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Abstract. Nanocrystalline nickel ferrite (NiFe2O4) was synthesized by economical sol–gel auto-combustion method.
XRD pattern confirms existence of cubic spinel phase with average crystallite size of 28.37 nm. The magnetic and
morphological properties of the sample were studied by using vibratory sample magnetometer (VSM) and scanning
electron microscope (SEM), respectively. The prepared samples were used to study photocatalytic degradation of rhodamine B dye solution. The effect of UV light irradiation time, metal doping and kinetic parameters of photocatalysis with
nickel ferrite catalyst was studied in detail. The catalyst was also utilized for a two-element coupling system of phenyl
halide and phenyl boronic acid. The influence of solvent, temperature and metal loading of the catalyst was conjointly
mentioned.
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Introduction

Recently, nanocrystalline ferrites have extensive interest
due to their distinctive properties, such as electrical, magnetic and optical and wide applications in various technological fields. Nickel ferrite is of cubic spinel ferrimagnetic
material that has attracted concentration of many
researchers due to its large porosity at high frequency and
high electrical trends. These materials have extensive
applications in numerous fields like biomedical, microwave,
magnetic media, ferrofluid, magneto-caloric refrigeration
and gas sensors, etc. [1–8]. Semiconductor ferrites have
distinctive magnetic, optical, electric and chemical properties and due to these properties, they are widely used for
environmental application [9].
In inverse spinel-structured nickel ferrite (NiFe2O4), all
divalent Ni2? and half of trivalent Fe3? cations occupy
octahedral sites and rest of the trivalent at tetrahedral sites
[10]. These semiconductor materials are chemically and
thermally stable and hence, they are used in magnetic

materials, pigments, catalysts, photo catalysts, drug delivery
and resonance imaging (MRI) [11–13].
Nowadays, to fulfill increasing demand of our modem
society there are increasing varieties of industries. Most of
these industries directly dump their effluents into river
and due to this, our society is facing increasing water, air
and soil pollution. Some of the effluents from dye
industries contain several dangerous consumable organic
dyes like rhodamine B (RB). The RB is water soluble and
when it enters the body of living organisms, it causes
hazardous effects on them. Hence, purification of
wastewater is essential due to contamination by bionutrients, organic, inorganic and microorganisms [14–17].
Metal oxide-catalysed cross-coupling reactions have flexible applications in organic synthesis [18–20]. Phenyl
halides and phenyl boronic acids undergo Suzuki crosscoupling reaction and produce most useful biphenyl and
polyphenyl products [21,22]. These prepared Suzuki
products have been widely used as drug intermediates,
insecticides, natural products, functional materials and
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liquid crystals [23]. Nickel ferrites have been synthesized
by using different methods like sol–gel [24–26],
hydrothermal [27], co-precipitation [28], microwave
plasma [27] and nitrate precursors [29]. Among these
synthesis techniques, sol–gel technique is one of the most
important method due to its simplicity, cost-effective and
fuel saving [14,30].
In the present work, a facile sol–gel auto-combustion
technique is utilized for the preparation of nickel ferrite
catalyst. This nickel ferrite was characterized by using
XRD, SEM, TEM, EDAX and VSM techniques. The
kinetics of Suzuki cross-coupling reaction and photocatalytic performance of nickel ferrite was demonstrated.

2.
2.1

Experimental
Preparation of NiFe2O4

The synthesis of nanostructured nickel ferrite (NiFe2O4)
was carried by simple sol–gel auto-combustion technique.
The high-purity analytical grade nickel nitrate (Ni(No3)2
6H2O), metallic ferric nitrate (Fe(No3)39H2O) and citric
acid (C6H8O7H2O) were served as beginning materials.
The molar ratio of nitrates to citrates was taken as 1:3 and
dissolved in distilled water. Ammonia was added to maintain pH as 9. This solution was steadily stirred by magnetic
stirrer for an hour at 90°C. The obtained viscous brown gel
was mechanically burnt with glowing flints and completion
of auto-ignition done within few seconds. The browncoloured ash sample was annealed at 700°C for 8 h in air to
get the crucial product.

2.2

Preparation of Pd-loaded NiFe2O4

The suspension of NiFe2O4 (1.0 g) in absolute alcohol (100
ml) was prepared for the loading of Pd by adding PdCl (w =
20, 40, 60, 80 and 100 mg). The blue suspension was
obtained after 7 h of stirring at room temperature. This
suspension was evaporated below reduced pressure to
remove solvent on a revolving evaporator. The brownish Pd
nickel ferrite powder was obtained after drying the product
in an oven at 200°C for 6 h.

2.3
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vibratory sample magnetometer (VSM) was used to measure magnetic measurement of the samples.

3.

Results and discussion

3.1

Structural, morphological and elemental analysis

Figure 1a shows XRD pattern of the nickel ferrite sample.
The XRD pattern reveals formation of single cubic phase
only without any characteristic peaks of impurities. This
XRD pattern indicates occurrence of the most intense peak
(311) plane at 2h = 35.70°. The crystallite size (D) was
calculated from the most intense peak (311) by using
Scherrer’s formula [26]:
D ¼ 0:9k=b cos h;

ð1Þ

where b is the FWHM of the most intense peak (311) and h
the Bragg’s angle for the (311) peak. The crystal size
evaluated by Scherrer’s formula is 28.37 nm.
The energy-dispersive X-ray spectroscopy (EDS) pattern
of the NiFe2O4 sample is shown in figure 1b which provides
the fundamental composition within the sample. The EDS
pattern confirms the existence of Ni, Fe and O without any
impurity in the sample which reveals the purity of the
sample. EDS analysis reveals that the observed atomic% of
all the elements matches with theoretical one as depicted in
table 1.
Figure 1c shows the morphological behaviour of NiFe2O4
sample. By using Cottrell’s method, the grain size of the
sample was calculated [31]. The Cottrell’s relation is as:
PL ¼ ðn=2nrÞM;

ð2Þ

where M is the magnification power of SEM, r the circle
radius and n the total number of grains inside the circle.
Uniform-sized grains distributed throughout the surface
within the nanoregime are seen in the micrograph. The
biggest grain size observed is 3.18 lm.
Morphology and micrographs of the NiFe2O4 sample
were studied by TEM and is shown in figure 1d. Figure 1d
indicates ellipsoid morphology of nickel ferrite sample. The
crystal size or nickel ferrite obtained from XRD and TEM
are well matched with each other. TEM analysis shows 25
nm particle size of nickel ferrite powder. Due to scattering
in an electrical magnetic fluid, it shows tiny aggregates of
the NiFe2O4 nanoparticles [32].

Characterization

The prepared nickel ferrite samples were characterized by
X-ray diffractometer (PW-1830 Philips) with CuKa radiation (0.15406 nm). The transmission electron microscope
(Philips, EM400) was used to analyse nanocrystalline particle size of sample. The morphology and chemical composition of the samples were analysed by a scanning
electron microscope (JEOL JSM-6360) equipped with an
energy dispersive X-ray analyzer (JEOL JED-2300). The

3.2

Magnetic properties

Magnetic properties of the NiFe2O4 sample were measured
by a VSM. S-type behaviour in M–H hysteresis curves was
observed for the prepared sample (figure 2). The magnetization curves of NiFe2O4 correspond to very soft ferromagnetic material. The magnetic properties, such as
saturation magnetization (Ms), remanant magnetization

Bull. Mater. Sci.

Figure 1.

Table 1.

(2021) 44:265

Page 3 of 8

265

(a) XRD pattern, (b) EDS pattern, (c) SEM and (d) TEM of nickel ferrite sample.

Elemental analysis result of nickel ferrite sample.
Ni

?2

atomic %

?3

Fe

atomic %

Sample

Theo.

Obs.

Theo.

Obs.

NiFe2O4

35.04

35.11

64.87

64.54

(Mr), coercive field (Hc) and magnetic moment (lb) of the
sample are listed in table 2. The magnetic moment in Bohr
magneton (lb) was estimated by using the formula [33]:
lb ¼ ðMW  Ms Þ=5565;

ð3Þ

where MW = molecular weight (in grams), Ms = saturation
magnetization (in emu g-1). The room-temperature coercive field (Hc) of NiFe2O4 nanoparticles is 327 Oe which is
due to the smaller anisotropy constant for NiFe2O4. The roomtemperature saturation magnetization (Ms) of NiFe2O4 was
30.137 emu g-1. The observed lower magnetization value
of the NiFe2O4 at room temperature is expected due to the
number of unpaired (two) spins in Ni2? cation. On the other
hand, the room-temperature Mr of NiFe2O4 was 10.170 emu
g-1. All these values were lower which was reported by
Raju et al [34] and Hankare et al [35]. Due to crystal
imperfection and the high degree of aggregation, it shows
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Figure 2.
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VSM of nickel ferrite sample.

low coercive force than cobalt, cadmium and copper ferrite
[36].

3.3

Photocatalytic activity

3.3a Influence of irradiation time: Various parameters
like concentration of dye solution, concentration and variety
of the semiconductor material, pH, time, temperature, etc.
affect the degradation of dye. Initially, degradation of RB
dye solution was carried out without catalyst and results are
depicted in figure 3a. With the increase in ultraviolet
irradiation time, the rate of absorption of dye solution
decreases. The semiconductor nickel ferrite performs
extremely essential function towards RB degradation.
Figure 3b shows the degradation or RB dye solution with
nickel ferrite catalyst. The graph shows that if ultraviolet
irradiation time increases then, the absorption peaks become
broad and absorption intensity decreases indicating shifting
of absorption band towards hypsochromic shift. Broadening
of absorption peaks reveals most mineralization potency.
The photodegradation potency was calculated by using the
equation:
Photodegradation potency ¼ ½ðInitial COD  Final
CODÞ=Initial COD]  100:

ð4Þ

The mineralization potency of RB dyes without catalyst
is extremely minimum i.e., 22.41%, whereas it is of 73.23%
for nickel ferrite catalyst. Because the nickel ferrite

Table 2.
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nanoparticle is ferromagnetic in nature and their magnetic
moment is due to the spin of unpaired 3d electron. The RB
dye solution when irradiated with magnetic field then,
magnetic moments of ferrites align in the direction of
applied magnetic field. The dipoles persist to remain
aligned due to comparatively large coercive field (Hc). RB
is organic dye molecule and is of diamagnetic in nature. Its
orbital magnetic moments get aligned with the opposite
direction of the magnetic field. Due to protons and electrons
of tiny magnets, dipole–dipole interaction occurs. This
interaction may be either proton–proton or proton–electron.
The interaction of proton–electron dipolar is much stronger
than proton–proton. In the study of nickel ferrites in dye
solution, the ferrites are positively charged, while RB dye is
anionic form. So, there is dominating interaction in proton–
electron. The potency of dipolar interaction depends on the
distance between the dipoles. Maximum number of proton–
electron interactions between ferrites and RB molecules are
probably due to nanoparticle size of the nickel ferrite. If the
dipoles are aligned in opposite direction which is the condition with ferromagnetic ferrites and diamagnetic RB dye
molecules then, the interaction is strong. Hence, if there is
strong proton–electron interaction then, greater is the
adsorption and higher the photo activity.
3.3b Influence of metal loading: Ni2? is very active
cation due to its partially filled d orbitals and smaller
particle size [37]. Usually, photocatalytic activity depends
on the particle size of the metal, band gap and surface area.
In this work, the adsorption in the dark relied on the Pd2?/
Pd0 ratio due to the electrostatic repulsion with the cationic
dye. Furthermore, we found that the photodegradation
performance under UV illumination were significantly
dependent on Pd dispersion, Pd particle size and specific
surface area. Therefore, we can assume that the Pd2?/Pd0
ratio on the surface and the band gap are crucial factors in
influencing the photocatalytic degradation of RB. To study
the effect of catalyst amount on degradation of RB dye
solution (l0 ppm), different experiments were carried out
with varying loading amounts of Pd on NiFe2O4 at pH 7.0
(figure 3c). When the concentration of Pd increases then,
absorption intensity decreases with absorption peaks
broadening, indicating large mineralization potency as
represented in figure 3d. The highest mineralization of
94% had been determined at 10 mg l-1 and 84% at 20 mg
l-1 within 30 min. Nanocrystalline particles acquire
improved photo-redox phenomenon and reduction

Coercivity (Hc), Saturation magnetization (Ms), Remanant magnetization (Mr) and Magnetic moment (lb) of NiFe2O4.

Sample

Coercive field
Hc (Oe)

Saturation magnetization
Ms (emu/gm)

Remanant magnetization
Mr (emu/gm)

magnetic moment
lb (Am2)

NiFe2O4

327.26

30.137

10.170

1.2647
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Figure 3. Photodegradation of RB (a) in absence of catalyst, (b) in presence of catalyst, (c) effect of amount of
catalyst towards photodegradation of RB, (d) degradation potency vs. concentration of Pd loading, (e) reusability of
catalyst, (f) first order mineralization rate constant k for the catalyst and (g) the graph of mean k vs. catalyst
composition.

reactions which did not occur in coarse material. The
improved photocatalytic process occurred due to maximum
availability of surface-active sites and enhanced interfacial
charge-carrier transfer rates in nanosized materials. The
decrease in particle size leads to increase in active surface
area which in turn improves the number of foreign species
that react with surface and result in increased photocatalytic
activity. The improvement in mineralization potency with
increased amount of catalyst was due to the increase in
active sites.
3.3c Potency of reused catalyst: The potency of used
NiFe2O4 catalyst for degradation efficiency was studied. At
first, nickel ferrite catalyst was centrifuged and dried at
50°C in an oven. Then, it had been reused for succeeding
photocatalytic treatments. The photodegradation potency of
NiFe2O4 was showed in figure 3e, which indicates
exclusively a negligible change after repetitive use of the
catalyst.

3.3d Estimation of COD: The commonly used valuable
technique for calculation of organic strength of effluent is
chemical oxygen demand (COD). This technique involves
the measurement of amount of oxygen needed in the
chemical reaction for the conversion of organic compound
into water [38]. The COD of the dye solution was calculated
before and after the treatment and obtained values were
tabulated in table 3. The removal of colour intensity of the
dye solution confirms the reduction in COD values which
indicates the mineralization of dye molecules.
3.3e Kinetics for photocatalytic degradation of RB: The
Langmuir–Hinshelwood expressions were used by several
researchers for the analysis of heterogeneous photocatalytic
reactions [39,40]. The photocatalytic degradation of dyes
with respect to dye concentration shows first-order kinetics.
The rate constant is calculated as follows:
ln ðC=C0 Þ ¼ kC;

ð5Þ
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continued

Initial and final COD, degradation efficiency of RB and rate constant of Pd loaded NiFe2O4.

Amount of Palladium
0.020
0.040
0.060
0.080
0.10

Bull. Mater. Sci.

Initial COD (mg/L)

Final COD (mg/L)

Degradation of RB

Rate constant
(in min-1)

0.9912
0.9912
0.9912
0.9912
0.9912

0.1522
0.1045
0.0772
0.0680
0.0567

84.64
89.45
92.21
93.13
94.27

0.03331
0.03875
0.04314
0.04497
0.04760

where k is the rate constant, Co and C are the initial and
final concentrations of RB, respectively.
The first-order rate constant k for nickel ferrite sample is
shown in figure 3f. The RB degradation rate decreased with
increase in time. Figure 3g shows the values of mean k vs.
catalyst composition. The rate of mineralization improved
with the concentration of Pd. The mean rate constant for
pure nickel ferrite is 0.005098 min-1 and higher rate constant i.e., 0.0476 min-1 for 10 mg l-1 Pd-loaded nickel

ferrite which is shown in table 3. Many researchers have
also studied the kinetic studies of photocatalytic degradation of RB. Alshammari et al [41] studied the photodegradation of RB over semiconductor-supported gold
nanoparticles and found pseudo-first-order with 0.0304
min-1 rate constant. Jabeen et al [42] have investigated
kinetic parameters of photodegradation of RB dye from
waste water by Pd-supported zirconium catalyst and observed
pseudo-first- and second-order with 0.004606 min-1 and
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0.0236 (g mg-1 9 min), respectively. Photodegradation
kinetics which were studied by Alshamsi et al [43], is also
found to be first order kinetics. From this study, we can
conclude that kinetic photodegradation of RB dye is of
pseudo-first-order.

3.4

Suzuki cross-coupling reaction

Suzuki cross-coupling reaction of aryl halide with phenyl
boronic acid was carried out in the presence of nickel ferrite. The absence of Pd do not process this reaction. To
study the effect of catalyst with various experimental conditions, the coupling reaction was performed in the presence
of NiFe2O4. The catalytic reaction was performed as
reported previously by Han et al [44]. Four hundred milligrams of bromobenzene and 300 mg of phenylboronic
acid were mixed in 40 ml of 10 mM aqueous KOH solution.
Then, 100 mg of the Pd–NiFe2O4 was added to this mixture.
The reaction mixture was stirred for 8 h at 363 K. The thinlayer chromatography (TLC) technique was used to monitor
the process of the reaction. Organic products were extracted
by treating liquid mixture with petroleum ether three times.
The obtained organic component was dried with MgSO4
followed by filtration. The effect of reaction parameters
such as, solvent, time and temperature were studied in
detail. The optimized condition was utilized for further
experiments with different compositions [45–47]. The
spectroscopic data and melting point information of the
products were utilized for their identification.
3.4a Effect of solvent: The influence of solvents and
co-solvents on Suzuki coupling reaction was also studied
(table 4). Here, the base material Na2CO3 was used with the
catalyst (20 mg Pd/NiFe2O4) at 363 K. Only 41–45%
conversion after 5 h has occurred in polar aprotic solvents

Table 4. The effect of different solvent on Suzuki crosscoupling reaction
S. no.
1
2
3
4
5
6
7
8
9
10
11

Solvent

Time (min)

Yield %

DMSO
DMF
ETOH
Toluene
Xylene
Dioxane
H2O
DMF/H2O (1:1)
DMF/H2O (4:6)
DMF/H2O (9:1)
ETOH/H2O (1:1)

300
300
420
360
360
360
240
180
180
240
240

41
45
13
21
18
23
49
57
46
43
42
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Table 5. The effects of different temperature on Suzuki crosscoupling reaction
S. no.
1
2
3
4
5
6

Table 6.
S. no
1
2
3
4
5

Temperature (°C)

Time (min)

Yield %

30
50
70
90
110
130

300
300
240
180
180
180

37
41
49
57
59
59

Effect of Pd amount on the yield of the reaction.
Amount of Pd (g)

Yield %

0.020
0.040
0.060
0.080
0.10

57
64
78
81
89

like dimethyl formamide (DMF) and dimethyl sulphoxide
(DMSO). The rate of reaction was enhanced with the
addition of water as co-solvent to the polar aprotic solvents.
The presence of water with DMF rapidly increased the rate
of reaction and hence, the reaction was completed within 3
h. The ratio of water to DMF play major role in the 20 mg
Pd/NiFe2O4 catalysed Suzuki reaction.
3.4b Effect of temperature: The influence of
temperature on the cross-coupling reaction over Pd/
NiFe2O4 was studied and is shown in table 5. At low
temperature, many secondary products are formed, and
these were suppressed by the increase in temperature. The
superb performance was obtained at 363 K with a biphenyl
yield of 57%. The maximum yield of the reaction can be
obtained at optimum temperature of 363 K and no further
improvement in the yield above this temperature. The high
temperature leads to decrease in the selectivity, forming
consecutive products.
3.4c Effect of Pd-loaded NiFe2O4 on Suzuki crosscoupling section: The various concentrations of Pdloaded on NiFe2O4 and its effect on the cross-coupling
reaction was investigated. The yield of reaction was
increased with increase in the concentration of Pd due to
the increased number of active sites (table 6). The 100 mg
Pd-loaded NiFe2O4 exhibited higher catalytic activity for
Suzuki cross-coupling reactions.
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Conclusions

A simple auto-combustion technique was employed to
prepare nanocrystalline NiFe2O4. The formation of cubic
spinel phase with crystallization size of 28 nm was
confirmed by XRD. SEM study indicates that the grain
sizes were uniformly distributed throughout the surface
and average grain size is 3.18 lm. TEM analysis confirmed the particle size was in the range of about 25 nm.
VSM reveals the ferromagnetic nature of nickel ferrite.
Photocatalytic mineralization of RB dye was carried out
by using prepared catalyst. When the concentration of Pdloaded nickel ferrite is increased then, mineralization rate
is additionally inflated and remains between 84 and 94%.
Pd-doped nickel ferrite demonstrated magnificent mineralization potency towards RB with pseudo-first-order
reaction. Suzuki cross-coupling reaction of prepared catalyst proves that it does not proceed without Pd and the
higher concentration of Pd improved the yield of reaction.
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