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Abstract
Praseodymium rare earth ion (Pr3+) doped nickel ferrite (NiFe2−xPrxO4, 0 < x < 0.1) nanocrystals (NFPO) were
synthesized by hydrothermal method. The structural, morphological and magnetic properties of the prepared samples have
been studied. The x-ray diffraction (XRD) and fourier transform infrared (FTIR) techniques confirmed the phase formation
of the NFPO nanocrystals. The average crystallite size of NFPO nanoparticles found to be in the range 39 to 44 nm. The
presence of Pr ions in NFPO was confirmed by energy-dispersive x-ray (EDX) analysis. It has been observed that after
a certain amount of Pr doping, the morphology of the nanocrystals starts changing from nano-octahedrons to nanorods
shape, as confirmed by transmission electron microscopy (TEM). Also, the magnetic properties of the prepared nanocrystals
were measured using physical properties measurement system (PPMS) at 10 K and 300 K. The saturation magnetization
(Ms) first decreases with the increasing loading amount of Pr ions up to (x = 0.025) and later it increases at both the
temperatures. However, the value of coercivity shows an increasing trend with the increasing amount of Pr ions in NFPO at
room temperature.

Keywords Ferrites · Hydrothermal · Rare earth-doped nanoparticles · Nano-octahedrons

1 Introduction

Recently, the spinel ferrites with general formula AB2O4,
belonging to the cubic spinel structure, have drawn huge
attention due to their remarkable properties to meet
the necessities of various applications. Nickel ferrite, a
centrosymmetric ferrite which is a soft magnetic material
with an inverse spinel structure, have a broad range
of applications in many fields such as gas sensors [1],
photocatalytic [2] and microwave absorber [3].

The inverse spinel structure of nickel ferrite (NFO) has
16 octahedral (B site) and 8 tetrahedral (A site) filled sites
out of total 32 B sites and 64 A sites created by oxygen ions.
In a unit cell of the spinel structure, there are 16 Fe3+, 8
Ni2+ and 32 O2− ions. In case of inverse spinel structure, 16
Fe3+ ions are equally conveyed between A and B sites. The
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remaining eight B sites are occupied by Ni2+ ions. Physical
properties of the ferrites depend on cation distribution
among these sites, which is very much sensitive to the
method of preparation [4], particle size [5] and doping [6].
The specific nature of the dopant (semiconductor, metal)
into spinel structure can also influence the final magnetic
and electrical characteristics [7, 8]. The amount of this
modification is decided by the ionic radius, the valency of
the substituting ion and its site of preference [9–11].

Many scientific groups are working on the doping of
these rare earth (RE) ions in the spinel structure because of
their strong spin-orbit coupling of the angular momentum
and unpaired 4f electrons. Addition of RE metal ions into
the spinel structure creates strain due to distortion that can
affect the structure and/or morphology [12]. In this way, the
electrical and magnetic behaviour of these nano ferrites can
be modified according to the application [13]. Zhiqing et al.
studied the effect of Sm ions substitution on dielectric and
magnetic properties of Ni–Zn ferrite [14]. Pratibha Rao et
al. studied the effect of Pd incorporation on the gas sensing
behaviour of NFO and reported the reduction in operating
temperature and also observed faster response and recovery
characteristic [15]. Xiaofei Wu et al. found the change
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in morphology of Cobalt ferrite by adding Pr ions [13].
Rezlescu et al. revealed that rare earth ions prefer to enter in
octahedral sites by replacing Fe3+ ions in the lattice when
doping is low and due to their larger ionic radius greatly
influence the physical properties of substituted ferrite [16].

There are many methods used for the preparation
of nanocrystal ferrites having their own advantages and
disadvantages like sol-gel auto combustion [14], co-
precipitation [6], solid-state reaction [12], mechanical ball
milling [17], electrospinning [18] and hydrothermal [19]. In
this work, we prepared our samples using the hydrothermal
method. The hydrothermal method is broadly used due
to low economic cost, low operating temperature, easy
handling, a high degree of uniformity and high command
on the morphology of nanomaterials [20]. Also, in the
hydrothermal technique, no further sintering is required to
form a phase of samples.

Here, in this work, we synthesized NiFe2−xPrxO4 (x = 0,
0.025, 0.05, 0.075 and 0.1) by hydrothermal method and
focused on the effect of Pr substitution on structural,
morphological and magnetic properties of nickel ferrite. To
the best of our knowledge, there are no reports available
in the literature regarding the use of Pr3+ ion-doped nickel
spinel ferrite nanoparticles using the hydrothermal method.

2 Experimental

2.1 Chemicals

Ferric nitrate nonahydrate Fe(No3)2.9H2O, nickel nitrate
hexahydrate Ni(No3)3.6H2O, praseodymium nitrate hex-
ahydrate Pr(No3)3.6H20 and sodium hydroxide (NaOH) are
used as starting materials without advance purification.

2.2 Synthesis of NiFe2−xPrxO4 Nanocrystals

Nanocrystalline NFPO has been synthesized by the
surfactant-free hydrothermal method. In this method,
nickel nitrate hexahydrate and ferric nitrate nonahydrate
+ praseodymium nitrate hexahydrate has been taken in
1:2 molar ratio in deionized (DI) water and stirred for
30 min. A 3 M NaOH solution has been prepared in 20-
ml DI water and added dropwise into the above solution.
The solution was constantly stirred for 1 h to form a
slurry. After that, the slurry was transferred to the Teflon-
lined stainless steel autoclave and heated at 200 ◦C for
12 hrs. The final product was washed with DI water and
ethanol for three to four times and then dried at 80 ◦C
for 4 hrs. The samples of the series NiFe2−xPrxO4

(x = 0, 0.025, 0.050, 0.075 and 0.1) were prepared with
increasing loading amount of Pr ions denoted as P0–P4,
respectively.

2.3 Characterization

Nanocrystals of NFPO were characterized structurally
using x-ray diffractometer (PANalytical X’pert Pro model)
having CuKα radiation (λ = 1.54060 Å) in the 2θ

range from 20◦ to 70◦ using Bragg-Brentano geometry
(v = 45 kV, I = 40 mA). Transmission electron microscopy
(FEI TecnaiTF20 and JEOL JEM-1400) were used to
characterize the morphology and particle size. Magnetic
measurements were carried out using a physical property
measurement system (Quantum Design PPMS) with a
maximum applied field range of 1 T. The chemical
compositions are examined by energy-dispersive x-ray
spectrophotometer (SWIFT ED-3000). Fourier transform
infrared spectrometer (FTIR, Thermo Scientific Nicolet-
6700) was used to record FTIR spectrum near the infrared
region over the range 400 to 4000 cm−1.

3 Result and Discussion

3.1 X-ray Diffraction Study

The XRD patterns of NFPO nanoparticles were done
using Cu-Kα radiation (1.5406 Å). XRD spectra confirmed
(JCPDS file no. 86-2267) the cubic spinel phase formation
of the NFPO nanoparticles, along with some extra peaks
after x = 0.025. These extra peaks are of Pr9O16

(praseodymium oxide) orthic phase (JCPDS file no. 83-
1193), shows limitation for Pr3+ accommodation in spinel
structure [21]. The increase in the intensity of these extra
peaks with Pr ion doping shows that the amount of an orthic
phase has been increased. The calculated crystallite size (D)

was found to be in the range of 39–44 nm using Scherrer’s
formula as given below in equation (1)

D = 0.9λ

β cos θ
(1)

And lattice parameter (a) was calculated using equation (2)
given below.

a = λ

2 sin θ

√
h2 + k2 + l2 (2)

where λ is the wavelength of x-ray used, β is the full-width
half maxima, and h, k and l are the Miller indices of the
plane corresponding to the angle θ of highest intensity peak.

All Pr-doped samples have a larger crystallite size than
pure nickel ferrite as rare earth ions are usually present at
grain boundaries that cause hindrance to the grain growth,
therefore, crystallite size increases [22]. Lattice parameter
(a) and crystallite size (D) calculated from XRD data are
shown in Table 1. All samples have nearly same lattice
parameter except P1.



J Supercond Nov Magn (2019) 32:1027–1033 1029

Table 1 Various parameters calculated from XRD and PPMS analysis

Sample name Crystallite size (nm) Lattice constant (Å) T = 300 K T = 10 K

MS (emu/gm) HC (Oe) MS (emu/gm) HC (Oe)

P0 39.2 8.334 44 30 48 72

P1 44.3 8.353 41 44 44 67

P2 40.8 8.321 42 55 46 77

P3 41.2 8.311 50 57 56 129

P4 41.9 8.321 50 63 56 87

The lattice constant increases first from P0 to P1 which
is similar to the results reported earlier [17]. This increase
of lattice constant is due to the replacement of Fe3+ ion
of radius (0.645 Å) by Pr3+ of radius (1.013 Å) at B-site.
This replacing of a Fe3+ ion by Pr3+ large ion leads to
an expansion of the unit cell and hence lattice parameter
increases. After P1, it starts decreasing, and P2–P4 have
comparable lattice parameter which is slightly lesser than
P0. This is due to an extra phase formation after P1. All
Pr3+ ions do not replace Fe3+ ions, but starts to diffuse on
the grain boundaries to form Pr9O16 phase. A pressure is
generated around the grain boundary by a thin layer of this
foreign phase, which results in the decrease in the lattice
parameter [23] (Fig. 1).

3.2 EDX Analysis

The elemental and chemical composition has been analysed
by EDX. The EDX spectrum confirmed that the Pr/Ni
atomic ratio increases with increment in the doping of Pr. In
addition, the atomic ratio of Ni/(Fe + Pr) was found close to
the normal estimated values. No impurity peaks have been
found (Fig. 2).

Fig. 1 X-ray diffraction pattern of the samples P0–P4

3.3 FTIR Study

Four main peaks are observed here in our sample in the
range of 400–4000 cm−1. As in ferrite’s spinel structure,
tetrahedral and octahedral sites are occupied by metal
ions due to these two main bands are observed below
600 cm−1. These bands are related to the vibration of ions
in the different sites, A and B of the spinel structure. The
stretching vibration of a unit cell of spinel in tetrahedral
A site creates a band at higher (1) frequency while metal-
oxygen vibration in octahedral sites creates a band at lower
(2) frequency [24]. The low frequency band is not appearing
in our samples, due to frequency limit 400 cm−1. As we
know, Pr3+ ions replace Fe3+ at the octahedral site, it will
change the Fe–O stretching vibration. There is a difference
between Fe–O and Pr–O bond length due to which peaks at
the tetrahedral site around (530 cm−1) shift towards higher
wavenumber side [13], as listed in Fig. 3b.

The broad peak between 3200 and 3600 cm−1 and a
small peak at around 1620 cm−1 may be attributed to the
O–H vibration of water [25]. The bands are related to metal
carbonate structures are observed at 1485 and 1361 cm−1

[26]. The intensity of these two absorptions is high in the
case of RE doped ferrites (1485 in P2, P3 and P4 in our
samples) is related to their ability to form surface carbonate
structure [27].

3.4 TEM Analysis

TEM images of as-prepared samples corresponding to
X = 0, 0.025, 0.05, 0.075 and 0.1 are shown in Fig. 4. In-
teresting shape change was observed for samples P0 to P4.
Nano-octahedrons shape was observed in the case of P0 and
P1 samples. Growth of nanorods of high aspect ratio are
observed in P2, P3 and P4 along with nano-octahedrons as
shown in TEM images. The change in morphology may be
due to the foreign phase formation or change in nucleation
rate by adding rare earth ions in ferrite structure [28].
Addition of Pr3+ ions first accelerates the nucleation and
particle growth (as confirmed by XRD data crystallite size
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Fig. 2 EDX spectra of the
samples

increases) from P0 to P1 result also. So, the morphology
of the samples is changed by addition of Pr ions in spinel
structure (Fig. 4).

3.5 Physical Properties Measurement System
Analysis

Magnetic-hysteresis curves of all the samples (P0–P4) mea-
sured at 10 K and room temperature (300 K) using PPMS

are shown in Fig. 5. The values of magnetic properties
like, saturation magnetization (MS) and coercivity (HC) are
listed in Table 1. At room temperature, the value of satu-
ration magnetization first decrease P0 to P1 and then starts
increases up to P4; same trend is observed at 10 K. Gener-
ally, magnetic properties are very sensitive to particle size,
morphology and cation distribution [11, 29]. So, this can be
explained by assuming that Pr3+ ions are occupying B site
by replacing Fe3+ ions. As total magnetization is given by

Fig. 3 FTIR spectra for samples P0–P4 in range a 400 to 4000 cm−1 and b 400 to 650 cm−1
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Fig. 4 TEM images of the samples a P0, b P1, c P2, d P3 and e P4

M = |MB − MA|and Pr3+ having a low magnetic moment
(3.5 µB) are replacing high magnetic moment ions Fe3+
(5 µB), so MB decreases and hence total magnetization
decreases. After P1, MS again starts to increase. As after
P1, Pr3+ ions are no more replacing Fe3+ ions, but started
to form an extra phase, so MS again starts to increase after
P1. This formation of extra phase leads the vacancy of Fe3+
ions in the spinel phase due to decreases in the molar ratio of
Fe ions with respect to Ni ions in the samples P2–P4. This
vacancy is created at the tetrahedral site as lattice parameter

is decreased after P1; in this way, magnetic moment at A
site decreases, which leads to increase in MS value.

Coercivity at room temperature is found to be increasing
from P0 to P4. Impurities distributed in the grain boundary
area break and go against the displacement of domain walls.
Due to the existence of the foreign phase Pr9O16 and the
like, the samples after doping with more Pr3+ ions were
expected to have larger coercivity as shown in Table 1.
Similar behaviour was observed earlier [13]. At 10 K, the
value of the coercivity is increased from P0 to P4 but does
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Fig. 5 Hysteresis loops measured at a room temperatures and b hysteresis loops measured at K; for all the samples

not follow the same trend as in room temperature shown
in Table 1. It is found that P3 has the highest coercivity
(129 Oe).

A comparative study of magnetic behaviour of the
present work with literature has been shown in Table 2.
We found that our samples have low coercivity with
high-saturation magnetization value and can be used as
soft magnetic materials. The observed values of these
magnetic parameters makes them very useful for biomedical
applications like magnetic resonance imagining (MRI),
magneto-resistive sensors, antibacterial and catalyst.

4 Conclusions

The nickel ferrite nanoparticles with different doping
amounts of Pr3+ ions were successfully synthesized by
hydrothermal method. From the XRD data, we concluded
that main phase of spinel ferrite was formed along with
small amount of an orthic phase (Pr9O16) after X = 0.025
which was due to solubility limit for Pr3+ ions substitution
in spinel ferrite. The crystallite size and lattice parameter

were first increases from P0 to P1 due to the expansion
of unit cell by replacement of small Fe3+ ions by larger
Pr3+ ions. After P1, it again started to decrease; P2, P3,
and P4 have nearly same (comparable to P0) crystallite size
and lattice parameter due to pressure generated around the
grain boundary by a thin layer of Pr9O16 foreign phase. The
nanoparticles of P0 and P1 samples have nano-octahedron
morphology, but P3–P5 samples were a mixture of nanorods
of high aspect ratio along with nano-octahedrons which may
be due enhanced in nucleation rate or due to extra phase
formation by increasing doping amount. The saturation
magnetization of the samples was first decreased from
P0 to P1 replacement of Fe3+ ions of the high magnetic
moment by Pr3+ ions of a low moment. Then, it again starts
increasing up to P4 at room temperature and 10 K. This may
be due to Pr3+ ions no longer replacing the Fe3+ ions as
may be due to the extra phase formation and a vacancy is
created at A site due to smaller molar ratio of Fe ions with
respect to Ni2+. The coercivity was increased from P0 to P4
at room temperature and 10 K impurities distributed in the
grain boundary area break and go against the displacement
of domain walls, but P3 was the exemption at 10 K.

Table 2 Comparison of change in magnetic properties of NFO by adding different rare earth ions

Rare earth ion (Re) Range of doping Range of MS Range of HC Reference

present in NiFe2−X amount (emu/gm)

ReXO4 (x) (Oe) number

Sm 0–0.15 33–52 46–81 [30]

Nd 0–0.03 50.9–59.8 151–99 [31]

Ce 0–0.1 31.64–42.9 67.7–5.9 [32]

Pr 0–0.1 41–50 30–63 Present work
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