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The Ni0.5Zn0.5Fe2O4 nanoparticles about 30 nm were prepared using sol-gel method with metal nitrates

dissolved in 2-methoxyathanol. The concentrations of the metal nitrates are adjusted from 0.1 to 0.75 M in

order to study the influence on the structural and magnetic properties. The structure and morphology

characterization revealed that the crystallinity was improved and the nanoparticle size was increased with the

nutrition solution concentrations up to 0.5 M. Degraded crystallinity together with decreased nanoparticle size

were observed for concentration of 0.75 M. The saturation magnetization at room temperature reached

maximum at 0.5 M, which can be explained by considering the crystallinity and size effect.
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1. Introduction

Spinel ferrites are magnetic oxides which possess the
general formula MFe2O4, where M is a divalent cation.
The ferrites are especially favored in high frequency ap-
plications due to their high temperature ferromagnetism,
high resistivity, low eddy current, and low-loss dielectric
properties [1]. Over the past few years there have been
increasing interests for developing nanocrystalline ferrite
materials because the nanosized ferrite particles are able
to exhibit unusual magnetic properties, such as super-
paramagnetism, increased Curie temperature, metastable
cation distribution, etc., which are not observed in the
bulk materials. It is important to understand the connec-
tions between the properties of ferrite nanoparticles and
their preparation routes and conditions, so that the desired
properties can be effectively enhanced through appro-
priately designed preparation processes for targeted appli-
cations. 

NiZn ferrite is the solid solution of zinc ferrite (ZnFe2O4)
and nickel ferrite (NiFe2O4). ZnFe2O4 is a normal spinel,
with the Zn2+ cations occupying the tetrahedral A-sites
and the trivalent Fe3+ cations occupying the octahedral B-
sites. NiFe2O4 is an inverse spinel in which the A sites are

occupied by Fe3+ ions and the B-sites by Fe3+ and Ni2+

ions. Although the Zn2+ ion itself has no magnetic moments,
it is well-known that by substituting the Ni ions with Zn
ions, the magnetic moments of NiFe2O4 can be enhanced,
and normally the highest magnetic moments can be
achieved with Zn composition of about 40%. Recent ap-
plications such as multi-layer chip inductors and electro-
magnetic interference (EMI) suppressions renewed the
research interests in NiZn ferrites [2, 3]. Ferrite nano-
particles can be prepared through several major chemical
approaches including co-precipitation [4, 5], hydrothermal
[6], and sol-gel [7, 8]. As compared to other processes,
sol-gel has the advantages of simple procedures and the
prepared nanoparticles usually have a high degree of
crystallinity with a uniform microstructure and better
magnetic behaviors [7]. The reaction parameters of the
sol-gel process, for example, the type of precursors used,
reaction temperature and pH value, etc., have been report-
ed to have direct effects on the properties of fabricated
ferrite nanoparticles [7-12]. In this work, we prepared
NiZn ferrite nanoparticles through the sol-gel method by
dissolving the corresponding metal nitrates in 2-methoxy-
thanol. We adjusted the concentration of the precursor
solutions and investigated its effects on the structural and
magnetic properties of ferrite nanoparticles.
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2. Experimental details

The preparation of NiZn ferrite nanoparticles was
carried out by sol-gel in 2-methoxyethanol. Nickel nitrate
[Ni(NO3)2·6H2O], zinc nitrate [Zn(NO3)2·6H2O], and iron
nitrate [Fe(NO3)3·9H2O] were first separately dissolved in
2-methoxyethanol in order to prepare solutions with molar
concentration of 1 M. Then, the 3 metal nitrate solutions
were mixed with molar ratio of Ni:Zn:Fe = 1:1:4 in 2-
methoxyethanol. The volume of each solution used in the
experiments was 2.5, 2.5, and 10 ml for Ni, Zn, and Fe
nitrates, respectively. The total molar concentration of
metals were adjusted to be 0.1, 0.3, 0.5, and 0.75 M by
varying the volume of the 2-methoxyethanol in order to
make the total solution to 150, 50, 30, and 20 ml. The
mixed solution was stirred at room temperature for 3
hours, and then, heated at 90 oC to evaporate all the
liquids and to form a dried gel. To get rid of all organic
gradients, the dried gel was heated at 100 oC to burn in a
self-propagating combustion manner as to form loose
powder. Finally, the crystallization was performed at
600 oC for 1 hour in an air ambient. Hereafter, we will
identify the nanoparticles as S10, S30, S50, S75 for the
concentration of precursor solution as 0.1, 0.3, 0.5, and
0.75 M. 

The crystallinity of the obtained samples was charac-
terized by x-ray diffraction (XRD). The surface morpho-
logy and microstructure of the nanoparticles were observed
by using the scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), respectively. For
TEM observations, the nanoparticles were first dispersed
in acetone and one drop of the dispersed solution was put
on the TEM grid. The magnetic properties of the nano-
particles were measured by Lakeshore 7400 vibrating
sample magnetometer (VSM) in the range of 0-1 Tesla.

3. Results and Discussion

The XRD spectra from all 4 samples showed only
peaks of the spinel crystal structures, indicating that the
prepared nanoparticles are of single phase. Fig. 1(a) shows
the XRD spectra of all samples. In the magnified view of
the dominant diffraction [Fig. 1(b)], the (311) peak was
observed at 35.38o for S10, S30, and S50, and it shifted to
35.40o for S75. The lattice constants were first calculated
from peak position of (311) and (440) then took the
average value, which turned out to be 8.405 Å for S10,
S30, and S50, and 8.401 Å for S75. For comparison, we
also prepared bulk Ni0.5Zn0.5Fe2O4 sample by conventional
solid state reaction, and the lattice constant was measured
to be 8.403 Å. Therefore, the lattice constant of the nano-

particles prepared with concentrations up to 0.5 M show-
ed slightly enlarged lattice constant as compared to the
bulk value, whereas the nanoparticles prepared with higher
concentration of 0.75 M have lattice constants slightly
smaller than the bulk value. 

The XRD spectra also show a wider peak for S75, as
shown in the inset of Fig. 1(b). The larger full width at
half maximum (FWHM) may indicate a change in the
crystallite size. The average crystallite sizes of the nano-
particles were estimated from the XRD spectra using the
Scherrer equation [13] D = 0.9 λ/(βcosθ), where λ is the
x-ray wave length (1.5406 Å) and β is the broadening of
the peak at angle θ that can be estimated from the FWHM.
For each sample, the dominated peak (311) was chosen
for calculation. For nanoparticles prepared with concen-
trations from 0.1 to 0.5 M, the crystalline sizes increased
from 30 to 34 nm, whereas those prepared with 0.75 M
solutions showed much reduced size of ~24 nm. As
compared to the nanoparticles, the NiZn ferrite prepared

Fig. 1. XRD spectra from Ni0.5Zn0.5Fe2O4 nanoparticles pre-

pared with different precursor concentrations. (a) 2θ range

from 20 to 70o. (b) Magnified view of the (311) peak. The

inset in (b) shows the change of FWHM vs. concentrations.
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by solid-state reaction showed particle size of ~60 nm,
which can be mostly contributed to the high temperature
sintering process. 

The SEM images in Fig. 2 show the typical morphology
of the NiZn ferrite nanoparticles prepared with different
precursor concentrations. Although the actual size of the
nanoparticles is hard to tell from the SEM images due to
the agglomeration, the trend is clear that the size of the
nanoparticles increases with concentrations up to 0.5 M,
and then decreases, which is consistent with the estima-
tion from the XRD spectra.

TEM was employed to further investigate the micro-
structural properties of the NiZn ferrite nanoparticles as
shown in Fig. 3(a)-(d). Nanoparticles are of sphere shape.
The size distribution of nanoparticles plotted by measur-
ing 40 particles in each sample is illustrated in Fig. 3(e).
The change of crystalline size with the precursor concen-
tration agrees well with the XRD and SEM observations.
Fig. 3(f) showed the HR-TEM image of lattices in an S50
nanoparticle, and the fast Fourier transform pattern of the
lattices is shown in Fig. 3(g). The high density points near
the center form a cubic pattern, with the angle between
|01| and |03| being 90o. The d-spacing calculated using
point 1, 2, and 3 is 0.2972, 0.2101, and 0.2972 nm.
Therefore, point 1 and 3 are most probably from the diffr-
action of (022) planes, whereas point 2 from the (004)
plane of the spinel lattice [14]. The TEM image confirms
that the nanoparticles are of cubic structure, and the
lattice constant can be calculated to be 8.405 Å. 

Field dependent magnetization of the NiZn ferrite nano-
particles were measured at room temperature. The mag-
netic properties were characterized by VSM in the field
range of 0~1 Tesla. All samples showed clear hysteresis
at room temperature. We observed from the magnetization-
field (M-H) measurements that the saturation magneti-
zation (Ms) increased with the concentration of the pre-
cursor solution up to 0.5 M, and then decreased for
concentrations of 0.75 M. The M-H curves for the 4
samples are shown in Fig. 4, with their saturation
magnetization showed in Fig. 4(b). The maximum value
of Ms observed from S50 is close to those reported by

Fig. 2. SEM images from Ni0.5Zn0.5Fe2O4 nanoparticles,

showing changes in the crystalline size with the precursor

concentrations. 

Fig. 3. (Color online) (a)-(d) TEM images from Ni0.5Zn0.5Fe2O4 nanoparticles prepared with different precursor concentrations.

The scale bar in each image is for 20 nm. (e) The size distributions of nanoparticles prepared with different solution concentra-

tions. (f) HR-TEM image of S50 showing the lattice of the nanoparticles. The scale bar is 1 nm. The Fast Fourier transform pattern

obtained from the lattice is shown in (g). 
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other groups [15, 16]. The hysteresis near zero fields are
enlarged and showed in Fig. 4(c). Therefore, except the
changes in the saturation magnetization, the precursor
concentrations in the investigated range seemed to have
no obvious effects on the coercivity. 

The saturation and coercivity of ferrite nanoparticles
can be affected by many factors, such as particle size,
lattice constant, crystallinity, etc. In this study, since the
change in Ms showed a similar trend with the nano-
particle size and crystallinity, it is reasonable to consider
the relationship among these parameters together with the
effects of solution concentration. For most chemical reac-
tions, the reaction rate increases with the concentration
due to the increased possibilities of collisions between the
precursor molecules. Our results imply that 0.5 M is an
optimized concentration for the preparation of NiZn
ferrite nanoparticles when using 2-methaxythanol as a
solvent. This concentration may provide an appropriate
reaction rate to form nanoparticles with good crystallinity
and allow enough time for grain growths to form larger-
sized particles. For concentration of 0.75 M, the reaction
rates may be too high to allow complete reaction and
optimum bonding of the atoms, resulting in a degraded
crystallinity and smaller particle sizes. Since the magneti-
zation of the ferrite materials is mainly determined by the
interactions between Fe3+ on the A sites and Fe3+ on the B
sites, better crystallinity improves magnetization [12],
which explains the increased saturation magnetization up

to 0.5 M. On the other hand, smaller particles prepared
with 0.75 M possess higher surface energy and surface
tension, which could results in reduced magnetization [7].
The coercivity measures the resistance of a ferromagnetic
material to becoming demagnetized, and usually, the nano-
particles show larger coercivity than the corresponding
bulk materials, especially when the particle size is close
to the single domain limit. We also observed that the
coercivity of the bulk sample prepared by solid state reac-
tion is about half of the nanoparticles (data not shown).
The similar value of coercivities in all 4 samples in this
study implies the comparable domain status of these nano-
particles despite of the difference in solution concentra-
tion.

4. Conclusions

In conclusion, we have investigated the effects of the
solution concentration on the crystallographic and mag-
netic properties of Ni-Zn ferrite nanoparticles. The
crystallinity improved and the sizes of the nanoparticles
increased with the solution concentrations up to 0.5 M,
presumably due to the gradually optimized reaction rate
in the reaction solution. The saturation magnetization
showed parallel changes with crystallinity of this range.
When the solution concentration increased to 0.75 M,
high reaction rates resulted in smaller sized nanoparticles
with degraded crystallinity and saturation magnetizations.

Fig. 4. (Color online) (a) M-H curves of NiZn ferrite nanoparticles measured at room temperature. (b) Changes of saturation mag-

netization with the solution concentration. (c) Enlarged hysteresis curves near zero fields to show the coercivity. 
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