metal oxide particles may be obtained due

to the combustion heat emission. Type II was characterized
by a multistage process that included intermediate break-
down processes prior to the production of a mixed nitrate
—fuel complex. In a nutshell, solution combustion synthesis
method is efficient to produce nanomaterials, which is based
on a self-sustaining combustion reaction in aqueous media
between an oxidant (nitrate) and a sacrificial organic mole-
cule utilized as fuel [1, 2].

Nanostructured material properties often vary greatly
from those of bulk materials by which innovative materials
are developed for modern applications, such as optical, catal-
ysis, magnetic, spintronics, data storage, telecommunica-
tions, and biomedicine [3-5]. As a result, the crystal size,
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structure, morphology, and surface area of oxide semicon-
ductors may play an essential role in determining the optical
characteristics. Spinel oxides have drawn keen interest among
the scientific community due to their distinctive structure,
shape, and characteristics. When scaled down to the nano-
scale, the spinel oxides have a significant impact on both the
physical and chemical properties [6]. It is now well accepted
that any modification of controlled shape may significantly
affect the chemical and physical properties of metal oxides. In
this sense, doping rare earth metals with different transition
metals is a frequent practice to tune the optical and magnetic
properties [7]. Despite extensive study on nanostructured
oxides, it is still a challenging task to create excellent crystal-
line oxides with remarkable properties.

Many researchers reported the synthesis of manganese
oxides by using a variety of techniques, such as combustion,
thermal decomposition, solvothermal, microwave, sol-gel,
hydrothermal, and coprecipitation processes [7-9]. In com-
parison to other approaches, the microwave process has the
benefits of high stoichiometric ratio control, superior homo-
geneousness, the ability to produce powders and thin films of
nanomaterials, and lower handling temperatures [9]. Among
the synthesis methods, a most affordable, quick, and low-
energy soft technique for the synthesis of simple and mixed
oxide compounds is combustion reaction [6]. High-surface
and evenly dispersed oxide nanoparticles are produced by
the thermally induced redox reaction between a fuel (F, an
organic molecule that begins the process) and an oxidant (O,
typically nitrate anions). The temperature of the flame and the
whole combustion mechanism are affected by the F/O ratio of
fuel and thermochemical characteristics [10]. The microwave
combustion method has the advantage of resulting in a high
exothermic reaction, which causes the production of spherical
particles to occur immediately. The uniform temperature dis-
tribution caused by microwave heat treatment allows for the
quick formation of nanoparticles in both the surface and bulk
material. Chemical processes may now be accelerated in a
microwave system more quickly than with the conventional
method due to microwave dielectric heating. Furthermore,
microwave irradiation achieves a high reaction temperature,
resulting in an increase in the chemical reaction speed as well
as controlled spherical shapes [11-14].

In this work, a novel single-fuel combustion-based syn-
thesis of ZnCr,O, powders by utilizing citric acid, urea, suc-
cinic acid, glycine, and maleic acid has been demonstrated.
The structural, morphology, and composition analyses have
been performed to confirm the physical characteristics of
the nano ZnCr,0,. The UV-visible and VSM investigations
have been carried out to reveal the optical and magnetic
properties of the zinc chromite, respectively. The impact of
fuel nature and F/O ratio on crystallite size, morphology, and
optical-magnetic characteristics has been discussed.

2. Experimental Details

2.1. Synthesis of Nano ZnCr,0,. Nanoscale ZnCr,0, samples
have been synthesized by self-sustaining combustion reaction
route in aqueous media with an oxidant (nitrate) and fuels of
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sacrificial organic molecule. Initially, the two salt solutions,
zinc(Il) nitrate hexahydrate and potassium dichromate, each
with 0.6 M are combined together in distilled water. Subse-
quently, a dropwise introduction of 6.0ml of anyone of the
single fuel such as citric acid (CA), succinic acid (SA), maleic
acid (MA), glycine (G), and urea (U) in a solution (0.8 M) is
added to the aforesaid mixture separately for synthesizing each
of the ZnCr,0, compounds. The obtained solution is kept
in a microwave oven (2,450 MHz operating frequency and
1,500 W power), and microwave treatment is applied for
18 min. The abovementioned homogeneous mixture begins
to boil rapidly and releases gases such as N,, NH3, O,, and
CO; in the combustion reaction during the microwave irra-
diation. The liquid vaporizes and solidifies when the chem-
ical source combination reaches a spontaneous combustion
state. The resultant solid substance is effectively cleaned
with ethanol before being evaporated at 180°C for 1hr.
The ZnCr,0, samples synthesized with different fuels are
named as glycine (a), maleic acid (b), succinic acid (c), citric
acid (d), and urea (e), respectively.

2.2. Characterization. X-ray diffraction patterns of ZnCr,0,
nanomaterial are analyzed using an X-ray diffractometer
(Rigaku) by using Cu Ka radiation source. The morphology
and elemental composition are determined by scanning elec-
tron microscopic (SEM) images. A high-resolution transmis-
sion electron microscope (HR-TEM) (Philips EM 208) with a
200 kV accelerating voltage is used to observe the particle size
and morphology at higher magnifications. For morphological
observations and energy-dispersive X-ray investigations of
nanomaterials, a Joel JSM6360 high-resolution scanning elec-
tron microscope is employed. The samples are coated with
gold using gold spraying equipment to increase the clarity
of the surface morphology. The Cary 100 UV-visible spec-
trophotometer is used to capture the diffuse reflectance
UV-visible spectra of the ZnCr,0, nanomaterials. Magnetic
measurements are performed at room temperature with a
PMC Micro Mag 3900 model vibrating sample magnetometer
(VSM) outfitted with a 1 T magnet.

3. Results and Discussion

3.1. XRD Analysis. Figure 1(a)—1(e) depicts typical XRD pat-
terns of as-prepared nanoscale ZnCr,0, powder samples syn-
thesized with each of the fuels glycine, maleic acid, succinic
acid, citric acid, and urea. The XRD pattern indicates peaks
at different 26 positions corresponding to crystalline planes
(111), (220), (311), (222), (400), (422), (511), (440), and
(533), which are attributed to single-phase formation of
ZnCr,0,4. The obtained results are well harmonized with
standard JCPDS card no. 22-1107. The XRD pattern shows
high pure ZnCr,0O, powder sample formation due to the
nonexistence of any additional phases. The XRD pattern
shows a minor displacement of the peak locations of the
ZnCr,0, powders in the direction of greater angles, indicating
a little distortion of the system symmetry caused by the
formation of defects and vacancies.

The crystallite size of ZnCr,O,4 decreases for different
fuels because of the increase in full width at half maximum
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FiGure 1: XRD pattern of nano ZnCr,0, synthesized by using dif-
ferent fuel precursors: (a) glycine, (b) maleic acid, (c) succinic acid,
(d) citric acid, and (e) urea.

(FWHM) value [15, 16]. The mean crystal dimension is
calculated from the peak intensity [17] by applying the
Debye—Scherrer formula:

L0892 0
- Pcost’

where L denotes the mean crystallite dimensj’on (A) and A is
the X-ray beam incident wavelength (1.54 A). The Bragg’s
angle is mentioned by 6 and the FWHM (radian) is denoted
by f.

As shown in Figure 2, the crystallite dimension for the
synthesized ZnCr,O,4 nanoparticles by using different fuels
varies from 18.62 to 13.96 nm for glycine to urea, respec-
tively. Furthermore, the fine lines as well as displacement
line intensity both exhibit the similar orientation, suggesting
that the defect is becoming less severe. The dxrp is the mean
of diameter of the coherently scattering domain, which is
expected to be spherical. The lattice parameter is dispropor-
tionally biased toward a smaller particle size in the nonmo-
nodispersed samples.

Despite the fact that the average volume is not a precisely
determined number for a multidispersion system, which is
affected by the weighting technique utilized. The XRD inten-
sity is weighted by the square of the crystal sizes. Furthermore,
in nonmonodispersive samples, XRD peak is significantly
skewed toward bigger particle size [18]. Table 1 shows the
lattice parameter, cell volume, and observed crystallite size
values estimated from XRD data for ZnCr,O, nanoparticles
synthesized with various fuels.

3.2. Morphology Analysis. Figure 3 shows SEM surface mor-
phology and higher magnified TEM images of ZnCr,0O, sam-
ples synthesized by using various fuels. The SEM morphology
demonstrates spherulite particle morphology. The majority of
the particles are of hexagonal form. The morphology demon-
strates nanoparticles with uneven form. Agglomeration occurs
among the particles, possibly as a result of dipole—dipole inter-
action among the particles. The grain size of the as-synthesized
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Maleicacid = |
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ZnCr,0,

F1GURE 2: Crystallite size variations of nano ZnCr,0O, synthesized by
using different fuel precursors: (a) glycine, (b) maleic acid, (c) suc-
cinic acid, (d) citric acid, and (e) urea.

samples is assessed using a method of line intercepts that indi-
cates grain sizes located between 21 and 16 nm. In order to
reveal clear particle morphology, high-resolution TEM mor-
phology observations are made. It is interesting to observe
uniform particle distributions with distinct grain boundaries
in TEM images. Furthermore, the particles aggregate in a
chain-like fashion, and each particle has a structure of ball-
shaped granular.

The particle sizes of ZnCr,0,, synthesized with different
fuels as mentioned above, determined from SEM and TEM
observations are given in Table 2. However, because of the
agglomeration of nanoparticles in all five samples, the calcu-
lation of the size distribution is fairly imprecise. The second-
ary aggregated size of the generated particles is reported to be
in the range of 20-30 nm, with an uneven form. A sche-
matic representation shows a formation of regular nano-
particles by microwave-assisted method and agglomerated
nanoparticles on storage (Figure 4). The synthesized
ZnCr,0, particles by the microwave-assisted method are
of irregular polyhedron shapes with 10-20nm. All five
samples of ZnCr,0, synthesized by using the microwave-
assisted technique are found to have uneven polyhedron
forms and different particle sizes ranging in the range of
several hundred nanometers. As a result, a fuel combina-
tion of flame fuels is an appropriate option for controlling
the flame temperature, as well as the size distribution, sur-
face area, and agglomeration degree of the end product’s
particles.

The oxygen atoms in wurtzite are organized in a hex-
agonal tight packing, with zinc atoms filling half of the
tetrahedral positions. Zn and O atoms are tetrahedrally
coordinated and, hence, they occupy an analogous location.
The Zn structure is open, with all octahedral sites and half
of the tetrahedral sites unfilled. The observed disparity in
particle size measured by XRD and HR-TEM/SEM (Table 2)
might be attributable to molecular structural defects and
lattice strain caused by differing ionic radii and/or clustering
of the nanoparticles. As a result, the XRD technique is more
standard and produces smaller particle sizes [19, 20].
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Taste 1: Characteristic data of different nano ZnCr,0, samples obtained from XRD.
Fuels Crystallite size of ZnCr,0,4 (nm) Lattice parameter (A) Cell volume (10%3)
Glycine (a) +18.33 +5.41 +158.44
Maleic acid (b) +16.03 +5.42 +159.34
Succinic acid (¢) +15.21 +5.44 +162.04
Citric acid (d) +14.93 +5.45 +164.44
Urea (e) +14.03 +5.46 +165.59

100 nm

3.3. Bandgap Energy Investigation. In solid-state physics, the
bandgap of a semiconductor is the distance between an
electron-filled valence band and a completely empty conduc-
tion band (CB). The Kubelka—Munk model is used to calcu-
late the bandgap energy (Eg) [21]. It is evident that as the
Cr concentration increases, the E, value varies from 1.46 to
2.22 eV, as shown in Figure 5. The increased bandgap energy
might be due to the creation of energy levels and interface
defects [22]. The study of bandgap energy is a fundamental
optical characteristic that gives an adequate tool for analyz-
ing semiconductors. Furthermore, the sp—d spin exchange
interaction among the spin of the band electrons of ZnCr,0,
(five samples), in other words, the conduction and valence
bands, and the spin of the Zn and Cr d orbitals, as well as

()

FiGure 3: SEM morphology (a—e) and TEM images (f-j) of ZnCr,O,4 nanoscale materials synthesized with various fuels.

the Burstein—Moss (BM) impact, might be contributed to the
increase of bandgap [23, 24]. The BM effect is commonly
used for semiconductors having contents wherein the density
of electron carriers surpasses the density of states present at
the CB edge [25]. This pattern could be ascribed to positive
and negative variations in the valence and CBs caused by
changes in the sp—d exchange interactions among the band
electrons and the localized d electrons of the Zn** and
Cr’" ions, respectively [26]. Due to the quantum confine-
ment of ZnCr,0, nanoparticles, bandgap increases when
particle size is reduced. Electron energy levels in nanoscale
materials are changed from continuous to discontinuous
states. The energy difference between the free electron and
location of the CB causes quantization of their energy levels.
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TasLE 2: Crystallite sizes of ZnCr,O,4 determined from XRD, SEM, and TEM measurements.

Fuels used for synthesis of ZnCr,0,

Crystallite size by XRD (nm)

Particle size by SEM (nm) Particle size by TEM (nm)

Glycine (a) +18.33
Maleic acid (b) +16.03
Succinic acid (c) +15.21
Citric acid (d) +14.93
Urea (e) +14.03

+17.03 +16.21
+16.21 +15.78
+15.03 +14.90
+14.56 +13.33
+13.12 +12.56

dxrp is disproportionally biased toward a smaller particle size in the nonmonodispersed samples. In addition, the nanoparticles of ZnCr,O, are strongly
agglomerated in the TEM/SEM specimen-support film and, therefore, the estimation of the size distribution is rather rough. The small differences are inherent

to the calculation or measuring errors.
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FIGURE 4: Schematic representation of the ZnCr,0, particle nature depending on the type of the different fuels.

When particle size decreases, the energy levels reach highly
distinct atomic levels.

As already noted, defects may be produced within crys-
talline and noncrystalline materials through a variety of
physical processes of the defects’ energy level inside the
host’s bandgap. Generally, the level locations of the defects
with regard to the bottom of the CB vary according to the
origin of the faults and the hosts types (Figure 6). On the
other hand, the introduction of metal oxides into the host
lattice frequently causes a shift in the trap depth with regard
to the VB-CB. E,,, investigations are crucial regarding opti-
cal properties, vacancies, and crystalline flaws in the long,
medium, and short ranges of crystalline compositions [27].
Any localized irregularity in the O—Cr—O or O-Zn-O bond
angles or lengths caused by local stress or edge and interface
misrepresentation is enough to break the cluster symmetry,
which results change in the bandgap. When the local disor-
der exists prior to light radiation, polaronic deformation is
facilitated, and the material would exhibit flawless single
crystal. As the exponential optical absorption edge and Eg,,
are regulated by the degree of structural order—disorder in

the lattice, it is believed that this behavior is connected to the
development of intermediary energy levels between the CB
and VB (Figure 7). In the first example, the nanostructure
may change the symmetry of the lattice and the character-
istics of the cell. In the second situation, the bandgap levels
(conduction/valence band) are commonly disrupted [28].
Surprisingly, there is a size relationship between efficient
bandgap energy and particle size of ZnCr,0,. The nanopar-
ticle spinel structure, the particle sizes, and the monodis-
persed nanoparticles are easily detected from the SEM and
TEM images. As a result, the varied fuel components can be a
highly valuable and effective tool for controlling crystallite
size and changing the magnetic characteristics of the pro-
duced nanoparticles.

3.4. VSM Hysteresis Loop Analysis. The magnetic character-
istics of ZnCr,O,4 nanoparticles are described by the VSM
hysteresis loop. It is performed using a VSM with a power
range from —10 to +10kOe, as shown in Figure 8. All ZnCr,O,
nanoparticles exhibited a hysteresis loop and ineffective reso-
lution which confirms superparamagnetic characteristics of
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FiGURE 5: (a—e) Bandgap energy of ZnCr,0, nanoparticles synthesized with five different fuels and (f) bandgap energy variation in ZnCr,0,4

with respect to various fuels.

the as-synthesized nano-oxides. The magnetic hysteresis loops
at ambient temperature demonstrate the behavior of ferro-
magnetic or superparamagnetic behavior of all ZnCr,04
nanoscale samples. The magnetic parameters get tuned accord-
ing to the difference in the proportions of the ZnCr,0, nano-
metal oxides.

The total magnetic response of the pure and mixed metal
oxide depends on the magnetic agent, volume fraction of
metal oxides and the susceptibility of metal oxide (i.e.,
ZnCr,0,4). The magnetic nature of Fe;O, is generated by
the Zn** cations because of the presence of the tetrahedral
sites of the crystal lattice, and they also exhibit opposite
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FIGURE 8: VSM spectra of ZnCr,0, synthesized with various fuels.

results to one another. The octahedral site is oriented in the
applied magnetic field direction, whereas the tetrahedral site
is directed in opposition to the employed magnetic field;
hence, the Zn>* magnetic (Table 3) moments are neutralized.
In the spinel structure, the tetrahedral positions are small as

TaBLE 3: Magnetic properties (magnetization, remanence, and coer-
civity) of nano ZnCr,O, synthesized with various fuels.

ZnCr,0, samples H.(Oe) M, (emu/g) M (emu/g)
a 28.34 6.12 23.12
b 32.09 7.78 27.45
c 43.55 08.68 30.32
d 48.67 9.09 45.34
e 51.98 10.34 49.56

compared to the octahedral positions, and because of this,
Cr*" ions choose the octahedral B-position ions [29-32].

3.5. Solution Combustion Process. The solution combustion
technique is a redox combustion process that produces nano-
scale oxide powder. After finding the appropriate microwave
power for production of nanocatalysts, the ZnCr,0, nano-
scale powder samples are synthesized with five different fuel
types. When just the auxiliary fuel is employed for nanocata-
lyst production, the combustion is turned into a smoldering
process with no visible flame. The smoldering combustion
might cause two effects in this situation. At first, the combus-
tion temperature and sintering of the sample are noticeably
lowered, resulting in a lower intensity of the metal oxides
peak. In reality, warming the final powder during sintering
produced an egression of metal oxides cations from the
alumina lattice, whereas the metal oxides cations are entirely
diffused into the alumina lattice to create the spinel structure
by utilizing fuels.

Second, because of the low temperature of the combus-
tion media, just a few precursors are transformed from an
amorphous to a crystalline state. The resulting nanoscale
powder is the result of adequate breakdown of the precursor
nitrate salts created by the low combustion temperature. This
study exemplifies the nanocatalyst synthesis with the pres-
ence of combustion media that supplies necessary combus-
tion heat to convert materials from nitrate to crystal form.
It is possible to see the formation of a suitably uniform
distribution of five fuel kinds into crystal on the surface of
ZnCr,0,. The uniform distribution of particles on the sur-
face may be obtained by increasing the quantity of fuel type,
which could be the cause for the necessary solution temper-
ature throughout synthesis [33, 34].

4. Conclusion

Nanoscale ZnCr,O, has been synthesized by using the
microwave combustion technology to investigate the chemi-
cal reaction impact of a series of five fuel molecules (citric
acid, succinic acid, maleic acid, glycine, and urea) in a com-
bustion reaction mechanism. The physicochemical investiga-
tions are carried out to confirm the structure, morphology,
and composition. The XRD results reveal the formation of
single-phase high pure ZnCr,0,. The easy fuel reduction in
the regenerated mixture is occurred according to the modi-
fied stoichiometry of the direct reaction toward the mixed
nitrate—fuel complex in the operating conditions. The heat
emission is lower than expected from the stoichiometric



reaction, thus ending the direct reaction to ZnCr,0O, produc-
tion. The mean particle size acquired from the HR-SEM
approach is in concurrence with the mean particle size
acquired from the X-ray line broadening method. A slight
variation in the particle size might be due to the creation of
aggregates. The lowest bandgap of ZnCr,0, is found to be
1.46 eV for glycine fuel and the same could be tuned by using
different fuels. All ZnCr,O, samples show superparamag-
netic behavior, which get tuned according to the difference
in the proportions of the ZnCr,O, nanometal oxides. The
tunable optical and magnetic properties of ZnCr,O,4 nano-
particles are suitable for optoelectronic device applications.
Further studies on the antibacterial, photocatalyt, and cata-
lyst mechanism are currently under investigation.
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