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ABSTRACT: In the present paper, nanocrystalline samples of
NiCrFeO4 were synthesized by the combustion method using
different fuels such as glycine, urea, and poly(vinyl alcohol) and
subjected to heat treatment at different temperatures of 600, 700,
800, and 1000 °C for 6 h. The formation of phases with highly
crystalline structures was confirmed by XRD and Rietveld
refinement analysis. The optical band gap of NiCrFeO4 ferrites
lies in the visible range, making them suitable photocatalysts. BET
analysis reveals that the surface area of the phase synthesized using
PVA is much higher than that synthesized using other fuels at each
sintering temperature. In addition, there is a significant decrease in
the surface area with sintering temperature for the catalysts
prepared using the fuels PVA and urea, while it almost remains
constant in the case of glycine. Magnetic studies demonstrate the dependence of saturation magnetization on the nature of the fuel
and on the sintering temperature; moreover, the coercivity and squareness ratio confirm the single domain nature of all the
synthesized phases. We have also performed photocatalytic degradation of the highly toxic Rhodamine B (RhB) dye by employing all
the prepared phases as photocatalysts using the mild oxidant H2O2. It is observed that the photocatalyst prepared using PVA as the
fuel exhibited the best photocatalytic activity at all sintering temperatures. All the three photocatalysts prepared using different fuels
showed a decrease in the photocatalytic activity with increasing sintering temperature. From the chemical kinetic point of view, the
degradation of RhB by all the photocatalysts was found to follow pseudo-first-order kinetics.

1. INTRODUCTION
Nowadays, not only human health but also the environment is
seriously threatened by the utility of hazardous chemical
substances in industries. Effluents from various types of
industries such as paper, leather, textiles, and pharmaceuticals
have been constantly polluting the water sources by
discharging different organic/inorganic hazardous wastes.
Dyes are used worldwide mainly in the textile, printing, and
leather industries. The wastewater from these industries
encompasses several numbers of pigments.1 Extreme water
pollution has a negative impact on the human health, other
living organisms, and the natural environment, so problems
related to the deterioration of usable water are notoriously
noticeable.2,3 A look at the organic dyes often employed in
industries demonstrates how their effluents play a critical role
in polluting water sources. Most recently, some different
methods and advanced techniques such as ozonization,
adsorption, biodegradation, chemical oxidation, and photo-
catalysis have been considered to solve the problem of
elimination of highly toxic organic dyes and hazardous

pollutants from water sources.4 However, all these methods
except photocatalysis are not so widely used due to their high
cost, low skill, and sludge generation, but heterogeneous
photocatalysis is a commonly used technique for hazardous
effluent disposal.5 Therefore, photocatalytic nanomaterials are
the best candidates for degrading hazardous pollutants, as they
can fully mineralize them into CO2 and H2O without any
byproducts.6 Semiconductor catalysts have commonly been
used for the degradation of dyes from wastewater, e.g., metal
oxides/sulfides/nitrides, etc.7 Among these semiconducting
materials, metals and metal oxides have been the most
attractive for several reasons.8 In addition to the simple
metallic oxides, many researchers have reported that noble
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metal nanoparticles are excellent catalysts due to the presence
of surface plasmon-driven catalysis, which can be further
developed as suggested by various co-workers.9−11 However,
the use of noble metal nanoparticles as catalysts is not yet
economically enough. In particular, ferrites have proven to be
potential photocatalysts for the exclusion of organic dyes,
pigments, and other harmful pollutants due to their advanta-
geous properties such as large surface area with better stability,
narrow optical band gaps, high surface-to-volume ratio, and
adsorption behavior.12 In general, ferrites have been broadly
categorized into spinel ferrite, garnet ferrite, hexaferrite, and
orthoferrite. Spinel ferrites are very frequently attractive
magnetic nanoparticles owing to their distinctive benefits
such as simple chemical composition and easy and eco-friendly
synthetic techniques, where they can be utilized in different
types of applications including data storage devices, bio-
medicine, gas sensor, magnetic drug delivery, catalysis, and
photocatalysis for wastewater treatment13,14 The physical and
chemical features of ferrites may be altered or enhanced by
suitable doping of various magnetic and nonmagnetic ions into
their crystal lattice. The improvement in their properties can
be attributed to the distribution of divalent and trivalent ions
in the tetrahedral (A) and octahedral (B) sites of the spinel
ferrite structure.15 In addition to this, various synthesis
techniques and heat treatment at different temperatures also
led to improvement in the physical and chemical properties of
ferrites. Different synthetic methods have been proposed to
synthesize nanocrystalline spinel ferrites, such as aerosol route,
ball milling, coprecipitation, hydrothermal, microwave, mecha-
nochemical, reverse micelle, sol−gel, citrate precursor,
solvothermal, and combustion methods,16 while the combus-
tion process is of great value due to its potential benefits siuch
as fast production rate, low manufacturing cost, and simple
synthesis procedure. Moreover, the most significant means to
achieve the desired size and single-phase nanoparticles is to
heat-treat the synthesized nanoparticles at higher sintering
temperatures. The most likely merits of the sintering process
are the exclusion of impurities or impure phases, the increase
in crystallite size, and an increase in the densities of
nanoparticles, which can improve the various physical and
chemical properties of the ferrites.

Nickel ferrite (NiFe2O4) has attracted the attention of the
whole scientific community due to its potential properties such
as high magnetocrystalline anisotropy and magnetic saturation,
lower optical band gap, enhanced catalysis and photocatalysis,
etc.17 High magnetic saturation has been displayed by NiFe2O4
nanoparticles due to their large surface area and small
crystallite size.18 The lower values of direct and indirect
optical band gaps (1.55 and 1.7 eV, respectively) were
observed for nickel ferrite nanoparticles exhibiting nano-
octahedron morphology with higher magnetic saturation.19

There are several reports on the influence of sintering
temperature on different properties of ferrites. Magnetization
saturation, coercivity, and magnetic remanence of NiFe2O4
nanoparticles synthesized by the coprecipitation method
increase with increasing sintering temperature.20 On heating
Ni0.5Zn0.5Fe2O4 from 700 to 1000 °C, there is a decrease in the
optical band gap, while magnetic saturation shows an increase
with increasing crystallite size.21 The magnetic saturation and
coercivity of NiFe2O4 primarily increase with an increase in the
calcination temperature from 400 to 700 °C and then decrease
at last with an increase from 700 to 800 °C due to transition
from a single domain to a multidomain structure.22 Various

magnetic parameters were tuned by employing a heat
treatment at higher temperatures, where the magnetization
saturation and remanence show an increasing trend with
increasing temperature, depending on the crystallite size, while
the coercivity shows an increase in the beginning and then
starts decreasing.23,24 Aisida et al.25 showed the impact of both
the calcination temperature and different fuels on the
microstructural and magnetic properties of ZnFe2O4. More-
over, the doping of Cr3+ ions causes a significant change in the
structural, magnetic, and optical properties of NiFe2O4
nanoparticles. The saturation magnetization in NiCrxFe2−xO4
(x = 0.1 and 0.2) increases as the grain size increases with a
decrease in the number of pores.26 Furthermore, the increase
in the chromium concentration appreciably lowers the optical
band gap in NiCrxFe2−xO4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5),
while a decrease was observed in the magnetic saturation
values.27 As the spinel ferrites are proven to be in demand for
treating various types of organic pollutants due to their
numerous fascinating properties therefore, they have been
explored by a number of researchers. Despite the same
composition, there are large differences in the photocatalytic
activity of NiFe2O4, as reported by Dhiman et al.28 The
authors described that the ability to degrade the organic dye is
strongly dependent on the morphology, surface area, and band
gap. Liu et al.29 have utilized nickel ferrite nanoparticles as
photocatalysts in oxalic acid-assisted degradation of rhodamine
B and found the photocatalyst to be very stable, highly active,
and easy separable from the reaction mixture. Moreover, there
are a number of reports on the effect of sintering temperature
on photocatalytic degradation of various organic dyes, and it
was observed that the photodegradation efficiency decreases
with an increase in the sintering temperature. With an increase
in the annealing temperature, the photocatalytic efficiency in
CuFe2O4, CoFe2O4, and ZnFe2O4 decreases, as explained on
the basis of surface area, band gap, and crystallite size.14,30,31 In
contrast, Swathi et al.32 confirmed that the photocatalytic
activity of CoFe2O4 toward methylene blue first increases from
300 to 400 °C and then decreases with increasing sintering
temperature, which can be explained based on the surface area
and band gap.

To the best of our knowledge, we did not find any report on
ferrite nanoparticles dealing with the effect of different fuels
and sintering temperature on the photodegradation of organic
dyes. Moreover, the photocatalytic activity of ferrite nano-
particles can further be improved by doping Cr3+ at the Fe3+
site, as Cr3+ promotes the conversion of Fe3+ to Fe2+ and
eventually, Fe2+ causes a photo-Fenton-type reaction, which is
responsible for photodegradation. With this in mind, a
systematic study is done on the influence of different sintering
temperatures on different properties of Ni-Cr ferrites
synthesized with different fuels. The present work deals with
the effect of different fuels and sintering temperatures on the
structural, optical, magnetic, and photocatalytic properties of
NiCrFeO4 ferrites. For the photocatalytic degradation, the dye
RhB is used as a model pollutant. The comparative effect of the
prepared phases on photocatalytic degradation is studied on
the basis of surface area, PL spectroscopy, and optical band
gap.

2. EXPERIMENTAL SECTION
2.1. Materials and Instruments. For the synthesis of

NiCrFeO4 nanoparticles, all the chemicals used were analytical
grade. Various metal nitrates such as iron nitrate nonahydrate
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(Fe(NO3)3·9H2O), chromium nitrate nonahydrate (Cr-
(NO3)3·9H2O), and nickel nitrate hexahydrate (Ni(NO3)2·
6H2O) and different fuels such as glycine (NH2CH2COOH),
urea (NH2CONH2), and poly(vinyl alcohol) (PVA) (C2H4O)
have been used. For the purpose of photocatalytic activity,
Rhodamine B (C28H31N2O3Cl) and hydrogen peroxide (H2O2,
27% w/w) were used. All of the chemicals were bought from
Alfa Aesar and used as received with no additional purification.
The structure of the synthesized phases was characterized
using an X-ray diffractometer (Rigaku Smart Lab 9kW rotating
X-ray diffractometer) in the range of 10−100°. FTIR spectra
were recorded with a Shimadzu Prestige-21 spectrophotometer
by employing pressed KBr pellets. Morphological (FESEM)
and elemental analyses (EDX) were performed on a Zeiss
GeminiSEM. BET studies were performed to determine the
specific surface area using an instrument (BELSORP MINIX)
after preheating the samples at 100 °C for 5 h. To examine the
optical behavior of the prepared samples, photoluminescence
emission spectra were obtained at room temperature using a
fluorescence spectrophotometer (Hitachi, F-4700) equipped
with an Xenon lamp as an excitation source. To explore the
magnetic response of the prepared samples, M vs H
measurements were done at room temperature using a Lake
Shore 7410-series VSM. DRS spectra for determination of the
optical band gap and time-dependent spectra of RhB dye
degradation were recorded by UV−vis spectroscopy using a
UV-vis-NIR spectrophotometer (PerkinElmer, model Lambda
1050+).
2.2. Fabrication of NiCrFeO4 Nanoparticles Using

Combustion Synthesis. The fabrication of Ni-Cr ferrites was
done using the combustion method; the details have been
described in our earlier reported work.33 Briefly, different
reactants Ni(NO3)2, Fe(NO3)3, and Cr(NO3)3 and fuels were
taken in a molar ratio of 1:1:1:x, where x = 4, 4.44, and 6.66
for PVA, glycine, and urea, respectively. The metal nitrates and
fuels were dissolved in distilled water in two separate beakers
and then stirred individually on a magnetic stirrer for about 30
min. The two solutions were mixed together and stirred further
for 1 h until a homogeneous solution was formed. The
resulting solution was then placed on a hot plate preheated at
100−120 °C for the creation of a gel. The resulting gel was
heated in an oven at 250 °C for the combustion reaction to
take place, resulting in a bulky and voluminous mass in the
beaker. The ferrites produced in this way were then subjected
to a heat treatment in a muffle furnace at 600, 700, 800, and
1000 °C for 6 h in each case. Finally, the sintered ferrites were
ground into a fine powder in an agate mortar and pestle. The
Ni-Cr ferrite nanoparticles synthesized with glycine were
named as NCFG-1, NCFG-2, NCFG-3, and NCFG-4
according to their sintering temperatures of 600, 700, 800,
and 1000 °C, respectively. In the same way, ferrite nano-
particles synthesized with urea and PVA were named as
NCFU-1, NCFU-2, NCFU-3, and NCFU-4 and NCFP-1,
NCFP-2, NCFP-3, and NCFP-4, respectively. The prepared
Ni-Cr ferrites were called collectively as NCFPs, NCFUs, and
NCFGs in the cases of the fuels PVA, urea, and glycine,
respectively.
2.3. Procedure for Photo-Fenton Degradation of

Rhodamine B. The photocatalytic degradation of Rhodamine
B was carried out in a self-designed UV−visible reactor
chamber using all the prepared nanoparticles under a 250 W
visible lamp. To do this, 100 mL of the RhB dye solution (15
mg/L) was placed in a 400 mL beaker. To achieve the

adsorption−desorption equilibrium, 100 mg of the photo-
catalyst was added, and the solution was then stirred in the
dark for 1 h. Additionally, 1 mL of H2O2 was added to the
above-mentioned solution, followed by visible light irradiation.
After fixed time intervals, 3 mL of sample solution was taken
from the reaction mixture and immediately centrifuged to
remove any catalyst. Any changes in the RhB concentration
were noted using an UV−visible spectrophotometer.

3. RESULTS AND DISCUSSION
3.1. XRD Characterization. The raw X-ray diffraction data

sets of the powdered samples collected at room temperature
are shown in Figure 1. The presence of the (111), (220),

(311), (222), (400), (422), (511), and (440) planes in the
XRD of all samples confirmed the formation of a cubic spinel
structure, which can be found in the space group Fd3̅m. No
traces of any secondary phases were noticed in the XRD
patterns of NiCrFeO4 powder at all sintering temperatures.
The broad nature of the peaks in the XRD pattern of
nanosamples indicated the finely divided nature of the
powders. As the sintering temperature increases, the reflection
peaks of the samples become sharper and narrower, suggesting
the enhancement of crystallinity. Moreover, to better under-

Figure 1. XRD diffractograms of NiCrFeO4 sintered at different
temperatures. (a) NCFGs, (b) NCFUs, and (c) NCFPs.
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stand the structure of the fabricated phases, Rietveld
refinement was performed using GSAS-EXPGUI software.34

The Rietveld refinement plots of the NCFP samples are
displayed in Figure 2, while those of NCFUs and NCFGs are

given in Figures S1 and S2 of the Supporting Information,
respectively. The linearity of difference in the measured and
calculated XRD patterns confirms that the observed and
calculated diffraction patterns correlate well. The various
structural parameters obtained from the Rietveld refinement
such as goodness of fit (χ2), reliability factors (Rwp and Rp),
and oxygen positional parameter (O) are listed in Table 1.

It can be noticed that all Rietveld-refined parameters have
values in a range justifying the pure crystal structure of
samples. The values of lattice constant a (Table 1) acquired

from the Rietveld refinement of all samples do not show a
regular trend, which may be related to the different cationic
distributions at different sintering temperatures and different
fuels used.

The crystallite size (D) evaluation was also performed to
observe the effect of different fuels and sintering temperatures.
The crystallite size was calculated from the broadening of the
most intense peak (311) by adopting the classical Debye−
Scherrer equation35

=D
0.9
cos (1)

where D is the crystallite size of the nanosamples, λ is the
wavelength of the X-ray used (1.54 Å), θ is the angle of
diffraction, and β is the full width half maxima. The value of β
can be calculated using the relation given below because the
Braggs peak width is an integration of the sample and
instrument-dependent effects.36

= [ ]( ) ( )measured
2

instrumental
2

(2)

The values of the calculated crystallite size are listed in Table
1. The variation in crystallite size can be explained by two
considerations:

(i) Influence of the sintering temperature: With increasing
sintering temperature, the crystallite size of all samples
synthesized using different fuels increases. This enhance-
ment in crystallite size is attributed to the coalescence of
smaller grains, and the activation energy required for
nucleation is lowered at higher temperatures.37,38 In
addition, the increase in crystallite size with sintering
temperature of samples made with urea and PVA is quite
significant compared to that of the samples made with
glycine (Table 1).

(ii) Effect of the fuel type: Different fuels play different roles
in the synthesis process, and hence, the crystallite sizes
change accordingly. In our study, the crystallite size at
the same sintering temperature using different fuels
increases in the order PVA < urea < glycine. This change
in crystallite size may be attributed to the different
decomposition temperatures of the fuels. Figure 3a
displays the variation of crystallite size with different
fuels and different sintering temperatures.

The activation energy for crystal growth could be
determined by the Arrhenius equation39

Figure 2. Rietveld refinement plot of NCFPs sintered at different
temperatures.

Table 1. Structural Parameters Obtained from Rietveld Refinements and Crystallite Size of Ni-Cr Ferrite Nanoparticles
Sintered at Different Temperatures

samples a (Å) O V (Å3) Rwp Rp χ2 D (nm)

NCFG-1 8.2901(2) 0.2516(6) 569.74(2) 0.2474 0.1768 4.30 51.1
NCFG-2 8.2950(1) 0.2531(4) 570.75(1) 0.2638 0.1708 4.85 53.3
NCFG-3 8.2991(1) 0.2532(3) 571.60(1) 0.1744 0.1305 2.28 54.8
NCFG-4 8.2971(1) 0.2529(2) 571.19(1) 0.1674 0.1180 1.96 62.1
NCFP-1 8.3040(4) 0.2528(3) 572.61(5) 0.1156 0.1535 1.79 09.2
NCFP-2 8.3038(2) 0.2539(3) 572.57(2) 0.1854 0.1183 2.49 18.4
NCFP-3 8.3058(2) 0.2531(4) 572.99(2) 0.1828 0.1271 2.63 31.2
NCFP-4 8.3047(1) 0.2532(3) 572.76(1) 0.1580 0.1138 1.35 45.0
NCFU-1 8.3010(1) 0.2540(2) 571.99(1) 0.1629 0.1080 1.91 28.8
NCFU-2 8.3041(1) 0.2537(2) 572.63(1) 0.1562 0.1058 1.90 31.3
NCFU-3 8.3001(1) 0.2533(4) 571.81(1) 0.1812 0.1344 2.26 35.4
NCFU-4 8.2942(1) 0.2527(3) 570.59(1) 0.1824 0.1366 2.24 54.10
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= i
k
jjj y

{
zzzD C

E
RT

exp a

(3)

where Ea is the activation energy, C is the specific reaction rate
constant, T is the absolute temperature, and R is the ideal gas
constant. The logarithmic form of eq 3 can be written as
follows

= +i
k
jjj y

{
zzzD

E
RT

Cln lna

(4)

The variation of ln D versus 1/T is shown in Figure 3b. A good
linear correlation was attained between them, and hence, the
crystallite growth activation energy for all the Ni-Cr ferrites
was computed from the straight line fit of the slope of the ln D
vs 1/T plot, and its values were found to be 36.87, 14.16, and
4.34 kJ/mol for NCFPs, NCFUs, and NCFGs, respectively. It
is well known that the higher the activation energy, the higher
the crystal growth. In our case, the highest activation energy
was observed for NCFPs, reflecting the significant crystal
growth upon sintering, and the results are in accordance with
the crystallite size obtained from XRD.
3.2. FTIR Analysis. To confirm the formation of the ferrite

phase shown by the XRD results, a FTIR study was carried out.
Table 2 lists the IR absorption frequencies determined from
the FTIR spectra (Figure 4) of all the Ni-Cr ferrites sintered at
different temperatures.

In general, there are two main characteristic absorption
regions in the FTIR spectra of the spinel ferrite, i.e., v1 and v2
in the frequency range 700−340 cm−1, which are related to
intrinsic stretching vibrations of the oxygen bonds with metal
cations in A (tetrahedral) and B (octahedral) sites.40 In the
present study, the higher frequency band v1 is observed in the
range of 603−627 cm−1, which arises due to the tetrahedral
Mn+−O2− stretching vibrations, while the lower frequency
band v2 is noticed in the range of 470−483 cm−1, which may
be attributed to Mn+−O2− occupying the octahedral site of the
cubic spinel structure. According to Table 2, an increase in the
values of v1 and v2 was seen for NCFGs, NCFUs, and NCFPs,
which can be ascribed to advancements in the crystallinity,
preparation process, grain size, and heat treatment. In addition,
the FTIR spectra also showed wide absorption bands in the
range of 3200−3600 cm−1 corresponding to the valence
vibrations of the surface-adsorbed OH group.40 Furthermore,

Figure 4 also demonstrates that the intensity of the OH group
characteristic bands decreased significantly for samples as the
sintering temperature increased from 600 to 1000 °C for all
Ni-Cr ferrites.

Figure 3. (a) Variation of crystallite sizes with different fuels and different sintering temperatures and (b) Arrhenius plot of ln D against 1/T for Ni-
Cr ferrites.

Table 2. Infrared Parameters for Ni-Cr Ferrites Sintered at
Different Temperatures

IR parameters

samples v1 (cm−1) v2 (cm−1)

NCFG-1 603.28 471.95
NCFG-2 606.83 473.05
NCFG-3 615.59 480.15
NCFG-4 618.67 481.29
NCFU-1 609.43 471.95
NCFU-2 615.59 482.21
NCFU-3 620.72 483.24
NCFU-4 623.25 484.67
NCFP-1 615.59 471.95
NCFP-2 618.72 471.95
NCFP-3 620.77 477.08
NCFP-4 626.88 478.89

Figure 4. FTIR spectra of Ni-Cr ferrites.
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3.3. Morphology, Shape, and Purity of the Ni-Cr
Ferrites. The morphology of the synthesized Ni-Cr ferrites
sintered at 600 °C was examined by FESEM, and their
micrographs are shown in Figure 5a−c. The FESEM images of
NCFG-1 show a highly agglomerated and dense spongy
structure. A porous structure with small cavities in the surface
can also be seen in NCFP-1. Similar to NCFG-1, the FESEM
images of NCFU-1 show a dense structure, in which the small
crystallites are well connected, indicating the formation of
nanocrystalline products. It is noticeable that the FESEM
images showed the existence of small voids and pores in all
samples sintered at 600 °C. The appearance of voids and pores
might be attributed to the release of enormous volumes of
gases such as carbon dioxide, water, and nitrogen during the
combustion reaction.41 The elemental composition of Ni-Cr
ferrite nanoparticles sintered at 600 °C was determined
utilizing energy dispersive spectroscopy (EDX). The EDX
spectra offer information on the chemical composition of the
elements present from the surface to the inside of the solid and
serve to establish the homogeneity of the samples under
consideration. The obtained EDX spectra of Ni-Cr ferrite
nanoparticles are shown in Figure 5d−f. The EDX spectra
clearly provide evidence of the presence of Ni, Cr, Fe, and O
elements in the phases and ensure the absence of any peak
corresponding to impurity elements.
3.4. BET Surface Area. The BET specific surface area of

Ni-Cr ferrite nanoparticles sintered at different temperatures
was evaluated by the N2 adsorption−desorption method. All

the ferrite nanoparticles except NCFGs displayed type-IV
isotherm, which is believed to be a typical trait of mesoporous
structures.42 Figure 6 displays the N2 adsorption−desorption
isotherm for the samples sintered at 600 °C, i.e., NCFP-1,
NCFU-1, and NCFG-1, while the isotherms for samples
sintered at 700, 800, and 1000 °C are given in Figures S3−S5,
respectively, of the Supporting Information. The values the of
specific surface area, mean pore diameter, and total pore
volume obtained from BET analysis are tabulated in Table 3.

A significant influence of the sintering temperature and
different fuels was found in the prepared ferrite nanoparticles.
With increasing sintering temperature, the specific surface area
of NCFP ferrites decreases significantly from 44.1 to 5.39 m2/
g, which could be due to the progressive aggregation of tiny
crystallites to form larger particles. A similar trend despite
being less significant was observed in the case of NCFUs with
increasing sintering temperature, but it almost remained
constant in the case of NCFGs (Table 3). This behavior
may be due to the fine particle size of NCFGs, which almost
remains constant during sintering, as evident from Table 1.
Moreover, at the same sintering temperature, the surface area
follows the order NCFPs > NCFUs > NCFGs (Figure 6d),
which could be explained on the basis of their crystallite size.
Another factor for the higher surface area of NCFPs is the fuel
PVA, which reduces agglomeration due to its hydrophilic
potential.25 With these results, control over the surface area
and pore size can be achieved by adjusting the sintering
temperature and using different fuels.

Figure 5. FESEM micrographs and EDX profiles for NCFG-1 (a, d), NCFP-1 (b, e), and NCFU-1 (c, f), respectively.
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3.5. Optical Properties. 3.5.1. Optical Band Gap. To
estimate the optical band gap of samples prepared using
different fuels and sintered at different temperatures, DRS
spectra in the range of 250−1100 nm were recorded at room
temperature, which are displayed in Figure S6 of the
Supporting Information. In general, the band structure of
spinel ferrites can be described taking O-2p and Fe-3d as
valence and conduction bands, respectively.43 Therefore, the
DRS response of ferrite materials may be attributed to the

transition of electrons from the valence band to the conduction
band, and the energy required for such an electronic transition
is directly proportional to the band gap of ferrites.44 In general,
the Kubelka−Munk function, which is mostly employed for
analyzing powder samples, has been applied to DRS spectra to
convert it into an equivalent absorption coefficient. Thus, the
Kubelka−Munk function F(R) is related to the absorption
coefficient as follows45

=F R
R

R
( )

(1 )
2

2

(5)

where F(R), α, and R are the Kubelka−Munk function,
absorption coefficient, and reflectance, respectively. The Tauc
plot shows a relationship between α and Eg

=hv A hv E( )n
g (6)

α is replaced by F(R), and therefore, eq 6 can be written as
follows46

=F R hv A hv E( ) ( )n
g (7)

where h, A, v, and Eg are Planck’s constant, proportionality
constant, photon energy frequency, and optical band gap,
respectively. Here, n denotes the type of transition taking
place, which can have a value of 2 or 1/2 depending on the
type of transition. Generally, n = 2 for indirectly allowed and n
= 1/2 for directly allowed transition. Since it has been

Figure 6. N2 adsorption−desorption isotherms for (a) NCFP-1, (b) NCFU-1, (c) NCFG-1, and (d) comparison of the specific surface area of Ni-
Cr ferrites.

Table 3. BET Surface Area, Total Pore Volume, and Mean
Pore Diameter of the Ni-Cr Ferrite Nanoparticles Sintered
at Different Temperatures

samples
specific surface area

(m2/g)
total pore volume

(cm3/g)
mean pore

diameter (nm)

NCFG-1 1.52 1.0 × 10−4 0.333
NCFG-2 1.53 6.0 × 10−5 0.167
NCFG-3 1.50 1.0 × 10−4 3.269
NCFG-4 0.82 2.0 × 10−4 1.313
NCFP-1 44.1 1.7 × 10−1 12.409
NCFP-2 17.9 1.4 × 10−1 36.012
NCFP-3 10.50 1.0 × 10−2 3.925
NCFP-4 5.39 3.9 × 10−3 2.901
NCFU-1 12.2 7.4 × 10−2 24.365
NCFU-2 9.27 7.2 × 10−2 31.170
NCFU-3 4.12 3.0 × 10−4 3.509
NCFU-4 2.18 3.0 × 10−4 1.709
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extensively discussed in the literature that spinel ferrites are
materials with a direct band gap,47 the value of n is therefore
assumed to be 1/2 in our case. The band gap values for the
direct transition of Ni-Cr ferrites were calculated by plotting a
graph between [F(R)hv]2 and energy hv utilizing an
extrapolation technique until [F(R)hv]2 tends to zero (Figure
7). The variation of the estimated values of the optical band
gap (Eg) of Ni-Cr ferrites as a function of the sintering
temperature is given in Figure 7. The results clearly show that
the values of Eg decrease with sintering temperature because of
the increase in crystallite size. These values decrease linearly
from 1.50 to 1.42 eV for NCFPs, from 1.54 to 1.45 eV for
NCFUs, and from 1.57 to 1.53 eV for NCFGs. Surprisingly, at
the same sintering temperature using different fuels, a reverse
trend is observed, i.e., there is an increase in band gap energy
values with an increase in crystallite size, such that NCFPs
have a lower band gap than that of NCFUs at the same
sintering temperature, which in turn is smaller than the band
gap values of NCFGs. Such a reverse trend of band gap values
for different sintering temperatures and different fuels can be
explained by considering two factors: (i) quantum confine-
ment effects (ii) surface and interfacial effects. Several studies
have examined that a material’s band gap is determined by
quantum confinement and surface and interfacial effects, where
quantum confinement induces a blue shift (increase) with
decreasing crystallite size, while the surface and interface
induce a red shift (decrease) with decreasing crystallite

size.48,49 In our case, when the sintering temperature increases,
it increases the crystallite size, and thus, a decrease in the band
gap is observed due to the quantum confinement effect. If the
particle size of a nanomaterial is less than or equal to the
exciton Bohr radius, there are discrete energy levels and
electrons and holes are confined at the nanolevel, so quantum
confinement occurs.50 In addition, at a particular temperature,
the order of crystallite size is NCFPs < NCFUs <NCFGs, and
it is the same for the order of band gaps, which is due to the
dominancy of the surface and interfacial effects. Figure 7d
shows the variation of the optical band gap with different
sintering temperatures and different fuels used.

3.5.2. Photoluminescence Studies. Photoluminescence
(PL) spectroscopy is an excellent technique to learn about
the energy and dynamics of charge carriers created during
visible light exposure. In addition to this, the PL behavior of
spinel ferrite nanoparticles also provides information about the
nature of the emitting states. In our study, PL spectroscopy
was performed to investigate the charge carrier transfer,
shifting, and recombination processes.51 It is well known that
the lower the intensity of PL, the lower the recombination rate
of the photogenerated electron−hole pairs and hence the
higher the photocatalytic activity of the semiconductor.52 The
room temperature PL spectra were recorded with an excitation
wavelength of 325 nm for all the synthesized samples and are
shown in Figure 8. The PL intensity can be considered variable
for different samples, although the position of the peaks did

Figure 7. Optical band gap of Ni-Cr ferrite nanoparticles annealed at different temperatures. (a) NCFPs, (b) NCFUs, and (c) NCFGs. (d)
Comparison of band gap Vs sintering temperature for Ni-Cr ferrites.
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not change significantly with the peak position around 653 nm
in the visible region. Furthermore, the PL intensity of all Ni-Cr
ferrites increased with increasing sintering temperature from
600 to 1000 °C, which may be attributed to the reduction of
defect sites, for which photogenerated electrons and holes (ecb− /

hvb
+ ) migrate less, and therefore, the recombination process

increases with increasing temperature, and thus, the PL
intensity increases.53,54 However, a slight decrease in the PL
intensity for NCFPs was observed when the sintering
temperature was increased from 700 to 800 °C, which can
be explained on the basis of surface defects, morphology,
particle size, and quenching of the photogenerated ecb− /hvb

+

pairs, leading to a decrease in PL intensity.
In addition, at the same sintering temperature using different

fuels, the PL intensity of Ni-Cr ferrites follows the order
NCFPs < NCFUs < NCFGs. The observed results
demonstrate the lower recombination rate of the photo-
generated ecb− /hvb

+ pairs for NCFPs, which may enhance their
photocatalytic activity.
3.6. Magnetic Studies. Magnetic characterization of

NiCrFeO4 nanocrystalline samples was performed by VSM at
room temperature with an applied field of −20 to 20 kOe.
Different magnetic parameters such as saturation magnet-
ization (Ms), coercivity (Hc), magnetic remanence (Mr), and
squareness ratio (Mr/Ms) were obtained from the hysteresis
curve (Figure 9), and their values are tabulated in Table 4. It
can be depicted from Figure 9 that the saturation of
magnetization could not be reached even with an applied
field of 20 kOe. Therefore, the saturation magnetization values
of all the samples were determined from the plot of M and 1/H
in the high-field region. The obtained saturation magnetization
for NCFGs shows a regular but decreasing trend with
increasing sintering temperature, which is in contrast to recent

Figure 8. Room temperature PL spectra of Ni-Cr ferrite nanoparticles
sintered at different temperatures.

Figure 9. Room temperature hysteresis loops M vs H of Ni-Cr ferrites. (a) NCFPs, (b) NCFUs, and (c) NCFGs. (d) Comparison of Ms with
different sintering temperatures for Ni-Cr ferrites, (inset showing the comparison of Hc with different sintering temperatures for Ni-Cr ferrites).
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studies of magnetic properties of ferrites, in which an increase
in Ms with increasing sintering temperature was noticed.24,55

However, both NCFPs and NCFUs showed a similar but
irregular trend with respect to sintering temperature as
displayed in Figure 9d. In addition, at a particular sintering
temperature, the effect of different fuels on the magnetic
saturation of Ni-Cr ferrites can be seen, but no regular trend

has been observed (Figure 9d). The observed results for
saturation magnetization, in general, can be explained on the
basis of particle size and distribution of cations between A and
B sites due to thermal treatment.56,57

In the present case, it was observed that with increasing
sintering temperature, the coercivity increases in all cases. A
ferromagnetic material’s domain structure determines the size
dependency of its magnetic behavior. It is well known that a
large magnetic particle has a multidomain structure with
domain walls separating the regions of uniform magnetization.
When the energy required to form the domain wall is less than
the difference between the magnetostatic energies of the single
domain and multidomain states, the formation of the domain
wall is energetically favored.58

Thus, the contribution of various energy terms to the total
energy of a ferromagnetic material changes as the dimensions
of the particle get smaller. As a result, the domain wall’s surface
energy becomes more important than the magnetostatic
energy. Also, it takes more energy to build a domain wall
below a certain size, known as the critical diameter, than it
does to favor the magnetostatic energy of the single domain
state.59

Therefore, when the size of a material is reduced below its
critical diameter, it becomes a single domain. The general
trend of coercivity versus particle size can be summarized: as

Table 4. Magnetic Parameters of Ni-Cr Nanoparticles
Sintered at Different Temperatures

samples

saturation
magnetization
(Ms) (emu/g)

remanence
(Mr)

(emu/g)

coercivity
(Hc)
(Oe)

squareness
ratio

(S = Mr/Ms)

NCFG-1 3.9235 1.08 709.53 0.2752
NCFG-2 3.0198 0.79 872.77 0.2635
NCFG-3 2.9088 1.06 903.78 0.3656
NCFG-4 0.8505 0.26 2292.38 0.3057
NCFP-1 3.0645 0.27 145.46 0.0881
NCFP-2 2.8210 0.48 284.54 0.1714
NCFP-3 3.4075 0.95 390.33 0.2795
NCFP-4 1.5574 0.77 870.22 0.4944
NCFU-1 3.9077 0.78 318.06 0.2004
NCFU-2 3.1013 0.79 401.82 0.2567
NCFU-3 3.5672 1.29 546.28 0.3616
NCFU-4 0.8509 0.25 1156.79 0.2939

Figure 10. Time-dependent UV-vis spectra of degradation of RhB in the presence of (a) NCFP-1, (b) NCFU-1, and (c) NCFG-1 as
photocatalysts.
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the particle size is reduced, coercivity increases to the
maximum and then decreases to zero after the critical diameter
of the particle. Hence, in our case, with increasing sintering
temperature, the particle size increases and so does coercivity,
which is due to the single domain structure of our samples.

A point is to be noted here that even at 1000 °C, the particle
size is still not greater than the critical diameter, which is the
reason for the increase in coercivity with increasing particle
size.60 It was also found that under identical sintering
conditions, i.e., at the same sintering temperature, the
coercivity follows the order NCFGs > NCFUs > NCFPs,
shown as an inset of Figure 9d. In addition, the squareness
ratio (S = Mr/Ms) was also calculated from the hysteresis loop,
which is used to find out inter- and intraexchange interactions
between grains.61 Stoner and Wohlfarth proposed that the
squareness ratio S = 0.5 for noninteracting randomly oriented
particles and S < 0.5 for particles interacting through
magnetostatic interactions.62 In the present study, S < 0.5
for all samples, indicating that the interactions are magneto-
static. The lower values of S also confirm the single domain
nature of our samples, which in turn supports the increasing
trend in coercivity with increasing particle size. In summary, it
may be concluded that magnetic parameters of the ferrites vary
strongly depending upon the particle size, sintering temper-
ature, and distribution of cations between tetrahedral and
octahedral sites due to sintering.49,63

3.7. Photocatalytic Activity. The photocatalytic efficiency
of the Ni-Cr ferrites and the effect of sintering temperature and
different fuels on RhB dye degradation were studied. When the
reactions were carried out, a hypochromic shift was observed
with the passage of time, indicating the decrease in the
concentration of RhB. Therefore, any change in the
concentration of RhB dye and hence degradation efficiency
can be calculated using the formula64

= ×
i
k
jjjjj

y
{
zzzzz

A A
A

% degradation 100t0

0 (8)

where A0 is the initial absorption intensity of the dye solution
and At is the absorption intensity at time ‘t’. The time-
dependent degradation spectra of the RhB dye using NCFP-1,
NCFU-1, and NCFG-1 are presented in Figure 10, while those
for other catalysts are given in Figures S7−S9 of the
Supporting Information.

The spectra show that the complete degradation of the RhB
dye was achieved in 75, 100, and 80 min, respectively, using
the catalysts NCFP-1, NCFP-2, and NCFP-3 (Figure 11).

However, the degradation of the RhB dye did not become
complete and remained constant at 85% in 270 min for NCFP-
4. The results show that the degradation decreases with
sintering temperature except at 800 °C. The decreasing trend
with sintering temperature was also observed for NCFU
photocatalysts (Figure 11). It is interesting to see that none of
the NCFU photocatalysts showed complete degradation,
which becomes constant after a particular interval of time.
When the reaction was carried out with NCFU-1, the
degradation was 77% in 340 min, and a further decrease was
observed when NCFU-2 was used as a catalyst (71% in 340
min). Upon further examination, the ability of NCFU-3 was
also not significant, resulting in 57% dye degradation in 340
min, while NCFU-4 yielded only 40% in 340 min. Surprisingly,
NCFGs showed comparatively much smaller degradation,
which did not even exceed the 50% mark in RhB clearance

(Figure 11). NCFG-1, NCFG-2, NCFG-3, and NCFG-4
showed degradation efficiencies of 32, 29, 21, and 19% in the
same time interval of 340 min, respectively.

3.7.1. Active Species and Possible Mechanism for the
Photocatalytic Degradation of RhB by Ni-Cr Ferrites. The
radical trapping studies were carried out to recognize the chief
involvement of reactive species in the photocatalytic
degradation of the RhB dye. Benzoquinone (BQ) and
isopropyl alcohol (IPA) were used in these tests as a scavenger
of O2

−• and OH•, respectively. As shown in Figure 12, when

RhB was photocatalytically degraded in the presence of BQ,
the degradation efficiency decreased marginally to 80 from
99%; however, the addition of IPA to the process effectively
reduces the degradation efficiency to 32 from 99%. This
finding shows that while both O2

−• and OH• are accountable
for the degradation of the RhB dye, OH• plays a key part in the
photocatalytic degradation using Ni-Cr ferrites. From the
above-discussed results, the RhB dye was found to be degraded
by the Ni-Cr ferrites; hence, it is quite interesting to look
inside the mechanism through which the degradation of RhB

Figure 11. Comparison of degradation efficiency vs time vs sintering
temperature of Ni-Cr ferrites synthesized with different fuels (the
error bars were obtained after repeating the tests three times).

Figure 12. Effect of radical scavengers on the photocatalytic
degradation of RhB.
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occurs. It can be concluded that the overall degradation of RhB
occurs via combination of Fenton (in the presence Fe3+ and
H2O2)- and photo-Fenton (due to visible light irradiation)-
type reactions. Initially, Fe3+ ions present in the Ni-Cr ferrites
may combine with H2O2 and reduce to Fe2+.

These active Fe2+ ions then reacted with H2O2 to form the
stronger oxidizing agent OH•, which is responsible for the
degradation of RhB (eqs 9−11)

+ + ++ + + •Fe H O Fe H HO3
2 2

2
2 (9)

+ + ++ + •Fe H O Fe OH OH2
2 2

3 (10)

+•OH RhB degraded products (11)

In addition to this, visible light (photo-Fenton type) also plays
an important role in the photocatalytic degradation of RhB.
When the visible light gets absorbed by the photocatalyst, the
generation of photogenerated electron−hole (ecb− /hvb

+ ) pairs
occurs. On being excited by the visible light, the photo-
generated electrons get migrated to the conduction band,
leaving behind the holes in the valence band.65 The
photogenerated electrons in the conduction band can combine
with the absorbed O2 to form O2

−•, which can itself attack the
dye molecules or react with the H2O2 molecules to form the
stronger oxidizing agent OH• to breakdown the RhB dye.66 On
the other hand, the photogenerated hvb

+ in the valence band
may react with water molecules to form OH•, which is
responsible for degrading RhB (eqs 12−17).

+ + +hv hNi Cr ferrites eCB VB (12)

+ •e O OCB 2 2 (13)

+•O RhB degraded products2 (14)

+ + +• •H O O OH OH O2 2 2 2 (15)

+ ++ • +h H O OH HVB 2 (16)

+•OH RhB degraded products (17)

Moreover, in addition to the visible light-driven photocatalysis
of RhB, the degradation is also greatly enhanced due to the
presence of Cr3+. The Cr3+ ion first reduces to Cr2+, which in
turn reduces Fe3+ to Fe2+ as given in eqs 18−21.67 It is the Fe2+
that is mainly responsible for initiating the Fenton-type
reaction for the degradation of RhB.

+ + +• + + +HO Cr Cr O H2
3 2

2 (18)

+ ++ + + +Fe Cr Fe Cr3 2 2 3 (19)

+ + ++ + •H O Fe Fe OH OH2 2
2 3 (20)

+•OH RhB degraded product (21)

3.7.2. Comparative Effect of Ni-Cr Ferrites on the
Photodegradation of Rhodamine B. The influence of
sintering temperature on the photocatalytic degradation of
RhB by Ni-Cr ferrites is shown in Figure 11. It can be seen that
photocatalytic degradation of RhB decreases with sintering
temperature for all the three catalysts prepared using different
fuels. This can be explained on the basis of four factors: (i)
surface area, (ii) PL intensity, (iii) optical band gap, and (iv)
surface-OH groups of Ni-Cr ferrites. The value of the band gap
decreases with sintering temperature in the case of all the three

catalysts, but the change is not significant, and therefore, the
decrease in the photocatalytic degradation of RhB with
sintering temperature can be explained on the basis of the
factors (i) the increase in PL intensity, which increases the
recombination rate of the photogenerated electron−hole pairs,
(ii) the decrease in surface area, and (iii) the decrease in the
number of surface hydroxyl groups with sintering temperature,
as evidenced by the FTIR spectra. Furthermore, it is well
known that the number of hydroxyl groups in ferrites
influences the adsorption of various pollutants.40 Therefore,
the loss of surface hydroxyl groups with increasing sintering
temperature could lead to the decrease of the photocatalytic
activity of Ni-Cr ferrites.

On comparing the degradation results among Ni-Cr ferrites,
it was found that NCFPs showed the best results and the
photocatalytic degradation of RhB follows the order NCFPs >
NCFUs > NCFGs at the same sintering temperatures, as can
be seen in Figure 10. These results could be explained on the
basis of (i) the decrease in surface area, (ii) the increase in PL
intensity, and (iii) the increase in the band gap energy. A
comparison of our catalyst with some of the earlier reports is
given in Table 5. To study the leaching of metal ions, especially

Cr3+, during the degradation process, EDX was also conducted
for the most active catalyst NCFP-1 after use. The EDX results
of NCFP-1 before and after use are given in Table S1, which
suggest that there is almost no change in the mass percentage
of various elements present in the phase, thereby confirming
the reusability of the catalyst.

3.7.3. Chemical Kinetics. The photocatalytic degradation of
the RhB dye using Ni-Cr ferrites has been found to follow the
pseudo-first-order kinetics, and the rate constants can be
calculated using the equation28

=C
C

ktln
t

0

(22)

It is well known that in UV−visible spectra, the absorbance of
a dye solution is proportional to its concentration in reaction
medium; consequently, the ratio of the absorbance at any time
t (At) to that at time t = 0 (A0) is proportional to the ratio of
concentration at any time = t (Ct) to that at time t = 0 (C0), so
the first-order rate equation takes the form as

Table 5. Comparison of Our Catalyst with Some of the
Other Reported Photocatalysts

s.
no catalyst

sintering
temperature

(°C)
degradation time(min)/

degradation (%) reference

1 CuFe2O4 500 120/92.54 30
600 120/89.48

2 CoFe2O4 500 270/90.60 31
600 270/67.60
700 270/51.60
800 270/42.80

3 CoFe2O4 300 60/55 32
400 60/74
500 60/61

4 NiFeCrO4
(NCFP’s)

600 75/99 this
work700 75/93.40

800 75/97.93
1000 75/43.31
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A

ktln
t

0

(23)

Figure 13a shows the linear kinetic fit plots of ln(A0/At) vs k(t)
for RhB photodegradation, and the regression correlation
coefficient (R2) values were found to be in the range of 0.95−
0.99 and are given in Table 6. The quite good linear fits as
evident from the values of R2 indicate that photodegradation
follows pseudo-first-order kinetics. The values of rate constants
calculated from the slopes of the linear fits are listed in Table 6,
and their variation with sintering temperature for different
catalysts is shown in Figure 13b. It can be depicted from Figure
13b that the rate constants in the case of NCFPs are much
higher than those of NCFUs and NCFGs at the same sintering
temperature, thus showing the higher capability of NCFPs for
degrading RhB dye compared to other catalysts. Furthermore,
the rate constant decreases with increasing sintering temper-
ature in the case of all the three catalysts prepared using
different fuels, which is understandable. However, an increase
in the rate constant has been observed at 800 °C in the case of
NCFPs, which is consistent with the PL results.

4. CONCLUSIONS
In the present study, we have investigated the influence of
different fuels and sintering temperature on the structural,
optical, magnetic, and photocatalytic properties of NiCrFeO4
nanoparticles. The heat treatment at different temperatures of
600, 700, 800, and 1000 °C exerts a significant effect on the
different properties of the synthesized phases despite the same
composition. Both the crystallite size and surface area varied
with the type of the fuel used and sintering temperature, but a
more prominent change was observed in the case of NCFPs.

Magnetic measurements revealed that the saturation magnet-
ization of NCFGs decreases as a function of the sintering
temperature, but no regular trend was observed in the case of
NCFPs and NCFUs. The photocatalytic degradation of the
highly toxic RhB dye was successfully performed using all
photocatalysts, where NCFPs showed the best results at all
sintering temperatures due to their high surface area and low
band gap. A steady decrease in the photocatalytic activity with
sintering temperature was observed in the case of all Ni-Cr
ferrites synthesized using different fuels, and the interpretation
can be made on the basis of the decrease in the surface area,
the increase in the PL intensity, and the loss of the number of
surface hydroxyl groups. Better photocatalytic degradation was
shown by NCFPs; thus, the highest rate constant was also
recorded for NCFPs.
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Figure 13. (a) Plots of ln (A0/At) versus reaction time t (min), with different Ni-Cr ferrites. Experimental conditions: Rhodamine B = 15 mg/L
(100 mL), catalyst = 1 g/L, and H2O2 = 10 mL/L. (b) Variation of the pseudo-first-order rate constant with different sintering temperatures.

Table 6. Calculated Pseudo-First-Order Rate Constant (k) and Regression Correlation Coefficient (R2) of Ni-Cr Nanoparticles
Sintered at Different Temperatures

NCFP’s NCFU’s NCFG’s

sintering temperature (°C) k (10−2/min) R2 k (10−2/min) R2 k (10−2/min) R2

600 4.9 0.9712 0.59 0.9802 0.2 0.9871
700 4.0 0.9707 0.54 0.9851 0.12 0.9518
800 4.8 0.9688 0.31 0.9689 0.10 0.9846

1000 0.8 0.9845 0.20 0.9795 0.06 0.9849
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