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Abstract Mn0.8Zn0.2Fe2O4 nanoparticles with improved
saturation magnetization were prepared by a modified
hydrothermal method. This method involves a chemical co-
precipitation of hydroxides under a vacuum condition using
potassium hydroxide as a precipitating agent, followed by
a separate hydrothermal process. To understand the advan-
tages of the modified hydrothermal method proposed above,
a sample having identical stoichiometry was prepared by
conventional hydrothermal method, during which the prepa-
ration of precursor was conducted in an open system. The
samples were characterized by XRD, X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, and TEM. The
magnetic property was tested by vibrating sample magne-
tometer (VSM). XPS results show that the Mn cations of the
nanoparticles prepared by modified hydrothermal method
have lower average valence. The MnZn ferrite nanoparticles
prepared by modified hydrothermal method have smaller
diameter (16.1 nm, calculated by XRD) and higher room
temperature saturation magnetization, 80 emu/g, which is
even better than the reported value. The saturation magne-
tization of the particles prepared by modified hydrothermal
method is 1.6 times of the particles prepared by conven-
tional hydrothermal method.
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1 Introduction

Nowadays, nanostructured magnetic materials, especially
the ferrite nanoparticles, have been a topic of active investi-
gations in the magnetism research, mainly due to the unique
magnetic properties that do not present for the microscopic
scale or bulk materials. MnZn ferrite, one of the most impor-
tant soft ferrites, is widely used in many fields presently
as deflection rings, computer memory chips, microwave
devices, transducers, transformers, and so on, for presenting
high magnetic permeability, high saturation magnetization,
low coercivity, low power losses, high chemical stability,
etc. [1]. Additionally, nanosized MnZn ferrite particles can
be manipulated by external magnetic fields, so they present
a great potential market and broad application prospect in
the fields as magnetic separation, catalysis, hyperthermia,
ferrofluids, bioseparation, and targeted drug delivery [2].

These abovementioned applications require not only
smaller size nanoparticles, but also high magnetization. The
development of MnZn ferrite nanoparticles has been inten-
sively pursued in recent years for their technological and
fundamental scientific importance, and many efforts have
been made to gain nanosized MnZn ferrite with superior
microstructure, morphology, and magnetic properties. As
is well known, the morphology and properties of MnZn
ferrite nanoparticles are significantly influenced by synthe-
sis method. Therefore, various techniques on the synthesis
of the nanosized ferrites have been proposed, such as co-
precipitation, sol-gel, microemulsion method, polymeric
precursor method, microwave-assisted combustion, ther-
mal deposition of precursors, and hydrothermal reactions
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[3–6]. Among these, the hydrothermal method has become
one of the favorable and promising methods to synthe-
size improved performance nanosized ferrites. The most
significant distinction of hydrothermal method is that the
nanopowders can be obtained at relatively low temperature
with high crystallinity and without additional heat treatment
process.

It has been more than 100 years since the hydrother-
mal method was used to prepare ferrite materials. In such a
long time, researches on the improvement of hydrothermal
method have never been stopped. Till now, despite a lot of
relevant reports, the amelioration of hydrothermal method is
still an important research topic. The improvements mainly
focus on boosting the kinetics of the reaction or optimiz-
ing the experimental conditions to obtain suitable ferrite
nanoparticles [7, 8].

There are some common characteristics in the prepa-
ration of MnZn ferrite nanoparticles using hydrothermal
methods, such as the use of metal nitrate or chlorides as
precursors, autoclave synthesis at low reaction temperatures
140–190 °C nd pH 9–12. However, the properties of the
obtained ferrite nanoparticles are very different. According
to the professional documents, the reported saturation mag-
netization value of nanosized MnZn ferrites is between 10
and 60 emu/g, far less than that of the bulk MnZn ferrite
materials [9–11]. This situation greatly limits the applica-
tion of MnZn ferrite nanoparticles in the fields as chemistry,
chemical industry, and biomedicine. Therefore, there is a
long way to go for the high performance of nanosized MnZn
ferrites. In this article, a modified hydrothermal method
is proposed for the first time to prepare high-performance
MnZn ferrite nanoparticles, during which the fabrication of
precursor comprised of hydroxides is conducted under a
vacuum condition, then followed by a separate hydrother-
mal crystallization process as same as that of traditional
hydrothermal method. We investigated the structure and
properties of the products and analyzed the reasons for
the improvement of performance by comparing with the
traditional hydrothermal method.

2 Experimental Procedure

2.1 Synthesis

Nanosized Mn0.8Zn0.2Fe2O4 ferrite particles were synthe-
sized by a modified hydrothermal method which consisted
of two steps: the preparation of precursors under vac-
uum conditions and followed by a separate hydrothermal
process. Commercially AR-grade ferric nitrate (Fe(NO3)3·
9H2O, 98.5 %), zinc sulfate heptahydrate (ZnSO4· 7H2O,
99.5 %), manganese(II) sulfate monohydrate (MnSO4·
H2O, 99 %), and potassium hydroxide (KOH, 82 %) were

used as starting materials in the present work without any
further purification. Initially, 1.6406 g Fe(NO3)3· 9H2O
(4 mmol), 0.1156 g ZnSO4· 7H2O (0.4 mmol), and 0.2732 g
MnSO4· H2O (1.6 mmol) were dissolved in 25 ml deionized
water, and a mixed salt solution was obtained. In addition,
1.344 g KOH (24 mmol) was dissolved in 10 ml deionized
water and used as precipitating agent. Under vacuum con-
ditions, the KOH solution was slowly added into the salt
solution with stirring, resulting in a precursor comprised
of hydroxide precipitation. Then the precursor was poured
into a Teflon-lined stainless steel autoclave quickly, and the
volume of the resultant solution was around 30 % of the
autoclave total volume. After heating at 180 ◦C for 3 h, the
autoclave was cooled down to room temperature naturally.
The as-synthesized powders were taken out and washed sev-
eral times with deionized water and ethanol, then the wet
slurry was kept in a vacuum oven for 5 h at 80 ◦C. The
resulting sample was named MZF-m. A reference sample
having the same chemical composition was synthesized via
a conventional hydrothermal method, the only difference of
which, compared with the modified hydrothermal method
previously mentioned, is that the preparation of the precur-
sor was carried out in an open system. The sample prepared
by conventional hydrothermal method was labeled as MZF-
c, and its microstructure and magnetic property were tested
and compared to that of the samples MZF-m to illustrate the
effect of synthesis condition on the structure and magnetic
property.

2.2 Sample Characterization

Phase formation of the samples was investigated by X-
ray diffraction (XRD) method by using Cu Kα radiation
(.λ = 0.154 nm) and scanning range of 2θ = 10◦ to 70◦
(Dmax 2500 XRD diffractometer) at a continuous scanning
rate of 10°/min. The phase identification was made by com-
paring powder diffractograms with standard patterns from
the Inorganic Crystal Structure Database (ICSD). In addi-
tion, the peaks were employed to calculate the particle size
(D) of the samples using the Debye–Scherrer’s equation:
D = 0.89.λ/.βcos.θ , where .λ is the X-ray wavelength, .β

is full width at half the maxima (FWHM), and .θ is Bragg’s
angle. An inVia Raman microscope (HR Evolution) was
used to record the chemical structure of sample MZF-m. An
argon ion laser at 785 nm was used as excitation source.
The sample was placed in 1.0-mm (inside diameter) quartz
capillaries. The experimental conditions were as follows:
1 mW power, a ×100 objective microscope, 1 cm−1 spectral
resolution, and 30 s × 3 collection time. The XPS measure-
ments were carried out using a Thermo-Fisher ESCALAB
250Xi using Al Kα X-ray source and a 150-mm hemi-
spherical analyzer with 20 eV pass energy and operating
at 1486.8 eV during the measurement. Charge shift was
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corrected by adjusting the binding energy C1s to 284.8 eV.
The peak-fit processing was used with XPSPEAK program
at a Lorentzian to Gaussian ratio of 80 % after the sub-
traction of Shirley-type background. Particle morphology
was checked using a high resolution transmission elec-
tron microscopy (HRTEM, Model JEM-2010). Hysteresis
loops were measured by a Lakeshore Model 7404 vibrating
sample magnetometer (VSM) at room temperature with an
applied field −10 kOe ≤= H ≤= 10 kOe, and the saturation
magnetization (Ms) of the samples was calculated in terms
of the hysteresis loops.

3 Results and Discussion

3.1 XRD

XRD patterns of the as-prepared ferrite samples are shown
in Fig. 1. The diffraction peaks match well with those of the
spinel MnZn ferrite, Mn0.8Zn0.2Fe2O4 (ICSD no. 74-2402),
and no other peaks are found in the XRD patterns. The
observed diffraction peaks are indexed. The results indi-
cate that the samples prepared at different conditions are
pure MnZn ferrite with cubic spinel structure. In addition,
from the appearance of the XRD diffractograms, broad and
low intensity, it is obvious that the samples have very small
particle size. The XRD patterns of the two samples look
macroscopically the same but have subtle difference in the
2θ values, which denote different unit cell sizes. The lat-
tice constants and particle sizes were calculated from XRD
patterns as given in Fig. 2. It is noticed that the value of
the lattice constant of MZF-m is larger than that of MZF-
c, while the crystallites’ size of MZF-m is smaller than
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Fig. 1 X-ray diffraction patterns of the Mn0.8Zn0.2Fe2O4 nanopar-
ticles synthesized by modified hydrothermal method (MZF-m) and
conventional hydrothermal method (MZF-c)
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of different samples

that of MZF-c. The lattice constant of nanosized MnZn fer-
rite prepared by modified hydrothermal method (8.4963 Å)
is very close to the theoretical value of Mn0.8Zn0.2Fe2O4

(8.5136 Å). The decrease in the lattice constant of nano-
sized MnZn ferrite prepared by conventional hydrother-
mal method could be attributed to the presence of Mn3+
(0.645 Å) and Mn4+(0.54 Å) ions in octahedral sites with
a smaller ionic size compared with Mn2+ (0.82 Å) [12].
It is well known that manganese hydroxide (Mn(OH)2) is
quickly oxidized in the air, even if trace oxygen dissolved
in water can oxidize manganese hydroxide. Thus, according
to the XRS results, the oxidation of the divalent manganese
ions can be avoided to a certain extent during the preparation
of precursors by the modified hydrothermal method which
provides a vacuum environment during the preparation of
precursor.

3.2 Raman Spectrum

Spinel ferrite has the general chemical formula MeFe2O4,
where Me is divalence metal ions or a mixture of ions hav-
ing average valence of two. The oxygen ions form a nearly
close-packed face centered cubic structure generating tetra-
hedral (A sites) and octahedral (B sites) local symmetry.
The distribution of metal ions over A or B sites is governed
by relative site preference and energies of cations present,
which control the intrinsic properties of ferrites. On the
basis of cations distribution, ferrites can be classified into
three categories: normal ferrites, inverse ferrites, and mixed
ferrites. MnZn ferrite is a mixed spinel ferrite with the Fd3m
space group, in which the divalent ions occupy both A and
B sites. It is predicted from the group theory analysis that
the spinel MnZn ferrite has five first-order modes such as
1A1g, 1Eg, and 3T2g possessing Raman activity [13]. Hence,
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Fig. 3 Raman spectra of Mn0.8Zn0.2Fe2O4 ferrite nanoparticles syn-
thesized by modified hydrothermal method (sample MZF-m)

Raman spectroscopy can be used to reveal the molecular
structure of MnZn ferrite nanoparticles.

Raman spectrum of the sample MZF-m was recorded at
room temperature in the energy range of 200 to 800 cm−1

and shown in Fig. 3. To analyze the molecular structure
more accurately, the obtained Raman spectrum has been
deconvoluted into individual Lorentzian peaks. It is seen
that there are four obvious first-order Raman modes peaked
at ∼320, ∼450, ∼520, and ∼720 cm−1 corresponding to
Eg, T2g(2), T2g(3), and A1g, respectively. The peak T2g(1)
(∼ 160 cm−1) falls beyond the range of study, and therefore,
could not be recorded. The appearance of the remaining
four peaks is in agreement with the previous reported data
of MnZn ferrite nanoparticles [14]. The recorded Raman

spectrum of sample MZF-m confirms the formation of
cubic spinel MnZn ferrite and rules out the existence of
the impurity phase α-Fe2O3, which usually gives strong
bands at ∼ 240 and ∼300 cm−1 [15]. In addition, the
mode above 600 cm−1, corresponding to the tetrahedral
sub-lattices stretches, splits into three different energy lev-
els appearing at 620, 660, and 720 cm−1 (Fig. 3). The
three deconvoluted peaks correspond to tetrahedrally coor-
dinated Mn-O, Zn-O, and Fe-O stretches, respectively, and
this phenomenon suggests that Mn, Zn, and Fe occupy
A sites. However, the relative area of the three peaks in
this paper is different from that reported in the litera-
ture [14], which could be interpreted that the modified
hydrothermal method has some influence on the cation
distribution.

3.3 XPS

X-ray photoelectron spectroscopy (XPS), a versatile surface
analysis technique, is widely used to analyze compositional
and chemical states. Detailed surface studies of the nanopar-
ticles were carried out by XPS to check the chemical states
of each element of the MnZn ferrite samples. The Fe2p,
Mn2p, Zn2p, and O1s photoelectron spectra of the sample
MZF-m are shown in Fig. 4a–d. It can be seen from Fig. 4a
that the Fe2p peaks are composed of two main asymmet-
ric peaks: Fe2p3/2 and Fe2p1/2, with a binding energy at
710.5 and 723.8 eV, respectively, and the doublet spacing

Fig. 4 XPS analysis of MnZn
ferrite nanoparticles prepared by
a modified hydrothermal
method: a fitted Fe2p1/2 and
Fe2p3/2 photoelectron peaks; b
fitted Mn2p1/2 and Mn2p3/2
photoelectron peaks; c fitted
Zn2p1/2 and Zn2p3/2
photoelectron peaks, and; fitted
O1s photoelectron peaks
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is 13.3 eV. In addition, the two small peaks located at
about 718.8 and 731 eV are the satellite peaks of Fe2p3/2

and Fe2p1/2, respectively. This phenomenon reveals that
Fe3+ is the only oxidation state present on the nanoparticle
surface/near-surface [16]. For Fe2p3/2 peak, three contri-
butions at about 709.8, 711, and 712.3 eV reflect three
different circumstances of Fe3+ ions. Peaks at 709.8 and
711 eV can be attributed to the Fe3+ cations with different
occupancies (tetrahedral or octahedral) in the spinel fer-
rite, while the higher binding energy at about 712.3 eV is
assigned to Fe3+ bonded with hydroxyl groups [16, 17].
Two asymmetric peaks located around 641 and 652 eV
(seen in Fig. 4b) correspond to Mn2p3/2 and Mn2p1/2,
respectively. The Mn2p3/2 can be deconvoluted into three
contributions and the binding energies are 639.2, 640.6, and
642.4 eV, respectively. Peng Liu et al. studied the chemi-
cal state of Mn by XPS, and they deconvoluted the Mn2p3/2

peak into three contributions centered at 641.4, 642.5, and
643.8 eV, corresponding to Mn3+, Mn4+, and Mn cations
bonded with hydroxyl groups, respectively [18]. It can be
noticed that there is a reduction in the binding energy of
each chemical state of Mn ions in our sample MZF-m com-
pared with that of Peng Liu and co-workers. The decrease
of binding energy confirms the lower average valence of Mn
cations in the sample MZF-m. Thus, the Mn2p3/2 peaks at
639.2 eV can be attributed to the Mnx+ (2 < x < 3) cations
and 640.6 eV can be attributed to the Mny+ (3 < y < 4)
cations. The Mn2p photoelectron spectrum shows that there
is no Mn2+ on the nanoparticle surface for the absence of a
satellite feature at about 647 eV, which is characterized only
by MnO.

Figure 4c is the photoelectron spectrum and fitting results
of Zn2p in nanoparticles of sample MZF-m. It is obvious
that the Zn2p3/2 splits into two peaks centered at 1021.3 and
1023.2 eV, the energy value is consistent with the results
reported by Bera et al. [19]. The peaks at 1021.3 eV are
ascribed to the zinc cations occupying tetrahedral sites, and
1023.2 eV is ascribed to the zinc cations occupying octa-
hedral sites, which has been reported by Druska et al. [20],
who observed the Zn cations occupying octahedral sites as
a result of mechanical treatment on the normal zinc ferrite.
However, the Zn2p3/2 peak in this paper, different from the
shape reported in the literature [19], split into two distinct
peaks. The formation of the special Zn2p3/2 peak in sample
MZF-m may be due to the improvement of ordering degree
of Zn2+.

The high resolution spectrum for O1s, as presented in
Fig. 4d, shows three oxygen contributions, peaking at 530,
530.5, and 531.6 eV, respectively. The component O1s sit-
ting at 530 and 530.5 eV is commonly associated with
metal-oxygen bonds (the lattice oxygen), while the fitting
peak of O1s at 531.6 eV is contributed to the surface
absorbed oxygen [21].
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Fig. 5 Comparison graph of Fe2p and Mn2p photoelectron peaks of
MnZn ferrite nanoparticles prepared by different method

The XPS data demonstrates that the surface of the sample
MZF-m prepared by a modified hydrothermal method has
a composition containing Mnx+ (2 < x < 3), Mny+ (3 <

y < 4), Zn2+, Fe3+, and O2−; furthermore, there is a part of
Zn2+ occupying the octahedral sites on the particles surface,
which is different from the grain interior.

To intuitively observe the difference of the ions’ chemi-
cal state in samples MZF-m and MZF-c, the photoelectron
peaks of Fe2p and Mn2p in two samples were listed in
Fig. 5. It can be seen that there is almost no difference in
the Fe2p photoelectron spectra between samples MZF-m
and MZF-c, while the doublet of Mn2p in sample MZF-m
exhibited a shift by 1.5 eV towards lower binding energy
compared to the Mn2p doublet of sample MZF-c, which
could be interpreted that the average valence of Mn ions in
sample MZF-m is lower than in sample MZF-c, and that
the chemical state of Mn cations on the particles surface of
sample MZF-m can be expressed as Mnx+ (2 < x < 3) and
Mny+ (3 < y < 4).

3.4 TEM

TEM micrographs of the obtained MnZn ferrite nanoparti-
cles prepared by the modified hydrothermal method (sample
MZF-m) at low and high magnifications are shown in
Fig. 6a–d. The particles are nearly spherical in shape with
a uniform distribution. The particles size is shown in the
histogram (Fig. 6c), which is obtained from the TEM micro-
graph using a soft nanomeasurer. The average diameter is
estimated from the lognormal distribution fitted by the pre-
ceding histogram, and the value is 15.8 nm, agreeing closely
with the particle size calculated from XRD (16.1 nm). The
HRTEM image (Fig. 6b) reveals that the particles in sam-
ple MZF-m are polycrystalline. Figure 6d is the selected
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Fig. 6 Microstructural analysis
of sample MAF-m: a TEM
micrograph, b HRTEM image, c
histogram, and d selected area
electron diffraction pattern
(SAED)
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electron diffraction pattern, obtained from the area shown
in Fig. 6a. The diffuse intensity and its distribution ver-
ify the nanocrystallinity of the particles and the rings on
the diffraction pattern are typical crystal structure of MnZn
ferrite.

3.5 VSM

The room-temperature hysteresis loops of the MnZn fer-
rite nanoparticles synthesized by different methods (MZF-m
and MZF-c) were measured in the form of powders and
are shown in Fig. 7, and the inset shows the coercivity
of samples. The saturation magnetization of sample MZF-
m (16.1 nm) is 80 emu/g while that of sample MZF-c
(30.6 nm) is only 48 emu/g, which indicates that the value
of saturation magnetization raises about 70 % when pro-
cessing is changed from conventional hydrothermal method
to the modified one. In addition, the remanence and coer-
civity of sample MZF-m are far less than that of sample
MZF-c (the inset of Fig. 7). The sample MZF-m exhib-
ited high Ms and low Hc in this study. The results obtained
above confirm that the modified hydrothermal method first
proposed present more advantages over the conventional
hydrothermal method. Furthermore, the Ms value of sample
MZF-m is obviously higher than that of the MnZn ferrite
nanopowders with identical composition synthesized using
other methods, and the Hc is much lower [10, 11, 22, 23].

Many researches indicate that the particle size has a
critical influence on the saturation magnetization of mag-
netic nanoparticles. In general, the saturation magnetization
increases with the increase of particle size for the rotation

of the domain walls in large particles is easier. By contrast,
however, the particle size of sample MZF-m (16.1 nm) is
smaller than that of MZF-c (30.6 nm) and the saturation
magnetization is higher. Thus, it is not correct to evalu-
ate the magnetization of the nanoparticles only according
to the particles size. In general, the saturation magnetiza-
tion of ferrites is fairly depend on the crystallinity, impurity,
cation distribution, and particle size, because these fac-
tors will directly affect the exchange interaction between
the metal ions in A and B sites, and at the same time,
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Fig. 7 Hysteresis loops (300 K) of samples prepared under differ-
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these factors are greatly influenced by the synthesis pro-
cesses. In this study, the magnetic properties of sample
MZF-m were greatly improved, and the principal cause
could be due to the decrease of the degree of oxidation
of magnetic Mn2+ cations by providing a vacuum atmo-
sphere during the preparation of precursor, because the
magnetic moment of Mn2+ is larger than that of M3+ and
M4+, as well as the ion distribution was modified in the
new process.

4 Conclusion

Mn0.8Zn0.2Fe2O4 ferrite nanoparticles with narrow size
distribution and high saturation magnetization were pre-
pared by a modified hydrothermal method, which involves
chemical co-precipitation of hydroxides under vacuum con-
dition using potassium hydroxide as precipitating agent,
followed by a hydrothermal processing. To understand the
superiority of the modified hydrothermal method, a sam-
ple having identical stoichiometry was prepared by con-
ventional hydrothermal method. The samples were char-
acterized by XRD, XPS, HRTEM, Raman spectra, and
VSM. The results reveal that the nanoparticles prepared
by modified hydrothermal method have smaller diameter
(16.1 nm, calculated by XRD) and higher room temper-
ature saturation magnetization (80 emu/g). These find-
ings are believed to provide further comprehension on
the relations among the structure, magnetic properties,
and synthesis conditions, as well as to raise an effective
and simple method for preparing MnZn ferrite nanopar-
ticles with improved magnetic properties. The application
field will be further broadened by the successful prepa-
ration of MnZn ferrite nanoparticles with high saturation
magnetization.
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