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ABSTRACT: As industrialization progresses, there is a large
release of hazardous pollutants into the environment. These
pollutants, which contain nitro compounds and organic dyes, are
extremely dangerous due to their toxic and carcinogenic nature. An
efficient, environmentally benign, and economical catalyst to
degrade environmental pollutants or convert them into useful
products has been of sustained interest in recent years. In this
context, we report a simple and inexpensive combustion fabrication
of NiCrFeO4 using different fuels such as glycine, polyvinyl alcohol
(PVA), and urea, showing tremendous catalytic and photocatalytic
functionalities. Rietveld refinement and X-ray diffraction studies
confirmed the formation of single-phase ferrites, with crystallite
sizes ranging from 3.9 to 43.31 nm. The values of optical band gap,
obtained from the diffused reflectance spectroscopy technique, lie in the visible region range (1.50−1.60 eV), and hence, all the
synthesized ferrites can act as good photocatalysts in the presence of visible light. All the NCF nanocatalysts were utilized for the
reduction of nitroarenes and photocatalytic degradation of various cationic (RhB and MB) and anionic (MO) dyes and their
mixture. NCFP displayed excellent activity for the reduction and oxidation reactions owing to its large surface area and low optical
band gap. Furthermore, the photo-oxidative degradation by NCFP was also enhanced due to its low recombination of charge carriers
as confirmed by the photoluminescence (PL) spectroscopy. NCFP efficiently reduces nitrobenzene to aminobenzene with 95% yield
using sodium borohydride as the reducing agent in methanol medium at RT in 10 min. The results of photocatalytic activity have
shown that the degradation efficiency of NCFP follows the order RhB > MB > MO in their unitary solution. Furthermore, in the
case of the mixture of dyes, NCFP showed enhanced photocatalytic degradation for cationic dyes (RhB and MB) compared to that
of anionic dye (MO). From the performance point of view, this catalyst can be useful in industrial application because of its high
stability, greater catalytic efficiency, and cost-effectiveness.

1. INTRODUCTION

In the past several years, magnetic nano-ferrites have been
mostly investigated because of their enormous features, which
are superior in contrast to their corresponding bulk counter-
parts,1,2 like super-paramagnetism, high surface area, large
surface to volume ratio, being smoothly separable under
external magnetic field, and strong adsorption ability. One of
the most interesting and important properties of nano-sized
magnetic ferrites is catalysis, which is turning out to be a
tactical field because it expresses a new route to face the
challenges of energy and sustainability. Green and environ-
ment-friendly procedures of synthesis and conditions for
reaction have played a crucial role toward the purpose of
transforming hazardous processes to proficient ones. Such
processes reduce the usage of harmful reagents and solvents,

hard reaction conditions, and also complex as well as time-
consuming separation of catalysts from reaction mixtures.3,4

Magnetic nano-ferrites have been proven to be in demand for
carrying various tedious organic reactions.5−7 By altering the
size, chemical composition, morphology, or oxidation state of
the metals used in the ferrite catalyst, enhancement and
control over the reaction can be achieved by nano-catalysis.
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Among the different heterogeneous catalysts, ferrites have been
regarded as promising applicants for the efficient degradation/
removal of a range of organic pollutants because of their
extraordinary physical and chemical properties.8,9 Additionally,
ferrites possess high activity, good absorption of light, smooth
transfer of mass, easy methodologies for preparation, and
comfortable recyclability by applying an external magnet owing
to their characteristic magnetic behavior.10−12 The catalytic
efficiency of spinel nano-ferrites strongly depends upon the
method of preparation, annealing temperature, distribution of
cations between tetrahedral and octahedral sites, and structural
parameters like particle size, surface area, and presence of
active surface sites. The redox potential and nature of the metal
cation also have an influence on the catalytic performance of
nano-ferrites.13 A variety of expensive metal nanoparticles such
as Au, Ag, Pt, Pd, metal oxides, and nanocomposites have been
employed as catalysts, as they are very effective in removal or
degradation of pollutants, but a green and inexpensive
approach employing nano-ferrites as catalysts in such processes
is facile and of wide applicability.14−17 Various organic dyes
and nitro compounds and their breakdown products have a
carcinogenic effect on the humans as well as the biosphere.18

So before discharging these dangerous pollutants in the
environment, their removal or transformation into some useful
products is very important for humans and environment. The
transformation of toxic dyes into H2O and CO2 can be done by
photocatalytic degradation. Reduction of carcinogenic nitro-
arenes to their corresponding amines is a useful conversion
from the industrial and academic point of view, as the aromatic
amines are starting materials for a number of biological and
pharmaceutical compounds.19 In the catalytic reduction of
nitroarenes, reducing agents such as sodium borohydride and
hydrazine hydrate have been recently used, but using sodium
borohydride as a reducing agent has proven to be mild and safe
without the formation of harmful byproducts.
NiFe2O4 has been found to be an excellent candidate in the

treatment of organic pollutants. It is a soft magnetic material
with an inverse spinel structure in which Ni2+ mostly reside at
octahedral (B) and Fe3+ at tetrahedral [A] and octahedral (B)
sites.20 The distribution of metal cations among tetrahedral
[A] and octahedral (B) sites greatly affects the structural,
magnetic, and catalytic properties of ferrites,21 as the catalytic
activity mainly depends on the type of metal ion present at the
catalytically active octahedral (B) site because octahedral sites
of the ferrite sublattice are mainly exposed on the surface.22

The chromium ion which has an antiferromagnetic nature
affects the magnetic properties when introduced in the nickel
ferrite lattice.23 Ganure et. al.24 reported a decrease in
saturation magnetization in NiFe2−xCrxO4 (x = 0.1, 0.2, 0.3,
and 0.4) as the Cr3+ ion concentration increases. The best
catalytic activity was found with x = 0.4 for the synthesis of bis-
(4-hydroxycoumarin) methane derivatives. Similarly, there is a
linear decrease in the saturation magnetization with increase in
chromium content in the nickel ferrite lattice as reported by
Singhal and Chandra,25 whereas coercivity increases slowly up
to x = 0.8 but a large increase has been observed in samples x =
1 and 1.2. Ni- and Cu-doped nano-ferrites have been found to
be excellent catalysts for the reduction of nitroarenes and
photo-oxidative degradation of dyes. The CuFe2O4 nano-
particles showed tremendous catalytic performance with high
recyclability using NaBH4 as a reducing agent.26,27 The
catalytic activity of CuFe2O4 was enhanced using graphene
as a support which was attributed to the synergistic effect of

copper ferrite and graphene. The magnetically separable
NiFe2O4@Cu displayed excellent activity as a catalyst for
reduction of nitroarenes to their corresponding amines.
NiFe2O4@Cu exhibited enhanced catalytic performance as
compared to pure NiFe2O4 due to its larger surface area.

28 Cu/
SiO2@NiFe2O4, SiO2@NiFe2O4, and NiFe2O4 nanocompo-
sites were utilized as catalysts for reductive transformation of
nitroarenes to amino arenes. A finely dispersed Cu ion in Cu/
SiO2@NiFe2O4 is responsible for its enhanced catalytic
activity.29 Fe3−xCrxO4 (x = 0.00, 0.18, 0.33, 0.47, and 0.67)
was employed as a heterogeneous catalyst for Fenton-like
degradation of organic dyes. It was observed that the surface
area and degradation efficiency increase with the increment of
the Cr3+ion.30 Ni2+-doped NixCu1−xFe2O4 (x = 0−0.5)
displayed good photocatalytic activity for degradation of
rhodamine-B (RhB), and it was found that x = 0.4 is the
best among all the synthesized ferrites due to the high
separation of electron and holes.31 Sn(II) inserted on a
hydroxyl apatite-encapsulated (NiFe2O4@HAp-Sn2+) nano-
catalyst and NiFe2O4@SiO2 as a catalyst in the presence of
H2O2 have also been found to be good candidates for the
photo degradation of RhB.32,33 Liu et. al.34 reported oxalic
acid-assisted photodegradation of RhB using NiFe2O4 where
the complete degradation was achieved in 60 min. The
photocatalytic degradation of the mixture of dyes has been
carried out by a number of co-workers. CoFe2O4-reduced
graphene oxide nanocomposites with different weight ratios
were utilized for the photodegradation of various organic dyes
and their mixture. The ratio 75CF-25RGO showed the highest
photocatalytic performance toward the degradation of dyes
and their mixture due to facile separation of charge carriers and
synergistic effect of CF and RGO.35 Photocatalytic degradation
of various dyes and their mixture has also been reported by
employing ZnFe2O4/ZnO nanocomposites as photocatalysts.
The enhanced degrading capability of a nanocomposite as
compared to pristine ZnFe2O4 has been explained on the basis
of suppression of recombination of photo-induced charge
carriers.36

To the best of our knowledge, there is no report on the
synthesis of nano-sized chromium-doped nickel ferrite
NiCrFeO4 via a combustion method using different fuels. In
view of this, we report a facile and simple fabrication of
chromium-doped nickel ferrite NiCrFeO4 by a combustion
method using different fuels such as glycine, urea, and
polyvinyl alcohol (PVA). Moreover, we are reporting for the
first time the catalytic activity of the NiCrFeO4 for both
reduction of nitroarenes and photo-oxidative degradation of
organic dyes in their unitary as well as ternary solutions.
Catalytic activity of the materials was studied for the reduction
of nitroarenes to the corresponding amines because the
aromatic amines are the starting materials for various biological
and pharmaceutical active compounds. It is well known that
there are many kinds of organic dyes in industrial wastewater,
and they may cause long-term ill effects on environment and
human health. In real practice, it is common to find wastewater
that contains more than one kind of dyes. It is hence
meaningful to investigate the photocatalytic efficiency of
prepared nano-catalysts in the treatment of wastewater that
contains different dyes. Therefore, in the present study, RhB
dye was chosen as a model pollutant, and under the same
conditions, methylene blue (MB), methyl orange (MO), and
their mixture were targeted and degraded. Hence, the present
work aims to study the comparative effect of prepared ferrites
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on the photo-oxidative degradation of dyes and reduction of
nitroarenes to amines. The comparative catalytic efficiency of
the prepared ferrites was investigated based on the surface area,
photoluminescence (PL) spectroscopy, and optical band gap.
The simple method of preparation and multifunctional
character of a NiCrFeO4 nanocatalyst makes it a versatile
catalyst in the field of reduction of nitroarenes and photo-
catalysis, which can be useful for treating environmental issues.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. The materials and reagents
used are ferric nitrate nonahydrate (Fe(NO3)3·9H2O), nickel
nitrate hexahydrate (Ni(NO3)2·6H2O), chromium nitrate
nonahydrate (Cr(NO3)3·9H2O), glycine (NH2CH2COOH),
urea (NH2CONH2), PVA (C2H4O), sodium borohydride
(NaBH4), methanol (CH3OH), RhB (C28H31N2O3Cl), MB
(C16H18ClN3S), MO (C14H14N3NaO3S), and hydrogen
peroxide (H2O2, 27% w/w). All the chemicals used in the
reactions were purchased from the Alfa Aesar and were of
analytical grade and utilized as obtained without any further
purification.
2.2. Fabrication of Nickel Chromium Ferrite Nano-

particles. In the present work, nickel chromium ferrite
nanoparticles were fabricated by the solution combustion
method which is preferred for its simplicity, short time
requirement for reaction, and low calcination temperature.
These features have enabled ferrite nanoparticles to have a fine
particle size, diminished impurities, and enhanced physical
properties.37,38 In this method, the metal nitrates were used as
an oxidant and source of required cations. Fuel is generally a

source of carbon and hydrogen, yielding gaseous products like
CO2 and H2O. In addition to this, fuel also works as a
complexing agent providing a homogenous distribution of
metal cations in the solution. The stoichiometry of the mixture
of metal nitrates and different fuels was calculated based on the
total oxidizing and reducing valencies of oxidizer (O), that is,
metal nitrates and fuel (F), respectively, so that the value of
equivalence ratio that Φe (O/F) becomes unity and maximum
heat is evolved.39 Therefore, in order to synthesize NiCrFeO4,
the various reactants were taken in molar proportion 1:1:1:x of
Ni(NO3)2, Fe(NO3)3, Cr(NO3)3, and fuel where x = 4.44,
6.66, and 4 for glycine, urea, and PVA, respectively. The
solutions of weighed metal nitrates and fuel were individually
stirred constantly for about 30 min by utilizing a magnetic
stirrer, and then both the solutions transferred into the beaker
and stirred for 60 min to form homogenous solution for
combustion. The well-stirred homogenous solution was then
put on a hot plate and heated at a temperature of about 100−
120 °C to form a gel. The gel was further heated in an oven at
250 °C for combustion reaction, which yields a voluminous
and fluffy mass in the beaker. The as-prepared ferrites were
annealed in a muffle furnace at 500 °C for 6 h, and finally the
annealed ferrites were grounded to fine powder in the agate
mortar and pestle. The powders were named as NCFG,
NCFU, and NCFP, respectively, for the nanoparticles
synthesized by using glycine, urea, and PVA as a fuel. Scheme
1 shows the schematic diagram for the synthesis of the NCFG,
NCFP, and NCFU nanoparticles.

2.3. Physical Measurements. The thermal analysis of the
prepared nano-catalysts was conducted on PerkinElmer

Scheme 1. General Scheme for the Synthesis of NCFG, NCFP, and NCFU Nanocatalysts
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thermal analyzer (STA-6000). For the structural character-
ization of the prepared samples, powder X-ray diffraction
(XRD) was done on an X-ray diffractometer (Rigaku Smart
Lab 9 kW rotating X-ray diffractometer) in the 2θ range of
10−100°. High-resolution transmission electron microscopy
(HRTEM) for determining the particle size was performed
using Technai G2 20. For the morphology and elemental
analysis, field emission scanning electron microscopy
(FESEM) and energy-dispersive X-ray (EDX) were performed
using Zeiss GeminiSEM. For the purpose of specific surface
area, the N2 adsorption method was used by employing the
BET (BELSORP MINIX) instrument after preheating the
samples at 100 °C for 5 h. The PL emission spectra were

recorded at room temperature by utilizing a fluorescence
spectrophotometer (Hitachi, F-4700) equipped with a xenon
lamp as a source of excitation. To determine the magnetic
behavior of the samples room temperature, M versus H curves
were recorded using a vibrating sample magnetometer (Lake
Shore 7410-series VSM). For the determination of the optical
band gap of the nano-ferrites, diffused reflectance spectroscopy
(DRS) spectra and the time-dependent spectra of degradation
of different dyes were taken by UV−visible spectroscopy by
utilizing a UV−vis−NIR spectrophotometer (PerkinElmer,
model LAMBDA 1050+). 1HNMR (400 MHz) and 13CNMR
(100 MHz) were recorded in CDCl3, MeOD, and DMSO on a
Bruker Advance III spectrometer using TMS as a standard.

Figure 1. TGA and DTA curves for (a) NCFP, (b) NCFU, and (C) NCFG nanocatalysts.
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2.4. Catalytic Activity Measurement. In order to
demonstrate the capability of the prepared NCF nanoparticles
as heterogeneous catalysts, the catalytic performance of all the
prepared nano-ferrites was studied for both photo-oxidation
and reduction reactions. By keeping the environmental issues
in mind, the reduction and photo degradation of toxic,
carcinogenic, hazardous nitroarenes, and organic dyes have
been taken as model reactions.
2.4.1. Procedure for the Catalytic Reduction of Nitro-

arenes. A solution containing nitroarene (1 mmol) in
methanol (5 mL) was prepared in a round bottom flask (50
mL). To the abovementioned solution, a catalyst 0.05 mmol
(12 mg) was added, and the mixture was then stirred for 2 min.
Thereafter, NaBH4 (8 mmol) was added to the reaction
mixture when a vigorous reaction took place. The reaction
mixture was continued to be stirred at room temperature and
the reaction progress was checked by TLC (eluent; EtOAc/
hexane: 3:10). After the completion of reaction, the reaction
mixture was supplied with 5 mL of deionized water and again
stirred for 10 min. Then, the mixture was extracted with ethyl
acetate (3 × 10 mL) followed by drying over anhydrous
sodium sulphate. The crude product was obtained and dried
after evaporating the solvent. Furthermore, the crude product
was purified by using column chromatography over silica gel
100−200 mesh size (eluent; EtOAc/hexane: 3:10) to yield the
pure amino arenes. Elucidation of structures of the obtained
product was confirmed by 1HNMR and 13CNMR. To check
the recyclability of the ferrites, the separated catalyst was then
washed with de-ionized water and ethanol several times to
withdraw any organic and inorganic impurities and finally dried
in an oven.
2.4.2. Photo-Oxidative Degradation of Organic Dyes and

Their Mixtures. Various organic dyes were chosen for the
photo-oxidative degradation which was performed under
visible light irradiation (250 W mercury vapor lamp), and
the distance between the light source and the dye solution was
15 cm. For typical photo-oxidative reaction, aqueous solution
of different dyes like RhB, MB, and MO (15 mg/L) was
prepared in de-ionized water and 100 mg of the catalyst was
added in 100 mL of aqueous solution of dye in a 400 ml
beaker. For degradation of a mixture of MO, MB, and RhB,
100 mL solution was taken containing equal volume of each
dye. To achieve the adsorption−desorption equilibrium, the
reaction solution was stirred in dark for about 1 h. Before
exposing the solution to the visible light, 1 mL of H2O2 was
added and stirring was continued thereafter. The sample
solution (3 mL) was withdrawn at set time intervals and
immediately centrifuged for regular time intervals to remove
the catalyst completely, and any changes in the dye
concentration was examined by a UV−visible spectropho-
tometer. At the end of the degradation reaction, the catalyst
was washed 3−4 times with ethanol and water and dried in an
oven for further use in recycling reactions to check the
recyclability and stability of the catalyst.

3. RESULTS AND DISCUSSION
3.1. Thermogravimetric and Differential Thermal

Analysis. Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) of NCFG, NCFP, and NCFU catalysts
were carried out in order to study their thermal stability. The
experiments were done under a N2 atmosphere with the
heating rate of 10 °C/min, and the corresponding TGA and
DTA curves are shown in Figure 1. From Figure 1a, it can be

clearly seen that the thermal decomposition of the NCFP
precursor gel takes place in three steps, while one endothermic
and two exothermic peaks are shown by the DTA curve. The
first step of decomposition occurs in the temperature range of
30−160 °C, in which 30% of weight is lost, while no significant
peak is present in the DTA curve for this range. This weight
loss may be due to the decomposition of hydroxyl groups of
PVA and weakly attached water. The second step occurred as
shown in the TGA curve within the temperature range of 160−
270 °C with weight loss of almost 25%, accompanied by a
small endothermic at 270 °C and an exothermic peak at the
temperature 190 °C in DTA. This may be due to the loss of
organic impurities and start of redox reaction between the
metal nitrates and the fuel PVA. In the third step, combustion
reaction between the metal nitrates (carrying oxidizing
valency) and PVA (carrying reducing valency) takes place in
the temperature range of 270−400 °C with an exothermic peak
at 300 °C, while weight loss in this step is about 15%. Above
400 °C, the weight loss is quite negligible showing that the
major weight loss occurs below 400 °C and a total of 70%
weight is lost during the combustion reaction in the case of
PVA.
The TGA curve for precursor gel NCFU (Figure 1b) shows

the two steps of weight loss which is accompanied by one
endothermic and two exothermic peaks in the DTA curve. The
total loss of weight is about 80% up to 400 °C. Weight loss in
the first stage occurs in the temperature range 30−190 °C with
one endothermic peak around 125 °C and one exothermic
peak around 163 °C, which may be due to the complete
evaporation of water molecules and start of combustion
reaction between the metal nitrates and urea fuel. About 22%
of weight is lost during the first stage of decomposition. As
shown in Figure 1b, the second stage of weight loss occurs in
the temperature range of 190−400 °C accompanied by a
strong exothermic peak around 220 °C, which corresponds to
the decomposition of reactant molecules and occurrence of
combustion reaction between metal nitrates and urea with the
evolution of water, CO2, ammonia, N2, and oxides of nitrogen,
while the residual organic impurities decompose at a
temperature around 400 °C.40,41 Weight loss associated with
this stage is about 58%. Above the temperature of 400 °C, the
weight remains almost constant, implying the formation of the
desired crystalline phase.
The thermal decomposition of precursor gel NCFG (Figure

1c) is taking place in two steps along with one endothermic
and one exothermic peak in the DTA curve. Weight loss in the
first step corresponds to the temperature range of 30−180 °C
with one endothermic peak in DTA around 170 °C. The 12%
weight loss in this step can be due to the evaporation of water,
organic impurities, and start of a combustion reaction between
the metal nitrates and glycine. The second step of weight loss
occurs in temperature range of 180−250 °C along with an
exothermic peak in the DTA at 190 °C. The percent of weight
loss associated with this exothermic peak is 75%, which may be
due to occurrence of combustion reaction because of
interaction of glycine and metal nitrates in the gel with the
evolution of water, CO2 and N2. The total weight loss in the
decomposition process is about 87% and no significant weight
loss can be seen above the temperature 210 °C, that is, weight
after 210 °C remains almost constant, a clear indication of the
formation of a crystalline spinel structure. Thus, it can be seen
from thermal treatment that decomposition of a precursor gel
of sample NCFP starts first, then decomposition of a precursor
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gel of sample NCFU occurs, and finally, the decomposition of
precursor gel of sample NCFG occurs.
The possible reactions taking place during combustion of

different fuels with metal nitrates are as follows

Ni(NO ) 6H O Fe(NO ) 9H O Cr(NO ) 9H O

4.44CH NH COOH

NiCrFeO 8.88CO 35.11H O 6.22N

3 2 2 3 3 2 3 3 2

2 2

4 2 2 2

· + · + ·

+

→ + ↑ + ↑ + ↑

Ni(NO ) 6H O Fe(NO ) 9H O Cr(NO ) 9H O

6.66NH CONH

NiCrFeO 6.66CO 37.33H O 10.66N

3 2 2 3 3 2 3 3 2

2 2

4 2 2 2

· + · + ·

+

→ + ↑ + ↑ + ↑

Ni(NO ) 6H O Fe(NO ) 9H O Cr(NO ) 9H O

4C H O NiCrFeO 8CO 32H

O 4N

3 2 2 3 3 2 3 3 2

2 4 4 2 2

2

· + · + ·

+ → + ↑ +

↑ + ↑

3.2. Phase and Structural Determination: XRD and
Rietveld Refinement. In order to determine the effect of
fuels used on the crystal structure of the samples, XRD analysis
was performed on each sample after heat treatment. Figure S1
shows typical X-ray diffractograms of NiCrFeO4 ferrites
synthesized using glycine, urea, and PVA as fuels. The
diffraction maxima corresponding to the reflection planes
(111), (220), (311), (222), (400), (422), (511), and (440)
with no characteristic impurity peaks were observed which
correspond to spinel cubic structure with the Fd3̅m space
group. Moreover, the Rietveld refinement was done on XRD
data to obtain complete information regarding the crystal
structure of the samples prepared using different fuels using
GSAS/EXPGUI program42,43 by implementing significant
structural information from the literature in the space group
Fd3̅m. Figure 2 displays the plots of Rietveld refinement for the
synthesized samples. It can be seen that the observed and
calculated diffraction patterns are in good agreement which is
confirmed by the linearity of difference in measured and
calculated XRD patterns. The various Rietveld refined
structural parameters for the samples like goodness of fit
(χ2), reliability factors (Rwp and Rp), and oxygen positional
parameter (O) are given in Table 1. The values of χ2 are
reliable to assign crystal structure to the prepared phases
without any impurity. XRD data further allow us to examine
the effect of different fuels on structural parameters such as
crystallite size (D) and lattice constant (a) for the NCF
nanoparticles. The values of the lattice constant obtained from
Rietveld refinement for the samples NCFG, NCFU, and NCFP
are tabulated in Table 1. The variation in the values of the
lattice constant may be justified on the basis of the fact that the
different fuels lead to the formation of phases having different
cationic distribution between tetrahedral and octahedral sites
of the spinel structure and hence the volume (V) of the
prepared samples changed according to values of lattice
constant, as given in Table 1. By applying the classical Debye−
Scherrer equation, the crystallite size of prepared samples was
calculated from the line broadening of the most intense (311)
peak44

D
0.9

cos
λ

β θ
=

(1)

where D is the crystallite size of nanoparticles, λ denotes the
wavelength of radiation used (1.54 Å), θ is the angle of
diffraction, and β is full width at half maxima. Since the Braggs
peak width is an integration of sample and instrument-
dependent effects, thus the value of β can be calculated using
the following formula45

( ) ( )measured
2

instrumental
2β β β= [ − ] (2)

The values of crystallite size calculated using eq 1 are
summarized in Table 1. It can be depicted from Table 1 that
the crystallite size is dependent on the nature of fuel used. The
difference in crystallite size can be credited to the different

Figure 2. Rietveld refinement plots of NCF nanocatalysts.

Table 1. Structural Parameters Obtained from the Rietveld
Refinement of the XRD Pattern for NiFeCrO4 Samples
Calcined at 500 °Ca

sample NCFG NCFP NCFU

a (Å) 8.2879(2) 8.3072(9) 8.3022(1)
O 0.2526(5) 0.2520(5) 0.2536(2)
V (Å3) 569.29(2) 573.28(11) 572.24(1)
D (nm) 43.31 3.90 30.13
Rwp 0.2391 0.1444 0.1711
Rp 0.1628 0.1095 0.1147
χ2 3.802 1.590 2.106

aThe atomic sites are: Ni/Fe 8a [0.125, 0.125, 0.125]; Ni/Fe/Cr 16d
[0.5, 0.5, 0.5]; O 32e in the space group Fd3̅m.
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decomposition temperature of fuels. It is well known that the
greater the decomposition temperature of fuel, the higher will
be the nucleation and growth of the particles, and therefore the
larger is the crystallite size and vice versa.46

3.3. Morphology, Shape, and Purity of the Nano-
catalysts. To examine the role of different fuels on the
morphology, particle size, and crystallinity of the prepared
samples, FESEM and HRTEM studies were conducted. The
typical FESEM micrographs of the NCFG, NCFP, and NCFU
are given in Figure 3. The FESEM images show the presence of

small voids and pores in all the samples. This may be attributed
to the release of a large number of gases like carbon dioxide,
water, and nitrogen during the combustion reaction. The
NCFG sample has a sponge-like structure with high
agglomeration, which consists of very fine crystallites. A
dense microstructure for NCFU has been observed with little
pores on the surface. Moreover, all the crystallites are
connected very well with each other, which may be attributed
to the crystalline formation of phase. A porous-like structure of
sample NCFP was observed with irregular shape and such
porous morphology can offer a high surface area. For the
purpose of HRTEM, all the nanocatalysts were dispersed in
ethanol and sonicated for 1 h to get the clear dispersion. The
HRTEM images (Figure 4) clearly displayed the spherical
shape of the particles with visible boundaries. The average

particle size for NCFP obtained from HRTEM is of the order
of 5.5 and 35.4 nm for NCFU and 80.2 for NCFG
nanoparticles. The variation in the particle size could be due
to the difference in decomposition temperature of the fuels. In
the case of NCFP, the particle size is 5.5 nm, which is slightly
bigger than the crystallite size (3.9 nm), clearly indicating that
the extent of agglomeration is quite low. The NCFG particle
size is almost double the crystallite size, indicating that the
growth of the particle is quite good. Selected area electron
diffraction (SAED) patterns (Figure 4) display high crystal-
linity with a set of strong diffraction rings, which are well
aligned with the XRD peaks. The major peaks in the XRD were
also seen in the SAED pattern’s diffraction rings (220), (311),
(400), (422), and (440), as shown in Figure 4b,d,f. The
elemental composition was detected using the EDX technique
for all the samples. All the peaks in the EDX spectra are Ni, Fe,
Cr, and O with no extra peak of any other element. The typical
EDX spectra are shown in Figure S2.

3.4. BET Surface Area. To study the impact of fuel on
morphologies obtained over the specific surface area of
samples having the same composition is quite very interesting.
It is reported in the literature that the more the specific surface
area, the more would be its catalytic efficiency.47 Thus, the
information regarding the specific surface area, appearance,
that is, meso/macro or microporous and nature of the nano-
scale pores is necessary in defining the surface-dependent
properties of the nanoscale ferrite materials. Therefore, to
determine the detailed role that the surface area plays in all the

Figure 3. FESEM micrographs for (a) NCFG, (b) NCFP, and (c)
NCFU.

Figure 4. High-resolution TEM images and SAED patterns of NCFG
(a,b), NCFP (c,d), and NCFU (e,f).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01616
ACS Omega 2022, 7, 19853−19871

19859

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01616/suppl_file/ao2c01616_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01616?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01616?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01616?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01616?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01616?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01616?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01616?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01616?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


samples in the catalytic activity, the technique coined by
Brunauer, Emmett, and Teller, mostly known as the BET
surface area analysis, was utilized. For the analysis, all the
samples NCFG, NCFP, and NCFU were preheated at 100 °C
for 5 h before N2 adsorption. The adsorption/desorption
isotherms of N2 for the nano-ferrites are displayed in Figure S3.
The adsorption−desorption isotherms of N2 at 77 K for NCFP
and NCFU lead to the type IV isotherm hysteresis,
demonstrating the mesoporous nature of both the samples,
according to the classification of the IUPAC,48 while no
hysteresis was shown by the sample NCFG. The type IV shows
the monolayer adsorption at low pressure and multilayer
adsorption at high pressure.49,50 The values of specific surface
area, total pore volume, and mean pore diameter obtained
from BET adsorption isotherm are given in Table 2. It can be

concluded from Table 2 that the specific surface area among
the three ferrite nanocatalysts follows the order NCFP >
NCFU > NCFG. The largest surface area of NCFP could be
due to its small crystallite and grain size as already confirmed
by XRD and HR-TEM measurements. On the basis of mean
pore diameter, all the ferrite nanoparticles may be classified as
meso or micro pores, that is, NCFP and NCFU have the mean
pore diameter in the range 2−50 nm and hence can be
classified as mesopores,51 whereas NCFG with the diameter <2
nm is classified as a micropore material.
3.5. Optical Properties. The optical band gap is a

necessary factor for establishing the potential functions of a
material as an efficient photocatalyst in the visible light. UV−
vis DRS was employed because of its efficiency for examining
the optical properties and predicting the band gap of a
material. In spinel ferrites, the band structure suggests energy
which is involved to excite an electron from the O 2p orbital,
that is, valence band, to Fe 3d, that is, conduction band and the
required energy for such an electronic transition is directly
proportional to the band gap of ferrite material.52 The inset of
Figure 5 displays the DRS spectra taken in the range of 250−
1100 nm at room temperature for the purpose of band gap
determination.
The most widely used Kubelka−Munk theory is utilized to

analyze the DRS spectra. The Kubelka−Munk function F(R) is
in direct proportion to the absorption coefficient as

F R
R

R
( ( ))

(1 )
2

2

α≡ = −
(3)

where F(R) is the Kubelka−Munk function, α is the absorption
coefficient, and R is the reflectance.
The correlation between Eg and α is called as the Tauc plot,

in which Eg is the band gap of the nanoparticle.53,54 Thus from
eq 3, the Tauc relation becomes as follows

F R h A h E( ) ( )n
gν ν= − (4)

where h is the Planck’s constant, ν is the photon energy
frequency, A is the proportionality constant, and Eg is the
optical band gap. Here, n is the nature of electronic transition
occurring in the material. It has different theoretical values for
different transitions, that is, 2 for indirect allowed and 1/2 for
direct allowed transition. It is evident from the literature that
spinel ferrites are a class of materials which have a direct band
gap,55 and hence, in the present case, the value of n is taken to
be 1/2. A graph between (F(R)hν)2 versus hν (Figure 5)
known as the Tauc plot is plotted, and the unique values of the
band gap is calculated by extrapolating (F(R)hν)2 = 0. The
acquired values of band gap are tabulated in Table 3. It can be
seen that there is a significant decrease in the band gap values
from NCFG to NCFP. Generally, the band gap of a material is
governed by two important factors: “quantum confinement
effect” and “surface and inter-surface effects”. The value of the
band gap increases with decrease in crystallite size, obeying the
quantum confinement effect, and a blue shift (increase) is
observed, while inverse is the case in the surface and inter-
surface effect, which induces a red shift (decrease) in the band
gap with decreasing crystallite size.56 The variation in the
values of the band gap of our samples may be attributed to the
dominance of the surface and inter-surface effect over the
quantum confinement effect; thus, the band gap induces a red
shift (decrease) with a decrease in the crystallite size as
reported earlier.57 Similar results of the band gap with a
crystallite size can also be seen from the literature.58−60 It is
quite noticeable that the calculated values of the band gap of all
the prepared nanosamples lie in the visible range, which is a
clear indication that the samples can act as good photocatalysts
in visible light.61

3.6. Magnetic Properties. It is quite interesting to view
the impact of fuel on magnetic properties of the prepared
nano-ferrites. To determine the magnetic behavior of all the
NiCrFeO4 nanoparticles, vibrating sample magnetometer
(VSM) measurements with an applied magnetic field of ±20
kOe were done at room temperature. Typical room temper-
ature hysteresis loops for the nano-ferrites synthesized by using
different fuels are shown in Figure 6. It can be observed that
magnetization of all the nano-ferrites does not show saturation
in magnetization even at maximum applied magnetic field of
±20 kOe. Such non-saturating behavior displayed by the ferrite
materials may be due to the presence of two characteristics: (i)
antiferromagnetic and/or (ii) superparamagnetic, as suggested

Table 2. Specific Surface Area, Total Pore Volume, and
Mean Pore Diameter for NCFG, NCFU, and NCFP
Nanoparticles

s.
no. sample

specific surface
area (m2/g)

total pore volume
(cm3/g)

mean pore
diameter (nm)

01 NCFG 1.16 0.0004 1.4027
02 NCFP 90.6 0.1407 6.2118
03 NCFU 24.9 0.0761 12.251

Figure 5. Tauc plot of (F(R)hν)2 vs hν of NCF nanocatalysts (inset
shows the DRS spectra of NCF nanoparticles).
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by Desai et al.62 The magnetization Ms values were predicted
from the plot between Ms and 1/H in the high field region.
The different magnetic parameters like saturation magnet-
ization (Ms), coercivity (Hc), remanence (Mr), and squareness
ratio (S = Mr/Ms) are summarized in Table 3. The difference
in magnetic parameters is attributed to the nature of fuel used.
It can be concluded from Table 3 that the maximum value of
saturation magnetization (5.02 emu/g) is observed for the
NCFG sample, while the NCFP sample shows a minimum
value of 2.69 emu/g. It is well established that the particle size
of ferrites has a significant effect on the saturation magnet-
ization and coercivity, and the larger the particle size, the
higher will be its saturation magnetization.63 The bigger
crystallite size and high crystallinity of NCFG in comparison to
NCFU and NCFP samples as can be seen from the powder
XRD data (Table 1) therefore leads to higher saturation
magnetization of NCFG. The lower Ms value of small-sized
NCFP nano-ferrite may be due to disordered spins that are
present on the surface, which inhibits the core spin from
aligning in the direction of the field.64 An increase in the
coercivity is found from NCFP to NCFU to NCFG, which
follows the same trend as of saturation magnetization. This
variation in coercivity is related to particle size. Such a
variation in coercivity with particle size is clear evidence that
particles are in a single domain region.65,66 The increase in
coercivity with particle size can also be explained by a magnetic
anisotropic constant (K), that is, greater the value of K, larger
is the coercivity. The value of K can be calculated by using
relation67

K
M H

0.98
S C=

×
(5)

where K is the anisotropic constant, Ms is saturation
magnetization, and Hc is coercivity. The calculated values of
K are summarized in Table 3. The squareness ratio (S) is used
to establish whether the inter grain exchange exists or not.
Stoner and Wohlfarth have reported S = 0.5 for randomly
oriented non-interacting particles, while S < 0.5 for particles

that interact by magnetostatic interactions.68 In the present
investigation, S is less than 0.5 for all the samples, indicating
that interactions are magnetostatic. It is quite notable that the
nanosized and single-domain ferromagnetic powder could be
superparamagnetic with a squareness ratio (S) = 0.69 In the
present case, the small coercivity and almost zero squareness
ratio value of NCFP depicts the superparamagnetic character
of the sample due to its small particle size and uniform shape,
which is in good conformity with the results published in the
literature.70,71

3.7. Catalytic and Photocatalytic Properties. 3.7.1. Cat-
alytic Reduction of Nitroarenes. For the evaluation of
catalytic activity of the prepared nanocatalysts, that is,
NCFG, NCFP, and NCFU, reduction of nitrobenzene was
chosen as model reaction using sodium borohydride as a
reducing agent. Before optimizing the various reaction
parameters, the control experiments were carried out, one in
the presence of a catalyst and other in the absence of a catalyst.
It was observed that reaction without a catalyst did not
proceed at all, which indicates the necessity of a catalyst for the
reduction to occur. Moreover, sodium borohydride itself
cannot reduce the nitroarenes without any other additives.72

To obtain the maximum yield of the desired product,
optimization of the reduction reaction was performed with 1
mmol of nitrobenzene. Prior to the process of optimization, we
investigated various conditions including type of solvent, the
amount of catalyst, and amount of sodium borohydride.

3.7.1.1. Optimization of Various Reaction Components.
Optimization of the type of solvent: primarily, the model
reaction was examined in various solvents such as MeOH,
EtOH, CH3CN, CH3CN/H2O, H2O/EtOH, and H2O. Among
them, MeOH yielded the best results. The effect of various
solvents on the reduction of nitroarenes is given in Table 4.

Optimization of sodium borohydride: to investigate the
effect of NaBH4 on reaction conditions, different amounts of
sodium borohydride were checked (2−10 mmol). Starting
with 2 mmol of NaBH4, there was a presence of the reactant in
the reaction mixture. As the amount of NaBH4 reached 8
mmol, the presence of a reactant disappears and the same

Table 3. Values of Various Magnetic Parameters and Optical Band Gap of NCFP, NCFU, and NCFG

ferrite
nanoparticles

saturation magnetization
(Ms)(emu/g)

remanence (Mr)
(emu/g)

coercivity (Hc)
(Oe)

squareness ratio
(S = Mr/Ms)

band gap
(eV)

magnetic anisotropic constant K
(erg/cm3)

NCFG 5.02 0.91 376.5 0.180 1.60 1928.6
NCFP 2.69 0.11 108.6 0.004 1.50 298.1
NCFU 3.56 0.91 299.2 0.255 1.56 1086.9

Figure 6. Room temperature hysteresis loops for NCF nanocatalysts.

Table 4. Effect of Different Solvents on the Reduction of
Nitroarenesa Catalyzed by the NCFP Nanocatalyst

s. no. solvent time (min) yieldb (%)

1 ethanol 10 40
2 EtOH + H2O (1:1) 10 60
3 MeOH 10 95
4 ACN 10 20
5 ACN + H2O (3:0.3) 10 50
6 H2O 10 no reaction

aReaction conditions: nitrobenzene (1 mmol), NaBH4 (8 mmol),
nanocatalyst (12 mg, 0.05 mmol), MeOH (5 mL) at RT. bIsolated
yield: refers to yield after column chromatography (eluent: EtoAc/
hexane 3:10).
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result is obtained with 10 mmol, which indicates that 8 mmol
of NaBH4 was enough to carry out the reaction at room
temperature. The effect of NaBH4 can be seen in Table 5.
Thus, the optimum value of sodium borohydride for carrying
out reaction efficiently is 8 mmol, and hence, the same amount
was used for all the reactions.

Optimization of a nanocatalyst: to find out the optimum
amount of a catalyst required for the reduction of nitroarenes,
the amount of a catalyst was optimized for the model reaction.
The catalyst NCFP was used for optimization because of its
higher surface area and smaller crystallite size. In this case,
various amounts (0.02−0.15 mmol) were tested to obtain a
maximum yield. 0.05 mmol of the catalyst was found to give
excellent yield, and further increase in the catalyst did not
increase the yield considerably. Therefore, the optimized value
of the catalyst is 0.05 mmol or 12 mg. Table 6 depicts the
effect of different amounts of the catalyst on the model
reaction.

In summary, these observations showed that the best result
for the reduction of nitrobenzene was obtained under
conditions of ArNO2 (1 mmol), NaBH4 (8 mmol), and
catalyst (12 mg or 0.05 mmol) in MeOH (5 mL) at RT
(Scheme 2).
3.7.1.2. Extent of Catalytic Activity on Different Nitro-

arenes. Different nitro analogues were also used for the

purpose of reduction in order to investigate the catalytic
activity of prepared nano-ferrites. In all the nitro substrates,
reaction conditions were kept the same as that of the model
reaction and progress of the reaction was monitored by the
TLC (eluent; EtOAc/hexane: 3/10). All the structures of
amino arenes were elucidated by 1HNMR and 13CNMR, and
data are given in Supporting Information Section S1. (1−9).
Observed data of reduction of various nitro analogues are given
in Table 7.

3.7.1.3. Comparative Effect of NCFG, NCFP, and NCFU on
the Catalytic Reduction of Nitroarenes. The reduction of
nitroarenes with optimized conditions was checked for all the
nano-ferrites prepared using different fuels. Here, in catalytic
activity, a noticeable change has been observed. It was found
that among the three catalysts, NCFP was giving the best yield
of 95% in 10 min, which may be due to its high surface area.
With NCFG as a catalyst, the yield is about 30% in 10 min.
The low yield of the reaction product is mainly due to its very
low surface area. While an increase in the yield was noticed
with NCFU as catalyst but less than the NCFP giving 50% in
10 min as its surface area is intermediate between the two.
Comparison of different NCF nanocatalysts is shown in Table
8. Our results of reduction of nitroarenes catalyzed by a NCFP

Table 5. Effect of Concentration of NaBH4 on the
Reduction of Nitroarenesa Catalyzed by NCFP Nano-
Ferrites

s. no. NaBH4 (mmol) time (min) yield (%)b

1 2 10 20
2 4 10 50
3 6 10 70
4 8 10 95
5 10 10 95

aReaction conditions: nitrobenzene (1 mmol), nanocatalyst (12 mg,
0.05 mmol), in (MeOH 5 mL) at RT. bIsolated yield: refers to yield
after column chromatography (eluent: EtoAc/hexane 3:10).

Table 6. Effect of Different Amounts of the Catalyst on the
Reduction of Nitroarenesa Catalyzed by the NCFP
Nanocatalyst

s. no. catalyst concentration (mmol) yield (%)b

1 NCFP 0.02 60
2 NCFP 0.05 95
3 NCFP 0.1 95
4 NCFP 0.15 95

aReaction conditions: nitrobenzene (1 mmol), NaBH4 (8 mmol),
nanocatalyst, MeOH (5 mL) at RT. bIsolated yield: refers to yield
after column chromatography (eluent: EtoAc/hexane 3:10).

Scheme 2. General Reaction for Reduction of Nitroarenes
to Aminoarenes

Table 7. Substrate Scope for the Reduction of Nitroarenesa

to the Corresponding Aminoarenes Using NaBH4 Catalysed
by the NCFP Nanocatalyst

aReaction conditions: nitrobenzene (1 mmol), nanocatalyst (12 mg,
0.05 mmol), NaBH4 (8 mmol) in (MeOH 5 ml) at RT. bIsolated
yield: refers to yield after column chromatography (eluent; EtOAc/
hexane 3:10).
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nanocatalyst were found to be much better than those reported
earlier (Table 9).

3.7.1.4. Potential Mechanism for Reduction of Nitro-
arenes. It is well established from the literature that spinel
ferrites offer more fascinating catalytic activity in comparison
to single component metallic oxides.73 Mainly, catalytic activity
depends upon the composition of a nanocatalyst. As reported
earlier, for spinel ferrites, the catalytic performance depends on
a number of factors like particle size, morphology of the
nanocatalyst, surface area, redox nature of metal ions, and their
distribution between tetrahedral (A) and octahedral (B) sites
of cubic spinel crystal lattice. The metal ions which are present
in the octahedral site play an important role in catalysis. This
can be attributed to the well-known fact that octahedral sites
are found to be exposed on the surface. In addition to this,
metal ions present at octahedral sites are located at larger
distances from which they can freely interact with the reactant
molecules.74 In the NCF nanoparticles, the Ni2+ ions
preferably occupy the octahedral sites, which enhances the
catalytic activity for the NCF ferrites.75 NaBH4 dissolves in
methanol and ionizes, generating BH4

− ions. These BH4
− ions

diffuse toward the catalyst and get adsorbed onto the NCFP
nanocatalyst surface, which results in the formation of a
metal−hydride (M−H) complex. Moreover, adsorption of
nitro aromatic compounds onto the surface of the catalyst also
takes place with reversible adsorption and desorption. Then,
the hydride transfer from the M−H complex to nitroarenes
takes place.72,76 The hydride transfer was possible due to the
presence of metal ions in the octahedral sites, wherein an
electron transfer takes place between the ions present at the
octahedral site. The nitroarenes reduces to their corresponding

amino arenes, followed by desorption of the final product from
the catalyst surface. The surface of catalyst turns out to be free
for further reaction. Figure 7 shows the pictorial representation
of a possible mechanism.

3.7.2. Photo-Oxidative Degradation of Dye. The major
type of pollutants present in the waste water from textile
industries is the dye pollutants. Therefore, to investigate the
photocatalytic behavior of the prepared nano-ferrites photo-
oxidative degradation of model dye RhB is carried out under
visible light.

3.7.2.1. Control Experiments. Different components used in
the photo-oxidative degradation of RhB are hydrogen peroxide
(H2O2), ferrite catalyst (NCFP), and a source of visible light.
Before optimizing the reaction conditions, various sets of
control experiments were done to visualize the role of different
components on the photo-degradation of RhB. Reactions were
done to study the individual effect of hydrogen peroxide
(H2O2), NCF nanoparticles, and visible light on degradation of
RhB. Figure 8a displays the various sets of experiments in the
presence of dye + light only, dye + light + H2O2, NCFP + dye
+ light, and NCFP + dye + light + H2O2. It can be depicted
from Figure 8a that degradation efficiency is very less (1.2%),
when the reaction was performed with dye + visible light only.
The degradation of RhB increases slightly when the reaction
was carried out in the presence of only NCFP catalyst/H2O2
only, that is, 4.66 and 5.04%, respectively. This negligible
degradation of RhB observed with H2O2 only is due to the
limited oxidation capability of H2O2 (E

o = 1.76 V/SHE).77,78

Degradation efficiency increased and reached a value of 92%,
when the reaction was carried with dye + NCFP + H2O2 in the
absence of visible light. It should be pointed out here that the
degradation of RhB even in the presence of a NCFP catalyst is
not enhanced unless the H2O2 is added in the reaction mixture.
Usually in Fenton or Fenton-like reactions, the Fe2+ is oxidized
by the H2O2 and the strongest oxidant, that is, OH• radicals
are formed as an intermediate product, which can oxidize most
of the organic pollutants in the water.79 This 92% degradation
of RhB in dark conditions clearly demonstrates that the NCFP
nanocatalyst is an efficient heterogenous catalyst for Fenton or
Fenton-like reactions. Further, under the illumination of visible
light, the degradation efficiency improved to a maximum value
of 99%, which could be due to the synergistic effect of
photocatalysis and heterogeneous Fenton-like catalysis. Since
the maximum efficiency of degradation was obtained under the

Table 8. Comparison of Different Ferrites as Catalysts for
the Reduction of Nitrobenzenea to Aniline

s. no. catalyst reaction time yield (%)b

1 NCFP 10 95
2 NCFU 10 50
3 NCFG 10 30

aReaction conditions: nitrobenzene (1 mmol), NaBH4 (8 mmol),
nanocatalysts (12 mg, 0.05 mmol), MeOH (5 mL) at RT. bIsolated
yield: refers to yield after column chromatography (eluent: EtoAc/
hexane 3:10).

Table 9. Comparison of Catalytic Activity of NCFP Nanocatalysts with Some Recent Published Work
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illumination of visible light, all the components were optimized
under the visible light-assisted degradation of RhB.
3.7.2.2. Optimization of Various Components. To obtain

the optimal amount of different components like initial dye
concentration, catalyst loading, and H2O2 dosage toward
maximum degradation efficiency, optimization of these
components was done for the photo-oxidative degradation of
RhB dye using NCFP nanoferrite as a catalyst.
Catalyst loading: to determine the best and optimum

amount of the catalyst required for maximum degradation
efficiency, the concentration of the NCFP catalyst was varied
from 0.25 to 1.25 g/L by keeping all the other components

constant (H2O2 = 1 mL, [dye] = 15 mg/L, 100 mL solution).
In the beginning, with the increase in concentration from 0.25
to 1 g/L of the NCFP catalyst, the degradation efficiency
increases from 82 to 99% in 30 min. This is because of the
increase in the number of active sites of the catalyst. However,
further increment in the concentration of the NCFP catalyst
slows down the degradation process and degradation efficiency
decreases from 99 to 96 and 95% for 1.25 and 1.5 g/L. The
reason for this slow degradation is the increase in the turbidity
of the reaction solution, which leads to lesser penetration of
light and thereby slowdown of the process.80 Since the
maximum degradation efficiency is recorded with 1 g/L

Figure 7. Pictorial representation of the mechanism of reduction of nitrobenzene to aniline.

Figure 8. (a) Control experiments for the degradation of RhB dye, optimization of various reaction parameters: (b) catalyst dosage, (c) H2O2, and
(d) initial dye concentration toward maximum degradation of RhB.
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concentration, all the degradation reactions were done with 1
g/L concentration of the NCFP catalyst. The variation of the
NCFP catalyst with degradation efficiency is given in Figure
8b.
H2O2 dosage: the oxidant dosage also plays an important

role in the photo-oxidative degradation of dyes. To investigate
the optimum amount of H2O2, the reactions were performed
with different concentrations of H2O2 (0.5, 1 and 1.5 mL),
while all other variables were kept constant ([dye] = 15 mg/L,
NCFP catalyst = 1 g/L). The increase in the degradation was
observed when the amount increases from 0.5 to 1 mL, which
might be due to increase in the number of OH• produced,
while above 1 mL scavenging of active OH• occurred, as
shown in eqs 6 and 7, which drops the degradation efficiency
to a lower value.81,82 The variation of different quantities of
H2O2 with degradation efficiency is displayed in Figure 8c.

OH H O H O HOO2 2 2+ → +• •
(6)

OH HOO H O O2 2+ → +• •
(7)

Therefore, the maximum efficiency was achieved with 1 mL
of H2O2. Hence, this amount was taken as the optimized one
and used for other reactions.
Initial dye concentration: to study the effect of initial dye

concentration on the degradation efficiency, various initial
concentrations (15 and 20 mg/L) of RhB dye were taken.
However, all the other variables are kept constant, that is,
H2O2 = 1 mL, NCFP catalyst = 1 g/L. Higher degradation
efficiency was obtained for 15 mg/L within 30 min and the
degradation efficiency decreased for the concentrations above
15 mg/L. The photo-degradation of different concentrations of
RhB is shown in Figure 8d The decrease in the degradation
efficiency for 20 mg/L concentration dye can be explained
based on the fact that the production of hydroxyl radicals
(OH•) in the solution was limited and the quantity of dye
molecules was increased, which reduces the degradation
efficiency for higher concentrations. Another reason for
reduced degradation efficiency might be described by the
Beer−Lambert law, according to which, with increase in the
dye concentration, a decrease in the path length of photons
entering solution was observed, which reduces the degradation
efficiency.83,84 Since the maximum efficiency is observed with

15 mg/L therefore, this concentration was taken as the
optimized concentration for the remaining reactions.
Furthermore, the same optimized conditions were utilized

for MB, MO, and mixture of dyes (RhB, MO, and MB).
3.7.2.3. UV−Visible Spectroscopy. The UV−visible absorp-

tion maxima for RhB, MB, and MO dye were observed at 554,
664, and 464 nm, respectively, which gradually decreases down
with an increase in time irradiation and almost disappears with
NCF nanoparticles as catalysts. In addition to this, diminishing
of the peak at absorption maxima is observed without the
appearance of a new band in the UV or visible region,
indicating the complete degradation of organic dyes. The rapid
decrease in the intensity of the peak may be attributed to the
breakdown of chromophores which are responsible for color in
dyes. The graph of degradation of RhB using the optimized
conditions is shown in Figure 9. The degradation efficiency (%
degradation) at given time is calculated using the relation85

A A
A

% degradation 100to

o
=

−
×

i
k
jjjjj

y
{
zzzzz (8)

where Ao is the initial absorption intensity of the dye solution
and At is the absorption intensity at time “t”.

3.7.2.4. Mechanism of Fenton and Photo Fenton-like
Degradation of RhB Dye. Fenton-like catalysis: the oxidative
degradation of RhB dye occurs by a Fenton-like process by the
addition of H2O2 and NCFP nanoparticles. As discussed
earlier, the degradation efficiency in the dark or Fenton-like
process is 92%, which might be due to the presence of active
metal ions at octahedral sites and high surface area of the
NCFP nanoparticles. It is the metal ions in the NCFP which
are responsible for the decomposition of H2O2, improving the
degradation up to 92% even in the absence of visible light. The
Fe3+ active sites on the surface of a NCFP catalyst were
reduced to form Fe2+ active sites, which then reacted with
H2O2 to produce Fe3+ and OH• radicals.86 The conversion of
Fe3+ to Fe2+ is greatly enhanced by the Cr2+ ions, which could
be produced by the reduction with H2O2 or HO2

• (eqs
9−12).87

H O Fe Fe OH OH2 2
2 3+ → + ++ + • −

(9)

OH RhB degraded product+ →•
(10)

Figure 9. Typical UV−visible spectra for the photo-oxidative degradation of RhB.
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HO Cr Cr O H2
3 2

2+ → + +• + + +
(11)

Fe Cr Fe Cr3 2 2 3+ → ++ + + + (12)

Thus, in the dark conditions, a Fenton-like heterogenous
catalysis is observed and hence the degradation of RhB occurs.
Photo-Fenton or photo-oxidative degradation: the pictorial

diagram of the mechanism of degradation of dye is shown in
Figure 10. In addition to the Fenton-like reaction or in the
dark condition, when the reaction is carried out under the
visible light, the degradation efficiency increases to 99%.
Initially the visible light falls on the NCFP photocatalyst
surface, which activates NCFP, and pairs of ecb

−/hvb
+ are

generated because of its narrow band gap energy (1.5 eV).
When the visible light is absorbed by the NCFP nanocatalyst,
electrons from the valence band get excited and migrated to
the conduction band, while the holes are left in the valence
band.88 The photogenerated hvb

+ in the valence band combines
with the water molecules to form OH•, which is responsible for
degradation of RhB dye or can direct oxidize the dye.89

Moreover, the photogenerated electrons in the conduction
band of NCFP nanoparticles combines with the adsorbed O2
molecules to form O2

−•, which directly reacted with the dye or
combined with H2O2 to produce OH•,80 which degrade the
dye and the reaction solution become colorless, as shown in
Figure 9. Thus, the photo-degradation efficiency of the
hazardous and toxic dyes is enhanced by photo-Fenton-like
process due to generation of more amounts of OH• radicals.
Hence, it can be concluded that overall photodegradation of
dyes is due to the combined effect of Fenton-like
heterogeneous catalysis and photocatalysis.
3.7.2.5. PL Properties. Photocatalytic activity has a strong

correlation with the PL intensity, that is, the lower the PL
intensity, the higher will be the photocatalytic performance and
vice versa.90 The PL spectra of nanocatalysts were recorded at
room temperature with excitation wavelength of 325 nm and
displayed in Figure 11. Mostly, the PL spectroscopy is
employed to study the transfer, migration, and recombination
processes, as these originate from the recombination of free
charge carriers, that is, ecb

−/hvb
+.91 It is observed from the PL

spectrum that the all the NCF nanocatalysts show an emission
peak at 653 nm in the visible region. It is concluded from the
literature that the PL emission intensity is the result of
recombination of photogenerated charge carriers.92,93 NCFG
gives the highest intensity peak in the PL spectrum ,which is
due to the highest rate of recombination of electron−hole and
hence shows the least photocatalytic activity.94 Furthermore, a
decrease in the intensity of NCFU is observed and photo-
catalytic activity changes accordingly. A significant decrease is
seen in the peak intensity of the sample NCFP nanoparticle,

indicating effective suppression of photogenerated charge
carriers.

3.7.2.6. Comparative Effect of NCF Nano-Ferrites on
Photocatalytic Degradation of Organic Dyes and Their
Mixture. The comparative effect of the nano photocatalysts,
that is, NCFP, NCFU, and NCFG was studied on the
photocatalytic degradation of RhB, MB, MO, and their mixture
using optimized reaction conditions, the results of which are
presented in Figure 12. It was observed that the degradation
efficiency of individual dye was highest with NCFP (99%) in
30 min for RhB, 50 min for MB, and 115 min for MO dye. For
a NCFU catalyst, the 99% of degradation was achieved for RhB
in 85 min, 75 min for MB, and 160 min for MO dye. The
NCFG catalyst did not degrade RhB dye completely and
reached a limiting value of 27% in 220 min, and only 2−3% of
degradation was achieved for MO and 2% for MB in 130 min,
after which the degradation % remained constant. The
difference in degradation efficiency of different photo-catalysts
can be explained on the basis of surface area, band gap, and PL
spectra. The highest surface area is observed for the NCFP,
and the same trend was observed in the photodegradation of
the dyes because catalytic activity is largely dependent on the
surface area.47 Furthermore, it is well known in the literature
that the lower the band gap, the higher is the photocatalytic
activity due to facile excitation of photogenerated elec-
trons.95,96 As the band gap value for NCFP is smaller than
all the other photocatalysts, this could be the reason for its
higher photocatalytic activity. Also, the highest photocatalytic
activity of NCFP is supported by the PL studies. The PL
emission intensity results from the recombination of photo-

Figure 10. Pictorial representation of the mechanism of degradation of dyes with NCFP as a catalyst and H2O2 as an oxidant.

Figure 11. PL spectra of NCFP, NCFG and NCFU recorded at room
temperature.
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generated ecb
−/hvb

+. As discussed earlier, the lower PL intensity
in the case of NCFP enhances the photodegradation of dye,
suppressing the combination of electrons and holes, and thus
provides a large number of charge carriers for the reaction.
Hence, from the abovementioned discussion, the best catalyst
for photo-oxidative degradation of organic dyes in their unitary
solutions is NCFP and shows tremendous activity.
In the case of the mixture of dyes, the NCFP nanocatalyst

degrades MB and RhB completely in 50 and 55 min,
respectively, whereas the MO dye degraded up to 89% in 55
min and further exposure of light did not cause any change in
the absorbance of MO dye (Figure 12d). Here, in the case of
NCFU, the same trend is observed for MO in the mixture of
dyes, that is, only 84% degradation was achieved and thereafter

remained constant, whereas MB and RhB dyes were
completely degraded in 70 and 80 min, respectively. The
NCFG catalyst did not show much degradation (RhB = 4%,
MO = 11%, MB = 2%). It may be noted that compared to
other two dyes, MO is not completely degraded by NCFP and
NCFU, indicating clearly that the degradations of these dyes
would be competitive reactions due to their cationic and
anionic nature.97 As the NCFP and NCFU catalysts are
supposed to be electron-abundant materials, which can easily
attract the cationic dye involving RhB and MB, MO dye is not
degraded completely and is considered to be anionic in nature.
The photocatalytic performance of the catalyst NCFP was
found to be superior to the catalysts reported in the literature,
and their comparison is shown in Table 10.

Figure 12. Comparison of NCF nanocatalysts with different dyes and time: (a) RhB, (b) MB, (c) MO, and (d) time-dependent spectral changes in
photodegradation of mixture of dyes (RhB, MO, and MB) with NCFP as a catalyst.

Table 10. Comparison of Photocatalytic Activity of the NCFP Catalyst with Some Published Photocatalysts

s.
no catalyst reaction condition degradation time (min)/degradation (%) references

1 Ni0·4Cu0·6Fe2O4 RhB = 9 mg/L, pH = 2, H2O2 210/99 31
2 NiFe2O4@HAp-Sn2+ RhB = 10 mg/L, H2O2 40/99 32
3 NiFe2O4@SiO2 RhB = 10 mg/L, pH = 7, H2O2 480/72.8 33
4 NiFe2O4 RhB = 10 mg/L, pH = 3 oxalic acid 60/98.7 34
5 CoFe2O4-rGO RhB = 25 mg/L, MB = 30 mg/L and

MO = 20 mg/L, H2O2

120/99 (mixture) 35

6 NiFeCrO4 RhB, MB, MO = 15 mg/L, H2O2 30/99 (RhB), 55/99 (RhB in the mixture), 50/99 (MB in the
mixture), 55/89 (MO in the mixture)

this work
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3.8. Recyclability and Stability of the NCFP Catalyst.
Recycling of the catalyst is a very important factor for
heterogeneous catalytic reactions. Recyclability of the catalyst
in both reduction and photo-oxidative degradation reaction
was tested. In reduction, nitrobenzene was chosen as the
reactant for recyclability reaction. The NCFP catalyst was
recovered by simple filtration and washed with water and
ethanol several times to remove any absorbed organic
compound and then dried in an oven before use for the next
cycle. Also, the amount of the reactant taken in the next cycle
was adjusted according to the recovered catalyst. For up to
three consecutive cycles, a slight decrease in yield from 95% to
91% was observed, which clearly indicates that the catalyst can
be used again and again (Figure 13a). In photo-oxidative
degradation, RhB dye was chosen as the model dye, and the
catalyst was recovered by centrifugation and then washed with
water and ethanol to remove any dye molecules. Before using
in the next cycle, the catalyst was heated in an oven at 120 °C
for 1 h to remove water from the catalyst. The degradation
efficiency decreased from 99% to 89% in three cycles,
demonstrating the stability of the catalyst. The XRD
diffractograms of the recovered samples are shown in Figure
13b. From the XRD graphs, it can be depicted that no
deformation in the catalyst phase was observed and possibility
for a slight decrease in catalytic activity due to the leaching of
metal ions is ruled out. The decrease in catalyst activity might
be due to the loss of the sample during the separation
process.98

4. CONCLUSIONS
NiCrFeO4 ferrite nanoparticles have been successfully
synthesized by the combustion method using glycine
(NCFG), PVA (NCFP), and urea (NCFU) as fuel. In spite
of the same composition, a significant variation in the
structural, morphology, surface, optical, magnetic, and catalytic
properties has been found. Among the prepared nanoparticles,
NCFP was found to possess the lowest particle size (5.5 nm)
and highest surface area (90.9 m2/g), while the highest Ms and
coercivity values were shown by NCFG nanoparticles. Due to
its higher surface area and low band gap, NCFP showed
excellent catalytic activity for reduction of nitroarenes at room
temperature in 10 min with good yield and about 99%
photodegradation of RhB in quick time (30 min) [MB (50
min) and MO (115 min)]. Moreover, the NCFP nanocatalyst

was found to be degrading the mixture of dyes (RhB, MO, and
MB) quite efficiently in less time as compared to NCFU and
NCFG. The stability and recyclability with no significant loss
in catalytic and photocatalytic performance up to three runs
made it a versatile candidate for industrial use and for cleaning
of the environment.
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