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a b s t r a c t

Nanocrystalline ZnxFe3–xO4 solid solutions (with x¼0, 0.18, 0.45, 1) with crystallite sizes of 5–10 nm,
specific surface of about 180 m2/g were synthesized via an inorganic variant of the sol–gel approach. The
composition and structure of the formed nanoparticles were examined with the help of powder X-ray
diffraction, scanning electron microscopy, transmission electron microscopy, inductively coupled plasma
atomic emission spectrometry and Fourier transform infrared spectroscopy. Hysteresis loops recorded for
the samples indicate their ferromagnetic behavior at 5 K and superparamagnetic behavior at 300 K. The
highest maximum magnetization of 59 emu/g at room temperature corresponds to Zn0.18Fe2.82O4 com-
position, and at 5 K to Zn0.45Fe2.55O4 (86 emu/g). The saturation magnetization of the pure magnetite was
measured to be respectively 62 and 49 emu/g.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

At present time, nanosized ferrite particles with a spinel-type
structure are being widely used in biology, medical diagnostics
and therapy. In the case of in vivo applications they are mostly
used in therapeutic (hyperthermia and drug-targeting) and diag-
nostic applications (nuclear magnetic resonance imaging (MRI)),
while in the case of in vitro applications the main use is in diag-
nostics (separation/selection and magnetorelaxometry). The pre-
paration of magnetic nanoparticles for the application in biome-
dicine includes such techniques as precipitation and coprecipita-
tion from solutions, microemulsion synthesis, polyol technique,
high-temperature decomposition of organic precursors, spray and
laser pyrolysis etc. [1].

Magnetic nanoparticles based on iron oxides, such as magnetite
(Fe3O4) or maghemite (γ-Fe2O3), are most commonly employed for
biomedical applications. Superparamagnetic iron oxide nano-
particles are widely used, for example, as T2 contrast agents for
MRI [2–4]. For some applications a high magnetization of the
particles is also required so that their migration in blood stream
could be controlled with an external magnetic field and they could
be immobilized close to the target pathologic tissue [5]. However,
there still remains an open challenge to improve the magnetic
properties of superparamagnetic iron oxide nanoparticles, which
otsikau@bsu.by (D. Kotsikau),
would lead to a higher imaging sensitivity. The vast majority of
research work is devoted to the synthesis of pure oxide materials,
even though the preparation of mixed oxide compositions may
contribute to a considerably broader range of their functional
properties. One of the ways to improve the magnetic properties of
the nanoparticles is doping of magnetite with zinc with the for-
mation of zinc ferrite–magnetite solid solutions.

The magnetic properties of zinc ferrite reported so far are re-
lated to the cation distribution [6]. Zinc ferrites are generally re-
presented as (ZnyFe1�y)[Znx�yFe2�xþy]O4, where the parentheses
and square brackets refer to the cations occupying the tetrahedral
site and the octahedral site, respectively. It has been demonstrated
that the addition of ZnFe2O4 ferrite to an inverse spinel structure
(like in Fe3O4) can increase the net magnetic moment of the re-
sulting mixed spinel structure [7].

There is also another advantage of Zn-substituted iron oxide
nanoparticles in comparison with other ferrites – the reduced
toxicity of Zn over other metals. A preliminary in vitro cytotoxicity
test suggests that the zinc ferrite nanoparticles possess a good
safety profile [8]. For example, the Food and Drug Administration
has set the reference daily intake doses for Zn at 15 mg/day, re-
spectively, which is much higher than the Mn value (2 mg/day) [9].

A variety of methods of zinc ferrite nanoparticles preparation
has been proposed. Among them are mechanical milling [10], co-
precipitation method [11], rapid quenching method [12], pulsed
laser deposition technique [13], sol gel route [14], approach based
on oil-in-water micelles [7], sputtering method [15], solvothermal
processing [16]. The reported data show that the physical and
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chemical properties of the nanomaterials are strongly dependent
on the synthetic route used.

As it was shown earlier, a modification of the sol–gel method
based on inorganic precursors is a promising approach to obtain
advanced metal oxide materials for different applications [17–19].
The sol–gel approach provides major possibilities to modify the
grain size, the nanostructure and the phase composition of metal
oxide materials, and, consequently, to tailor their functional
properties over a wide range. This is achieved by varying the
nature and concentration of precursors, precipitants and stabiliz-
ing agents; the temperature of the reaction mixture; the order and
the rate of reagents mixing; the pH level of solutions; the mode of
heat treatment of the product. The variations of the sol–gel
method allow nanomaterials to be prepared in the forms of a sol, a
powder, a film and ceramics. These techniques are based on the
precipitation of metal hydroxides and the consecutive transfor-
mation of the precipitate into the sol, gel, xerogel and crystalline
oxide [19].

For most biomedical applications, it is strictly important to
obtain single-phase products homogeneous in the composition
and structure. A co-precipitation of metal hydroxides and sub-
sequent transformation of the sediment into a sol state provide a
high degree of homogeneity of the starting components in re-
actant solutions thus promoting an efficient interaction between
them. As a result, multicomponent oxide materials with a highly
homogeneous structure are obtained, which cannot be achieved
by using the conventional ceramic approach [20]. In the presence
of bivalent metals like Fe2þ and Zn2þ , the preparation of homo-
geneous and stable colloidal solutions becomes a more compli-
cated task. Therefore, a well-grounded selection of optimal reac-
tion conditions is required.

In this study, we successfully synthesized the nanoparticles of
zinc-substituted magnetite with different composition via a
modified inorganic sol–gel technique. The magnetic properties
and crystal structure of the ZnxFe3–xO4 solid solutions were sys-
tematically examined in view of their potential biomedical
applications.
2. Experimental

2.1. Sample preparation

Nanoparticles of ZnxFe3–xO4 (with x¼0.18, 0.45, 1) and mag-
netite, Fe3O4, were prepared at room temperature from water
solutions of inorganic salts by a modified inorganic sol–gel tech-
nique. Fe(NO3)3 �9H2O, Zn(NO3)2 �6H2O and FeSO4 �7H2O taken in
stoichiometric proportion (with 5% excess of FeSO4 �7H2O to
compensate a possible oxidation of Fe2þ ions to Fe3þ) were dis-
solved in water at room temperature to form a clear solution. To
remove oxygen, water was purged with nitrogen for 40 min at the
flow rate of 25 ml/s. The solutions of all salts were then mixed
together under vigorous stirring with the subsequent stirring for
30 min. At this stage of the synthesis, a hydrolytic interaction
between salts started due to the pH difference of the solutions of
Table 1
The results of chemical analysis (measured with ICP-AES) of the zinc-iron oxide powde
and of calcium oxide and silica impurities.

Main constituents, mol%

Theoretical Experimental

ZnO Fe2O3 ZnO Fe2O
ZnFe2O4 50.0 50.0 49.8 50.2
Zn0.18Fe2.82O4 11.3 88.7 11.6 88.4
individual salts. The solution of salts was added under vigorous
stirring to a concentrated solution of NaOH, which was taken in
20 wt% excess. Under the indicated precipitation conditions, an
instantaneous formation of small-sized product aggregates was
achieved, which allowed us to obtain a stable colloidal solution of
nanosized (less than 10 nm) particles with a narrow size dis-
tribution. The suspension was stirred for one hour to ensure the
processes of hydrolysis, particle growth, polycondensation of oxo-
and hydro-xocomplexes and recrystallization were completed.
The described reversed order of mixing the reactants together
with the excess of the precipitant provides for the preservation
of phase and chemical homogeneity for each nanoparticle
in the growth process since the pH of the suspension is main-
tained constant (�11) throughout the reaction. This pH value is
sufficient for the complete deprotonation of the aquacomplexes of
all three metal ions – Fe3þ , Fe2þ and Zn2þ , but not for the for-
mation of a notable amount of water-soluble metal hydro-
xocomplexes. Furthermore, the precipitation of mixed iron–zinc
oxohydroxide with a cubic structure similar to the crystal lattice of
the target spinel is expected at the early stages of the hydrolysis. A
consecutive process including the formation of individual hydro-
xides and their interaction is not typical of the given synthesis
conditions [21].

To obtain a pure product of the desired chemical composition
and to ensure a long-term stability of the corresponding colloidal
solution, it was necessary to remove the anions of the used salts
from the resulting suspension. After the precipitate was washed
with water by decantation for three times, a peptization occurred
spontaneously giving a sol. The sol was stable under centrifugation
at 6000 rpm due to the stabilizing effect of the residual hydroxyl
ions adsorbed on the oxide aggregate. However, a significant
amount of nitrate and sulfate anions remained in the sol hitherto.
To remove these anions, the pH of the sol was adjusted to �7 by
adding a 1% solution of HNO3. At this acidity level, an isoelectric
point of the oxide surface was reached causing the coagulation of
the sol. The precipitate was washed with small portions of water
(50 ml) three times under centrifugation, and then peptized by
adding a diluted NaOH solution to the pH of 8 followed by ultra-
sonic treatment (3 min, 22 kHz). As a result, a stable transparent
brown sol was obtained. To prepare powdered samples, the sol
was dried at 60 °C in air.

2.2. Characterization

The phase composition and the grain size of the samples were
studied by powder X-ray diffraction (XRD). The XRD analysis was
carried out using Co-Kα radiation in the 2θ range of 10–120°. The
lattice constants were refined using the RTP 3.3 X-ray structure
tabular processor. The average crystallite size (dXRD) was estimated
from the broadening of diffraction lines using the Scherrer's
equation, dXRD¼λ/[(B–b)cos θ], with the wave length λ, the peak
width B, the instrumental broadening b, the Bragg angle θ and the
shape factor KE0.89.

In addition to the XRD analysis, fine structural features of the
ferrites were revealed using the infrared spectroscopy method
rs prepared by the co-precipitation technique: concentrations of main constituents

Impurities, wt%

Theoretical Experimental

3 CaO SiO2 CaO SiO2

– – o0.006 o0.006
– – o0.006 o0.006
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Fig. 1. The XRD pattern of the Zn0.18Fe2.82O4 nanoparticles.
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Fig. 2. Fragments of the IR spectra of the magnetite and the zinc-substituted
magnetite: 1 – Fe3O4; 2 – Zn0.18Fe2.82O4; 3 – Zn0.45Fe2.55O4; and 4 – ZnFe2O4.
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(IR). IR spectra were recorded on an AVATAR FTIR-330 spectro-
meter supplied with a Smart Diffuse Reflectance accessory in the
wavenumber (ν~) range of 400–4000 cm�1.

The specific surface area (As) of the powders was determined
by nitrogen adsorption by Brunauer–Emmett–Teller (BET) method
on an ASAP 2020 instrument. Assuming the spherical shape of the
particles, their average size (dBET) was estimated using the relation
dBET¼6/ρAs with the density ρ.

The morphology of the materials was examined with a LEO
1420 scanning electron microscope (SEM) and a LEO 906E trans-
mission electron microscope (TEM).

The composition of the particles was estimated by inductively
coupled plasma atomic emission spectrometry (ICP-AES) with an
ACTIVA-MICP-AES spectrometer.

Magnetization measurements were performed with a Cryogen
Free Measurement System (CFMS) Cryogenic Ltd. Hysteresis loops,
M(H), were recorded at 5 and 300 K. The magnetization at a field
of 50 kOe was taken as a maximum magnetization, Mmax. The
magnetization was also recorded as a function of temperature, M
(T), between 5 and 330 K in zero-field-cooled (ZFC) and field-
cooled (FC, H¼60 Oe) modes, respectively.
3. Results and discussion

The composition of the prepared zinc-iron oxides measured by
ICP-AES matches closely the theoretically calculated values. For
ZnFe2O4, the content of zinc was found to be 49.8 mol% and for
Zn0.18Fe2.82O4–11.6 mol%, while the theoretical values are 50.0 and
11.3 mol%, respectively (Table 1). The concentrations of silica and
calcium oxide were measured to be very low.

A typical XRD pattern of the synthesized zinc-iron oxides is
shown in Fig. 1. For all samples, the only reflections attributed to a
cubic spinel structure (Fd3m space group, PDF no. 227) were ob-
served. The observed diffraction lines are diffuse and broad, as
expected due to the nanocrystalline character of the particles. The
lattice constants a for the Fe3O4, Zn0.18Fe2.82O4, Zn0.45Fe2.55O4 and
ZnFe2O4 solid solutions with average particle sizes of 5–6 nmwere
calculated to be 8.369, 8.391, 8.397 and 8.425 Å, respectively. It is
seen that the lattice constant value increases with the increase in
zinc content. The lattice constant calculated for the prepared
ZnFe2O4 is slightly smaller as compared to the stoichiometric bulk
zinc ferrite (a¼8.44 Å), indicating that the spinel structure is ca-
tion defective and/or that the crystallization of a homogeneous
spinel ferrite is not complete yet. The same decrease in the lattice
constant was also observed for Fe3O4 (a¼8.38 Å for bulk magne-
tite). Another possible explanation could be a partial oxidation of a
magnetite to a maghemite, γ-Fe2O3, for which the lattice para-
meter is smaller (8.34 Å).

All the ferrite samples exhibit a developed specific surface area
of 170–180 m2/g, which corresponds to a particle size of about
6 nm. The diameter estimated from the BET data matches closely
the average particle sizes calculated by the Scherrer’s equation.

To clarify the character of zinc distribution in the synthesized
ferrites, IR spectroscopy was used. This method also provides ad-
ditional information on the surface state of oxide materials. IR
spectra of the magnetite samples heated at 50 °C with a different
degree of substitution of Fe3þ ions with Zn2þ ions are compared
in Fig. 2. Only the absorption bands in the wavenumber region of
400–1200 cm�1 are shown. These bands are attributed to the
stretching vibrations of Me–O (νMe–O at 400/700 cm�1) and
bending vibrations of Me–O–H (δMe–O–H at 800/1200 cm�1) [22].
The occurrence of OH-groups in the ferrites is explained by the
poor crystallinity of the structure and incomplete dehydration of
hydroxides. In addition to the structurally bound hydroxyl groups,
the presence of significant amount of adsorbed water is also ty-
pical of the xerogels of metal oxides obtained by the inorganic sol–
gel method [18,19]. The adsorbed water remains in the sol–gel
derived samples after their annealing at temperatures up to
600 °C. The adsorbed water was registered in the IR spectra as
broad absorption bands of νH–O–H at �3410 cm�1 (not shown in
the figure) and relatively narrow peaks of δH–O–H at �1630 cm�1.

In the IR spectra of all the samples, intense absorption bands of
NO3

−-groups adsorbed on the oxide surface (1330 and 1400 cm�1)
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Fig. 3. The TEM (a) and SEM (b) micrographs, and the size distribution (c) of the Zn0.45Fe2.55O4 nanoparticles.
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Fig. 5. The magnetization vs. field curves recorded for the Zn0.18Fe2.82O4, Zn0.45Fe2.55O4, ZnFe2O4 and Fe3O4 powders at 5 K (a) and 300 K (b).

Table 2
The maximum magnetization values for the ZnxFe3–xO4 samples and the pure
magnetite measured at different temperatures, blocking temperature TB and ZFC/FC
separation temperature TS (K).

Parameter Zn0.18Fe2.82O4 Zn0.45Fe2.55O4 ZnFe2O4 Fe3O4

Mmax (5 K), emu/g 80 86 45 62
Mmax (300 K), emu/g 59 46 9 49
TB (K) 100 90 25 –

TS (K) 270 220 36 –
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were also observed. The presence of nitrate anion is a result of the
stabilization of the colloidal solutions with nitric acid.

As may be inferred from Fig. 2, all the IR spectra differ slightly
from each other. The distinctions appear as shifts of the absorption
bands to lower wavenumbers as well as changes in the intensity
when going from the individual magnetite to the stoichiometric
zinc ferrite. This is due to the substitution of Zn2þ ions for Fe3þ

ones. No absorption bands of individual zinc oxide or hydroxide
were detected in the IR spectra of the samples. The reported data
confirms the formation of substitutional solid solutions in the
samples for all zinc concentrations studied.

The IR spectra of the samples were analyzed in more details in
the region of 400/700 cm�1, which is characteristic of the crys-
talline lattice of oxides. The spectrum of the individual magnetite
is in close correspondence with the reference pattern for Fe3O4.
The characteristic absorption band for the magnetite lays at
548 cm�1, which is assigned to the Fe–O stretching mode induced
by the interaction of the iron ions with oxygen ions in the octa-
hedral sites of the lattice [22]. The occurrence of low-intensive
additional peaks in the considered frequency range (432, 623 and
693 cm�1) indicates the formation of an ordered structure of
cation vacancies in the octahedral sites of the inverse spinel
lattice [23].

As stated earlier, in the ZnxFe3–xO4 and the CoxFe3–xO4 materials
obtained by the combined thermal decomposition of oxalates of
iron and zinc, or oxalates of iron and cobalt, the formation of
substitutional solid solutions is possible in a wide range of con-
centrations. Iron ions occupying the tetrahedral sites of the spinel
lattice are replaced with Zn2þ or Co2þ ions that should lead to the
shift of the νFe–O vibration bands to lower frequencies due to an
increased mass of Zn2þ–O2– or Co2þ–O2– complexes as compared
to Fe3þ–O2– ones [24]. This was also observed for our samples
with the increase in the degree of iron substitution with zinc in the
magnetite. Thus, the wavenumbers of the main absorption band
for Fe3O4, Zn0.18Fe2.82O4, Zn0.45Fe2.55O4 and ZnFe2O4 are 548, 547,
544 and 539 cm�1, respectively.

The intensity of the peaks at 432, 623 and 693 cm�1 decreases
with the increasing zinc content in the ferrites, which relates to a
gradual disordering of the cation vacancies. There is also a similar
slight shift of the band at 548 cm�1 towards lower wavenumbers.
The complete disappearance of this band confirms the formation
of the normal spinel structure in the case of the ZnFe2O4 stoi-
chiometric ferrite.

The TEM and SEM micrographs of the ferrites given in Fig. 3
confirm the diameter of the grains ranging from 5 to 10 nm and
show the grains to have a spherical shape with an average dia-
meter of about 6 nm.

The specific magnetization of the zinc-iron oxide powders as a
function of the applied magnetic field is shown Figs. 4 and 5. It can
be seen that the magnetization of all the solid solutions is not
completely saturated at the maximum value of the external
magnetic field (50 kOe). At 5 K, all the samples show a hysteresis
behavior with small coercivities (10–50 Oe depending on the
sample compositions). In contrast, at 300 K, all the samples display
no hysteresis. This indicates that in the prepared powders the
majority of the particles have a diameter below the size critical for
a superparamagnetic behavior, which is in agreement with the
TEM and XRD data given above.

The maximum magnetization values measured for the Zn-
doped samples at 5 and 300 K are compared with the pure na-
nosized magnetite in Table 2. The highest maximum magnetiza-
tion of 86 emu/g measured at 5 K for the Zn0.45Fe2.55O4 sample
exceeds noticeably the value for the Fe3O4 powder (62 emu/g).
When an external magnetic field is applied to the (Zny

Fe1�y)[Znx�yFe2�xþy]O4 ferrites, the spins of atoms occupying the
octahedral sites (B-sites, shown in brackets) align parallel to the
direction of the external magnetic field, but those occupying the
tetrahedral sites (A-sites, shown in parentheses) align antiparallel.
Since the number of B-sites is twice as that of the A-sites, a non-
compensated magnetic moment occurs due to the dominant A–B
interactions [6,7]. This could explain the observed increase in the
magnetization of the synthesized ferrites as compared to the Fe3O4

powder prepared by using the same route.
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Note that the saturation magnetization of the synthesized Fe3O4

nanoparticles (62 emu/g) is still lower than the value for the well-
crystallized bulk magnetite Fe3O4 (96 emu/g) [25,26]. Such a reduc-
tion of the magnetization values of nanoparticles in comparison with
bulk material are typical. A possible origin of this phenomenon is in
the formation of a surface layer with reduced magnetization, caused
by a different composition and cation distribution or disordered spins
in the surface of oxides [27,28]. The bulk magnetite structure has an
inversed cation distribution and antiparallel alignment of magnetic
moments between the A- and B-sites of the spinel lattice.

The hysteresis measurements carried out at 300 K have shown a
superparamagnetic behavior for all the synthesized nanoparticles. The
highest maximum magnetization is observed for Zn0.18Fe2.82O4, while
for Zn0.45Fe2.55O4 it happened to be less than this of the magnetite. As
it follows from the above results, a maximum of saturation magneti-
zation at a certain Zn content in magnetite is expected. The maximum
magnetization value measured for the stoichiometric Zn ferrite
(ZnFe2O4) is the lowest at both 5 and 300 K, which is evidently due to
a predominant Zn2þ occupation of A sites instead of B sites in the
spinel lattice leading to a decrease in the magnetic parameters of the
material.
The ZFC and FC measurements of the Zn0.18Fe2.82O4 and
Zn0.45Fe2.55O4 samples represented in Fig. 6-a and b show a be-
havior typical of superparamagnetic particles with a significant
width of the particle size distribution. The ZFC and FC curves are
separate from each other at Ts and goes through a maximum at
blocking temperature TB [29]. The analysis of the ZFC/FC curves
can provide some additional information about the cluster state of
the sample. The derivative of this curve is correlated with the
temperature distribution of the energy barrier, which in turn is
connected with a particle size distribution. The separation point
position of ZFC/FC curves corresponds to the maximum blocking
temperature (and a maximum particle size), whereas the peak
position on an ZFC curve corresponds to the average blocking
temperature value [30]. The relatively small difference between TB
and TS (�10 K) and a sharp FC maximum in Fig. 6-c indicates a
narrow particle size distribution for ZnFe2O4, which was not ob-
served for both Zn0.18Fe2.82O4 and Zn0.45Fe2.55O4 compositions.
This unusual FC curve maximum has already been reported for
other oxide nanomaterials [31,32]. On one hand, Testa et al. [33]
have recently suggested that the presence of a maximum on ZFC
curve for spinel-type iron oxides is the result of the combination of
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the blocking of the magnetic moment of each particle and the
magnetic interactions between the particles. On the other hand,
Pileni et al. [34] have claimed that in nonstoichiometric zinc ferrite
it is due to the intrinsic ferrimagnetic structures of the particles.

ZFC curves recorded for Zn0.18Fe2.82O4, Zn0.45Fe2.55O4 and
ZnFe2O4 all display a maximum, indicating a transition to a su-
perparamagnetic behavior. The comparison of the blocking tem-
peratures for zinc ferrites, however, is ambiguous because of the
difference in the iron content as well as in the inversion degree of
the cations distribution. For the ZnFe2O4 sample, the blocking
temperature is much lower than that measured for the other
compositions, which indicates a wider temperature range of su-
perparamagnetism for the ZnFe2O4 nanoparticles.
4. Conclusion

Zinc-iron oxide nanoparticles (ZnxFe3–xO4, where x¼0, 0.18,
0.45, 1) were synthesized via a modified inorganic sol–gel tech-
nique. The particles exhibit a crystallite size of 5–10 nm and a
superparamagnetic behavior at room temperature.

The IR spectroscopy data have revealed the substitution of Fe3þ

ions in the tetrahedral and octahedral positions of the Fe3O4 spinel
lattice with Zn2þ ions with the formation of substitutional solid
solutions over a wide range of concentrations.

A hysteresis behavior is observed for all samples at 5 K. The
highest maximum magnetization of 59 emu/g at 300 K corres-
ponds to the Zn0.18Fe2.82O4 sample, and at 5 K – to the
Zn0.45Fe2.55O4 sample (86 emu/g), both exceeding the maximum
magnetization of the pure magnetite (62 and 49 emu/g, respec-
tively) due to the dominant A–B cation interactions.

It has been demonstrated that the chosen approach is applic-
able to a room temperature synthesis of single-phase ZnxFe3–xO4

ferrites in a nanosized state.
The synthesized ferrites can be potentially used as materials for

electronics and as contrasting agents for magnetic resonance imaging.
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