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A B S T R A C T

From the detail morphology dependent studies, nano-hollow spheres (NHS) of NiFe2O4 (NFO) are found to
exhibit better magnetic and dielectric properties compared to their nanoparticles and bulk counterparts.
Prepared by solvothermal method, these NHS with diameter of ∼228 nm and much lower tap density of
∼3.91 g/cc, show excellent magnetic properties with MS and HC, 63.5 emu/g and 122 Oe respectively. Variation
of dielectric properties such as permittivity (ε), dielectric loss (tanδ) and ac conductivity (σac) of these NHS with
frequency and temperature is explained on the basis of Maxwell-Wagner two layer model for space charge and
hopping of charges from Fe3+ to Fe2+ as well as Ni2+ to Ni3+ ions at B (octahedral)-sites. The complex im-
pedance spectroscopy study indicates the presence of grain and grain boundary effects in NHS and the con-
duction mechanism is explained by Jonscher's power law. A comparatively low value of the activation energy
(E=0.325 eV) is found for these NHS. High value of magnetic and dielectric properties of NFO NHS enhance
their potential applications for microwave devices in the form of isolators, circulators etc.

1. Introduction

Recently, research on transition metal oxide (TM) based magnetic
nanomaterials are getting popular for their low cost, physical and
chemical stability, unusual optical behavior, electronic and magnetic
properties which differ significantly from their bulk counterpart [1,2].
NiFe2O4 (NFO) is one of the most significant spinel ferrites due to its
specific qualities such as low coercivity (HC), high saturation magne-
tization (MS), Curie temperature (TC) and electrical resistivity, low eddy
current loss, and remarkable thermal and chemical stability [3].

Among the various morphologies of magnetic nanomaterials, nano-
hollow spheres (NHS) are found to be very promising because of their
high MS, large surface area and pore volume, low density, ability to
withstand volume changes due to temperature and pressure which
enable them to be used in wide varieties of applications in the fields of
biomedical research [4], high frequency magnetic devices [5], energy
storage [2], Ferro-fluids [6], Hydrogen evolution reaction [7], super
capacitors [8], Li ion battery [9], and chemical sensors [10]. The inner
cavity and large surface enhance their capability of capturing and de-
livering drugs and also repeated internal reflections increase their ap-
plicability as microwave absorbers [11]. Though by definition, the
nanomaterials should have dimensions ≤100 nm, NHS, with size>
100 nm, also behave like nanomaterials because of their shell thickness

less than 100 nm [12].
During the past decade, a number of efforts were made to increase

the dielectric properties of ferrites with large magnetization to enhance
their applicability in high frequency devices such as radars, isolators,
circulators, and so on [13,14]. Raghavender et al. analyzed those of Al
substituted CoFe2O4 and got a maximum value of permittivity∼200 for
40% doping of Al [3]. Yadav et al. and Vasundhara et al. reported
magnetic and dielectric studies on NFO nanoparticles (NPs) and
CoFe2O4 NPs respectively prepared in gel combustion method and
showed their changes with grain size [15,16]. Gul et al. used NFO/
MWCNT nano-hybrid to achieve high value of dielectric constant of
∼6.17× 103 [17]. Grubbs et al. had tried to correlate the origin of
magnetic and dielectric properties for Fe- and Nb-doped CaCu3Ti4O12

[18]. Moreover, Yang et al. [11] and Li et al. [19] had optimized the
efficiencies of ZnFe2O4 NHS and NiFe2O4 NPs respectively as micro-
wave absorbing and electromagnetic shielding materials. A detail study
towards magnetic/spintronic device applications of ferrites had been
traced out by Hirohata et al. [20].

In this report, detail studies on magnetic and dielectric properties of
NiFe2O4 nano-hollow spheres (NFO NHS) synthesized in solvothermal
method are carried out. The morphological analysis evidences the
sample to be nano-hollow spheres. Improved magnetic and dielectric
properties of these light-weight NHS ensure their suitability for a
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particular frequency dependent application. Moreover, higher values of
saturation magnetization and dielectric constant, observed in NFO NHS,
give rise to high phase shift, which can be very effective in high-fre-
quency devices and components such as circulators, antennas of smaller
dimension [21].

2. Experimental

NFO NHS is synthesized by a template free solvothermal process
using oleylamine as capping agent. Precursors, NiCl2, 6H2O and FeCl3,
6H2O are taken in 1:2M weight ratios with Urea as reducing agent.
Ethylene Glycol and Ethyl Alcohol are taken in 2:1 ratios as solvents.
Taking all the components in a 100ml beaker, 1 ml oleylamine is added
while stirring it. The clear homogeneous solution, after 30min of stir-
ring, is heated in an 80ml Teflon lined stainless steel autoclave at
200 °C for 24 h in an oven. Then the as-prepared NFO NHS is washed by
ethanol and collected through magnetic separation and heating at 60 °C
for 30min. During the reaction, urea helps to precipitate Ni+2 and Fe+3

ions of the precursor salts to their corresponding hydroxides and after
the heat treatment, NFO phase is developed. The anticipated me-
chanism for the synthesis of NHS is Ostwald ripening [12,22] which
involves a gradual re-crystallization of larger particles from the smaller
ones making the cavity inside with the help of oleylamine micelles. NFO
NPs are prepared using the same method except the heating time of
16 h. Bulk NFO is synthesized in a wet-chemical combustion method. A
100ml aqueous solution of NiCl2, 6H2O and FeCl3, 6H2O taken in 1:2 M
weight ratios was continuously heated and stirred at 100 °C for 1 h.
Then the sample was annealed at 900 °C for 4 h. Chemicals, having
purity> 98%, were brought from Sigma-Aldrich and Loba Chemic for
the above preparation.

The structural phase and crystallite size of as-prepared NFO NHS
were studied by powder X-ray diffraction (XRD) using Rikagu MiniFlex
II diffractometer equipped with Cu Kα radiation at the scanning rate of
1° per minute in the 2θ range of 20°–80°. A FEI QUANTA FEG 250 field-
emission scanning electron microscope (FESEM) (0.2–30 kV) and a FEG
high-resolution transmission electron microscope (HRTEM)
(80–200 kV) are used to study the size, shape and morphology of NHS.
The Energy-dispersive X-ray (EDX) spectrum is recorded for elemental
analysis of the NFO NHS. All the relevant magnetic measurements are
carried out using a vibrating sample magnetometer (VSM) (Lake Shore-
7144). AC dielectric properties of NHS are studied using Agilent 4294A
Impedance Analyzer. To palletize the powder sample, pressure is ap-
plied around 25MPa using Riken Pressure Gauge. The tap density (ρ)
for bulk and NHS of NFO is calculated measuring the volume (V) and
mass (m) of their respective pellets made from as-synthesized powder
sample and using the equation =ρ m

V .

3. Results and discussion

3.1. Crystallography and morphology

Fig. 1 shows the X-Ray Diffraction plots of NFO NHS and NFO Bulk
indexing the crystal planes present. This graph confirms the single
phase inverse spinel face centered cubic structure of NHS, as reported in
the literature (JCPDS file no. 22–1086). Average crystallite size is cal-
culated from the XRD peaks and found to be 23.6 nm for NHS and
42.5 nm for Bulk using Scherrer formula, =d k λ

β θ
.

. cos , where d is the
crystallite size, k, the Scherrer constant (here∼ 0.94), λ, the working
wave length, β, the FWHM of the selected peak in radians and θ, the
XRD peak angle in degrees. Lattice constant is found to be 8.362 Å for
NHS and 8.373 Å for Bulk as estimated from XRD using Bragg's law. The
theoretical XRD density (ρt) of NFO NHS is calculated as 5.37 g/cc from
the equation [3] =ρt

M
N V
8
A

, where M is the molar mass of NFO, NA is the
Avogadro number, and V is the unit cell volume.

The morphologies of prepared NFO samples are shown in Fig. 2. The

size and spherical shape of NFO NHS with a hollow center is clearly
visible from the FESEM micrograph (Fig. 2(a)) having an average size of
228 nm with an outer shell width of ∼55 nm. The density of NHS and
bulk NFO are found to be 3.91 g/cc and 4.78 g/cc respectively. Low
density and light weight of NHS is obvious for it's scraped out hollow
core which also make it more useful for applications.

TEM image (Fig. 3(a)) also confirms hollow sphere nanostructures
of the samples. Separation between the parallel diffraction planes
(0.31 nm for (220), 0.25 nm for (311)) from HRTEM micrographs
(Fig. 3(b)) matches well with the values calculated from XRD data. The
SAED pattern (Fig. 3(d)) shows the single crystal nature of NHS. EDX
spectrum (Fig. 3(c)) is consistent with the composition (Ni, Fe and O) of
the sample.

3.2. Study of magnetic properties

Fig. 4 describes M-H hysteresis loops of NFO NHS with maximum
applied field of 2 kOe at temperature values 100 K, 200 K, 300 K and
400 K. At around room temperature (300 K), HC and MR values of NHS
are found to be 122 Oe and 10.5 emu/g respectively, displaying the soft
ferrimagnetic nature of NFO. Inset of Fig. 4 shows the decay of both HC

and MR with increasing temperature. The increase in HC and MR on
lowering temperatures are related with a growth of magnetic aniso-
tropy preventing the alignment of the atomic magnetic moment in an
applied field [23]. Further, a comparison between magnetic properties

Fig. 1. X-Ray Diffraction plots of NFO NHS and Bulk NFO.

Fig. 2. FESEM micrographs of the as-prepared (a) NFO NHS, (b) NFO Bulk and
(c) NFO NPs.



of NFO NHS, NPs and bulk at 300 K are depicted in Fig. 5(a). HC and MS

are found to increase from bulk (HC=78 Oe, MS=48.5 emu/g) to NPs
(HC=93Oe, MS= 58.3 emu/g) to NHS (HC=122 Oe, MS=63.5
emu/g). M-T curves of NFO samples are measured in presence of 100 Oe

field at 10 K interval within the temperature region of 80 K–400 K
during both zero field cooled (ZFC) and FC mode, are shown in
Fig. 5(b). The minimum separation between ZFC and FC curve of NHS
confirms the highest magnetic anisotropy in them. From the mor-
phology of NHS, as it is found as pile of single crystallites in a particular
pattern, structural strain may be responsible for the high magnetic
anisotropy in NHS.

Magnetization and coercivity depends on several factors such as
magnetic anisotropy, defects, strain, size, synthesis procedure, nature of
the surface and interface [24]. The effective anisotropy constant
(Keff=KV + KS/6) of NPs is found to be much higher than that of bulk
one [25] due to the inclusion of surface anisotropy (KS) in addition to
the volume anisotropy constant (KV). As the cationic distribution of
NFO at nanoscale is concerned, both the increase in anisotropy and
cationic movements are responsible for the increase in HC, MR and MS

values of NPs respectively than bulk NFO [26,27]. High temperature
needed in solvothermal method to synthesize NHS [15,28,29] and large
surface to volume ratio of NHS are reasons behind higher HC, MR and
MS values than NPs [12].

3.3. Dielectric properties study

The study of the dielectric properties gives valuable information
about the polarization behavior, conduction and relaxation mechanisms
of a material. These properties vary with parameters such as frequency,
temperature, pressure and also with the orientation, mixture and mo-
lecular structure of the sample. Here this study has been carried out for
NFO NHS only, because of its magnetic properties are found better
compared to NPs and bulk counterpart. The real part of dielectric
constant/permittivity (ε′) is related to the polarization while the ima-
ginary part (ε″) is associated with the energy dissipation. High obtained
value of ε′ indicates their usage in various devices such as in isolators
and circulators for microwave communications [17]. Real and ima-
ginary parts of dielectric constant are evaluated from measured im-
pedance (Z=Z′ - iZ″) – phase (θ) data as [25,26].
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where C0 is the capacitance of free space and is given by =C ε A
d0
0 , d, the

thickness, A, the surface area and ε0, the dielectric permittivity of air.
The frequency dependence of dielectric behavior at different tem-

perature (30 °C–300 °C) for the frequency region of 40 Hz–110MHz is
plotted in Fig. 6. ε′, ε″ and dielectric loss ( = ′ ″δtan ε /ε ) are high at low
frequency region for all the temperatures, but as the frequency in-
creases they sharply fall and approach to almost frequency independent
nature. It is also observed that the dielectric constant and dielectric loss
show a shift towards higher value with enhancing temperature at a
particular frequency. Decay of ε′ and ε″ with increase in frequency is
due to the inability of electric dipoles to comply with variation (i.e.
frequency) of applied ac electric field. These dipoles are formed with
Fe2+- Fe3+ cations present in tetrahedral (A) and octahedral (B) sites
respectively in inverse spinel NFO. The contribution of exchanged
electrons towards polarization is more prominent than holes because of
the larger mobility of electrons [32]. Increase in dielectric constant
with temperature is attributed to more number of excited dipoles that
tries to orient along the field, at higher temperature. The value of ε′
found for this NHS morphology is higher than that of NFO NPs [31,33]
and other ferrites [14,34] and it is comparable to NFO/MWCNTs by Gul
et al. [17] and bulk NFO by Ponpandian et al. [35]. The larger inter-
facial area in NHS may play an important role on the large value of ε′.
Generally, dielectric losses occur due to absorption of electrical energy
which is utilized for rotations of dipoles of the space charge formed at
grain boundary [3,31,36]. The value of tanδ decreases with increasing

Fig. 3. (a) TEM micrograph of NFO NHS, (b) HRTEM image showing distance
between diffraction planes, (c) EDX (Energy Dispersive X-ray) spectra showing
Ni, Fe, O present in NHS, (d) SAED (Selected Area Electron Diffraction) pattern
displaying the crystallization of the sample and its lattice parameters.

Fig. 4. M-H curves of NFO NHS at 100 K, 200 K, 300 K, and 400 K; Inset: HC and
remanent magnetization (MR) vs. temperature plot.

Fig. 5. (a) Room temperature M-H curves for all the samples and (b) M-T curves
under ZFC and FC mode for NFO NHS, Bulk NFO and NFO NPs.



frequency and remains unchanged further as the space charge accu-
mulation decays resulting higher ac conduction.

The real part of ac conductivity (σac) of the sample was calculated
by = ″σ ωε εac 0 , where ω=2πf is the operating angular frequency
[34,35]. However σac is attributed to the dielectric relaxation caused by
the localized electric charge carriers, which obeys Jonscher's power
law:

= +σ ω T σ T Aω T( , ) ( ) ( )ac dc
s (3)

Here, σdc is the dc conductivity of the material, A is material de-
pendent and s is the temperature dependent parameter, varies within
0 < s < 1 depending on the mechanism of conduction. Frequency
dependence of σac at different temperatures is shown in Fig. 6(d). It is
observed that σac starts to increase with increasing frequency above
200 kHz; below that it shows almost frequency independent behavior.
From the fitted curve of log σac vs. logω, according to Jonscher's power
law, s values are estimated to be ∼0.198 and ∼0.351 at 300 °C and
100 °C respectively, which supports the ac conduction mechanism
[27,31,37] for NFO NHS.

Ferrites have cubic close packed oxygen lattice with the cation at
octahedral (B) and tetrahedral (A) sites. In ferrites, conduction occurs
mostly by the hopping of electrons between cations present on
equivalent lattice sites through the following process [15]:

Ni2+ + Fe3+ ↔ Ni3+ + Fe2+

where both Fe3+ and Ni2+ ions fill the octahedral sites (B). Thus,
conduction occurs as a result of electron transfer between Fe3+ and
Fe2+, and hole transfer between Ni2+ and Ni3+. Moreover, the varia-
tion of ε′ as well as σac with frequency can be explained on the basis of
Maxwell-Wagner two layer model for space charge. According to this
theory, ferrimagnetic materials are assumed to have conducting larger
grains and insulating smaller grain boundaries. When an external
electric field is applied, the charge carriers can easily migrate from the
grain and get accumulated (space charge) at the resistive grain
boundaries. This process can produce large polarization and high ε′ at
low frequencies. The presence of inertia to the charge movement would
cause a relaxation of dipoles to the polarizing field which gets more
significant above a sufficiently high frequency (here > 200 kHz). In
low frequencies, grain boundaries remain operative whereas con-
ductive grains become more active at higher frequencies, where elec-
tron hopping takes place between Fe2+ and Fe3+ present in two

adjacent B sites (having smaller lattice constant), thereby increasing the
hopping conduction and conductivity (σac).

The complex impedance spectroscopy represents the electrical
processes taking place within the system and the relaxation mechanism
happening. No peaks in ε″ vs. log (ω) data (Fig. 6(b)) and non-corre-
spondence of dielectric constant nature with Debye dispersion formulae
gives hint that here the relaxation is non-Debye type i.e. greater than
one ions are responsible in dielectric relaxation [38].

Fig. 7(a) and (b) show the frequency (40 Hz - 110MHz) dependence
of Z′ and Z″ at different temperatures for NFO NHS. At a particular
temperature, Z′ remains constant till a certain frequency showing dc
nature and then after decreasing with the increasing frequency, it be-
comes constant from ∼200 kHz which is in agreement with σac vs.
frequency curves shown in Fig. 6(c). Z″ vs. log (ω) plot shows a broad
peak which shifts to higher frequency with rise in temperature. Both Z′
and Z″ decrease with increase in temperature at a particular frequency.
The broadness of these peaks (Fig. 7(b)) assures the existence of non-
Debye relaxation peaks that would be due to the presence of space–-
charge relaxation at low frequencies. More precisely, in this frequency
region, β-type relaxation (di-polar) arises strongly following Maxwell-
Wagner Model [38]. Activation energy (E) for dielectric relaxation
(taking it also as thermally activated) is calculated using Arrhenius
equation:

= =τ τ E
k T

τ
πf

exp( ), where 1
2B max

0
(4)

Here τ is relaxation time which decreases with increase in tem-
perature, kB is Boltzmann constant, T is temperature and fmax is the
peak frequency. Frequency at which Z״max obtained is known as re-
laxation frequency. The lower value of E (∼0.325 eV) compared to
other materials [35,36] suggests faster dipolar relaxation in NFO NHS.
Activation energy for dc conduction (Edc) is found by fitting Arrhenius
equation of conductivity to ln σac vs. 1/k TB plot at low frequency (inset
of Fig. 7(c)). Edc (∼0.23 eV) is lower than E and occur at low frequency
due to hopping of electrons.

Fig. 7(d) depicts the Cole–Cole plot (Z′ vs. Z″) of NFO NHS at dif-
ferent temperatures. Here, curves at different temperatures consist of
depressed semi-circular arc, not centered on real axis, where the

Fig. 6. Frequency dependence (40 Hz-110MHz) of (a) real (ε׳) and (b) ima-
ginary (ε″) values of dielectric constant at different temperatures
(30 °C–300 °C). Variation of (c) dielectric loss (tanδ) with frequency and tem-
perature and (d) ac conductivity (σac); inset: fitted curve to find s value ac-
cording to Jonscher's power law.

Fig. 7. Frequency dependent plots of (a) real (Z′) and (b) imaginary (Z″) parts
of impedance at different temperatures (c) Activation energy (E) calculation
from ln τ (τ=1/2πfmax) vs. 1/kBT plot; inset: Edc from ln σac vs. 1/kBT graph
(d) Cole-Cole plot (Z′ vs. Z″) for NFO NHS at 100 °C, 200 °C and 300 °C; inset:
fitted curve of Cole-Cole plot for NFO NHS at 200 °C by equivalent circuit with
grain and grain boundary parameters and Equivalent circuit for dielectric
properties of grain and grain boundaries.



contributions from grains (g) and grain boundaries (gb) overlap. At
around 200 kHz, a kink present in the plots, emphasize the presence of
grain effect along with the grain boundary one. The resistance values
for the grain and grain boundary were calculated from the intercepts on
the Z′ axis, where as the capacitance values can be calculated from the
frequency peaks of the semi-circular arcs. The resistive (Rg, Rgb) and
capacitive (Cg, Cgb) components are obtained by fitting the Cole-Cole
plots with the equivalent circuit (Fig. 7(d): inset) in EC-lab software and
the values are listed in Table 1. At higher frequencies,> 50MHz,
possibly ionic conduction is happening through electrode polarization
[39] and because of that some unusual response is showing in the plot
(near (Z′, Z″) = (0, 0)).

Electric modulus (M), defined as the inverse of relative permittivity,
is a powerful tool for analyzing dielectric behavior at relatively high
temperatures, where ε usually becomes very high due to electrode po-
larization and carrier transport. Fig. 8(a) and (b) shows the variation of
real and imaginary parts of M with frequency at different temperatures
which also support the previous experimental results on dielectric
properties. From a very low value (∼0), M′ increases with increasing
frequency (Fig. 8(a)). Each curves for a fixed temperature in Fig. 8(b)
exhibits broad and asymmetric peaks indicating non-Debye type re-
laxation which implies broadness of the peaks expresses distribution of
relaxation times of carriers.

For each curve, the frequency (fmax) where the peak is located is on
the increasing slope of M′, which may suggest two different natures of
mobility of charge carriers for before and after the peak. Relaxation
peak (M″max) shifts toward higher frequency side as temperature in-
creases like the complex impedance behavior due to larger polarization
[15,30].

4. Conclusion

In summary, we have synthesized single crystalline NiFe2O4 nano-
hollow spheres in solvothermal method and reported a detail study on
its magnetic and dielectric nature. The morphological analysis assures
the sample to be nano-hollow spheres. Study of magnetic properties
shows NFO NHS as soft ferrimagnetic materials having MS and HC, 63.5
emu/g and 122 Oe respectively which are comparatively higher than
that of its other morphologies. The variation of ε, Z, tanδ and σac with
frequency and temperature are explained in terms of Maxwell-Wagner
two-layer model, where NFO are taken as piles of grain and grain
boundaries, and hopping of charges at Fe3+ to Fe2+ as well as Ni2+ to
Ni3+ ions at B (octahedral)-sites. The parameters of conductive grain
and resistive grain boundaries are obtained from Cole-Cole plot. The

conduction mechanism for NHS is found to be ac type and the activa-
tion energy is relatively lower than that of other ferrites. Here dielectric
relaxation of charge carriers is of non-Debye type. Lower density, larger
surface area and the enhanced dielectric and magnetic properties in this
morphology (NHS) of NFO compared to its NPs and bulk counterpart,
seems interesting towards its application in high-frequency devices.
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