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Magnetic nanoparticles of NiFe2 O4 -Pd composites have been synthesized using a simple, low
cost, sol-gel auto-combustion method. As-prepared samples were sintered at 800 ◦ C for 6 h
in order to develop the crystalline phase. X-ray diffraction confirmed the spinel structure
of the ferrite samples. Structural morphology and size of the nanoparticles were evaluated
using a field emission scanning electron microscope. Magnetic hysteresis loops were obtained
at 300 and 100 K using a physical properties measurement system. The value of saturation
magnetization was observed to decrease at the temperatures with the increase of Pd contents
up to 5% but then a sudden rise in saturation magnetization was observed for the addition
of 10% Pd in NiFe2 O4 .
Key words: Magnetic nanoparticles, Sol-gel auto-combustion, Low temperature magnetic
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ual octahedral sites [6]. Owing to this unique structure,
application domain of these ferrites can be expanded to
many fields, such as ferrofluids, radar absorbing coatings, biochemical devices, sensors and catalytic applications by changing the divalent cation type at octahedral
and/or tetrahedral sites [7].
For instance, substitution of Cr at octahedral site in
NiFe2 O4 nanopowders has been reported to decrease
the coercivity making the resultant compound applicable in high frequency transformer applications [8]. On
the other hand, mesoporous NiFe2 O4 has been found
as an efficient adsorbent for the removal of Cr(VI) pollutant caused by various industries such as mining,
leather tanning, steel making, and pigments [9]. Nanostructured NiFe2 O4 have also emerged as an effective
oxidizing and reducing agent when doped with ions like
Pd, Au, Pt etc. [10]. In particular, NiFe2 O4 -Pd magnetically recyclable composites have been recently reported as highly effective catalysts for reduction reactions in liquid phase [11]. The catalytic activity is a
surface phenomenon which proceeds by adsorbing the
gases from atmosphere, leading to altering the electrical
properties of these semiconducting spinel oxides.
In this work, we propose a cast effective synthesis
of NiFe2 O4 /Pd composites via sol-gel auto-combustion
route in order to investigate the effect of Pd (0%−10%)
contents in NiFe2 O4 on the structural, morphological,
room temperature (RT) and low temperature (LT) magnetic properties. Traditionally, NiFe2 O4 based materi-

I. INTRODUCTION

Extensive use of magnetic nanoparticles (MNPs) in
recent years in almost every sphere of daily life motivates the researchers to explore the field systematically
for human benefit [1]. In particular, physical and chemical properties of spinel ferrites (MFe2 O4 , M=divalent
metal ion) are immensely tailored at nanoscale and thus
vastly investigated, mainly due to surface and quantum size effect [2]. Divalent metal (M2+ ) may reside
at two distint sites within spinel structure namely A
(tetrahedral) and B (octahedral) sites, leading to normal spinel structure of the type [M2+ ]A [Fe3+ Fe3+ ]B O4
and inverse spinel structure with general formula
[Fe3+ ]A [M2+ Fe3+ ]B O4 [3].
The nature and distribution of charges at these
sites, in turn decide the electrical and magnetic characteristics of these ferrites. Among these, nickel ferrite (NiFe2 O4 ) has been widely investigated due to
its unique magnetic properties, depending upon particle dimensions, including superparamagnetism [4], high
saturation magnetization, and high magnetocrystalline
anisotropy [5]. NiFe2 O4 exhibits an inverse spinel structure, Ni2+ ions reside at octahedral sites and Fe3+ ions
are equally distributed between tetrahedral and resid-
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al shave been synthesized by variety of methods, i.e.
solid state reaction method [12], co-precipitation [4, 10],
sol-gel [13, 14] and combustion assisted techniques [1,
3]. However, sol-gel based auto-combustion route has
emerged as an efficient way to prepare ferrite nanoparticles in a quick time, with high purity and consuming
low energy.

II. EXPERIMENTS

Stoichiometric amounts of analytical grade reagents,
nickel nitrate (Ni(NO3 )2 ·6H2 O, Alfa Aesar), iron nitrate (Fe(NO3 )3 ·9H2 O, Alfa Aesar), palladium(II) acetate (C12 H18 O12 Pd3 , Alfa Aesar) were first dissolved
in deionized water separately and then mixed together
to make 100 mL solution. Citric acid was used as a
chelating agent keeping metal nitrate to citric acid ratio of 1:2. The solution was stirred magnetically on
a hot plate at 90 ◦ C for 3 h, leading to a gel formation. At the instance, the temperature of the hot plate
was increased to 350 ◦ C. After a few moments, the gel
burnt exothermically. The end product was a loose and
fluffy powder. The obtained powder samples were sintered at 800 ◦ C for 6 h to develop the crystalline phase.
The pellets were formed using an Apex hydraulic press.
Crystal structure was investigated by Bruker D-8 Discover X-ray diffractometer (XRD). Structural morphology was determined using Jeol JSM-7600F field emission scanning electron microscope (FESEM). Physical
properties measurement system (PPMS, Quantum Design) was employed to explore the magnetic properties.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the samples prepared. To determine the crystal structure, indexing of
the diffraction patterns was performed by following the
complete procedure as laid by Cullity [15]. Lattice constant was determined using the relation,
√
a = dhkl h2 + k 2 + l2
(1)
where dhkl is the interplanar spacing between the planes
with Miller’s indices hkl. Hence, the crystal structure
of all the samples was confirmed as spinel cubic with
space group Fd3m. It is also evident that addition of
Pd contents upto 5% can easily withstand the cubic
spinel structure of the host material as no marked difference or any shift in the peak positions is observed.
However, the intensity of some peaks in the sample with
10% Pd was decreased along with the complete disappearance of the (422) peak. The lattice constant of pure
NiFe2 O4 sample came out to be 8.3390 Å while a minute
decrease in lattice constant was observed with the addition of Pd contents upto 10%, as shown in Table I.
The patterns were also matched perfectly characteristic
DOI:10.1063/1674-0068/29/cjcp1507158

FIG. 1 XRD patterns of (a) NiFe2 O4 , (b) 2.5%Pd/NiFe2 O4 ,
(c) 5.0%Pd/NiFe2 O4 , and (d) 10%Pd/NiFe2 O4 .

TABLE I Calculated values of lattice constant a, unit cell
volume V , crystallite size D, bulk density ρb (in g/cm3 ), Xray density ρx (in g/cm3 ) and porosity P of all the samples
in the series.
Pd
a/Å
V /nm3
D/nm
ρb
ρx
P /%
0%
8.3390
579.885
96.03
5.69
6.45
11.78
2.5%
8.3374
579.551
71.74
5.57
6.58
15.34
5.0%
8.3365
579.364
46.08
5.50
6.69
17.78
10.0% 8.3348
579.009
34.14
5.41
6.81
20.56

reference pattern of NiFe2 O4 (ICSD card 00-010-0325).
The crystallite size, as determined by using Scherrer’s formula (D=kλ/Bcosθ, where k is a constant, λ is
wavelength of X-rays, B is full width at half maximum
in radians, and θ is the Bragg’s angle), was gradually
decreased from 96 nm to 34 nm in the series of samples,
conferring that Pd contents had a pronounced effect on
the crystallite size of ferrite samples. In addition, unit
cell volume (V =a3 ), bulk density (ρb =m/πr2 h, where
m is mass, r is radius and h is the thickness of the pellet), X-ray density (ρx =2M /NA V , where M is molecular mass, NA is the avogadro’s no and V is the unit cell
volume.) and porosity (P =1−ρb /ρx ) were also affected
by Pd concentration, as shown in Table I.
Figure 2 reveals the structural morphology of the
samples. Highly smooth and uniform surface of the
sample exhibiting grains with sharp and well defined
boundaries was observed for the pure NiFe2 O4 sample,
as shown in Fig.2(a). The grain sizes were estimated
in the 100−120 nm range. As the Pd was added in the
pure sample, the grains become more spherical in shape
with the reduced sizes. The average grain sizes were in
the range of 70, 50, and 40 nm in the samples with 2.5%,
5.0%, and 10% Pd contents. The values of grain sizes
were well consistent with crystallite sizes as determined
from the diffraction data. A close observation of the
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FIG. 4 Dependence of saturation magnetization on Pd contents in NiFe2 O4 at 300 and 100 K.
(c)

100 nm

(d)

100 nm

FIG. 2 SEM images of (a) NiFe2 O4 , (b) 2.5%Pd/NiFe2 O4 ,
(c) 5.0%Pd/NiFe2 O4 , and (d) 10%Pd/NiFe2 O4 .

FIG. 5
Magnetic hysteresis loops of NiFe2 O4 ,
2.5%Pd/NiFe2 O4 , 5.0%Pd/NiFe2 O4 , and 10%Pd/NiFe2 O4
at 100 K.
FIG. 3
Magnetic hysteresis loops of NiFe2 O4 ,
2.5%Pd/NiFe2 O4 , 5.0%Pd/NiFe2 O4 , and 10%Pd/NiFe2 O4
at 300 K.

SEM images also reveals that the porosity tends to increase (as established earlier from the diffraction data)
with the Pd contents making the samples more efficient
for catalytic applications.
Figure 3 shows the magnetic hysteresis (M -H) loops
of the samples obtained at 300 K, with an applied magnetic field of 10 kOe. The saturation magnetization
(Ms ) and coercivity (Hc ) for the pure NiFe2 O4 sample
were found as 47.83 emu/g and 65 Oe, in good agreement with the previous reports [1, 5]. A gradual decrease in Ms was observed for the 2.5%Pd/NiFe2 O4
and 5.0%Pd/NiFe2 O4 sample but a sudden rise in
Ms to a value of 58.58 emu/g was witnessed for
10%Pd/NiFe2 O4 , as shown in Fig.4. However, the value
of Hc showed a variable trend in the series. This decrease in Ms could be attributed to the particles size
effect [16].
Low temperature magnetic characteristics of the samDOI:10.1063/1674-0068/29/cjcp1507158

ples have also been discussed upto 20 K. Here we present
M -H loops of the samples obtained at 100 K as shown
in Fig.5. At this temperature, the Ms value for the pure
NiFe2 O4 sample came out to be 51.67 emu/g, however,
a gradual decrease in Ms was observed which came out
to be 37.2 and 28.27 emu/g for 2.5%Pd/NiFe2 O4 and
5.0%Pd/NiFe2 O4 samples, respectively. Afterwards, a
sharp increase in Ms to a value of 63.24 emu/g was
noted for 10%Pd/NiFe2 O4 (Fig.4). The corresponding
larger values of Ms at 100 K as compared to that of
300 K could be well attributed to the Weiss theory of
ferromagnetism [17]. These magnetic parameters and
particle sizes of Pd/NiFe2 O4 are well suited for utilization as effective catalysts for reduction reactions which
could also be separated magnetically easily for multiple
uses [11].

IV. CONCLUSION

Sol-gel auto-combustion technique has been successfully employed to synthesize 0−10%Pd/NiFe2 O4
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nanoparticles. X-ray diffraction confirmed the spinel
cubic structure of all the samples. Crystallite size was
decreased from 96 nm to 34 nm while bulk density was
decreased from 5.69 g/cm3 to 6.41 g/cm3 . X-ray density and porosity were increased from 6.45 g/cm3 to
6.81 g/cm3 and 11.78% to 20.56%, respectively. The
grains sizes as determined from the SEM images were
well consistent with the crystallite sizes evaluated using
the diffraction data. The Ms values for NiFe2 O4 were
found as 47.83 and 51.67 emu/g at 300 and 100 K, respectively which were gradually decreased to 23.24 and
28.27 emu/g, respectively for 5.0%Pd/NiFe2 O4 . A sudden rise in Ms for 10.0%Pd/NiFe2 O4 was witnessed at
both the temperatures. The magnetic characteristics
of these nano-sized Pd/NiFe2 O4 particles show to be
useful as recycle-able catalysts for reduction reactions.
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