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Effect of solvent composition on the structural and magnetic
properties of MnZn ferrite nanoparticles obtained

by hydrothermal synthesis
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Abstract Samples of manganese—zinc (MnZn) ferrites
were successfully prepared by hydrothermal syntheses
using different compositions of the reactive system
(H;0);_:(EG), (x =0, 0.2, 0.4, 0.6, 0.8, and 1.0), where
EG = ethylene glycol. The samples were fully investigated
by powder X-ray diffraction, Fourier transform infrared
spectroscopy for both liquid and solid specimens, Moss-
bauer spectroscopy, vibrating sample magnetometer, and
transmission electron microscopy. All the MnZn ferrites
presented spinel phase and average particle diameters
between 3.1 and 12.1 nm. The increase in the x values
results in a decrease in the particle sizes. The FTIR spectra
performed in liquid phase showed significant interaction
between EG and metallic precursors used in the synthesis.
Magnetic features as for instance saturation magnetization
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(Ms) also decreases upon increasing the x values. In
addition, all synthesized samples exhibited a superpara-
magnetic character at room temperature. The experimental
methodology presented in this work is used to obtain
superparamagnetic nanoparticles with controlled size
(smaller than 13 nm) and morphology.

Keywords Magnetic nanoparticles - MnZn ferrite -
Ethylene glycol - Hydrothermal synthesis

1 Introduction

In the last decades, magnetic materials have been the
subject of intensive investigations due to their inherent
magnetic properties and applications in electronic devices,
such as inductors, AC/DC converters, transformers, noise
filters, recording heads, and others (Zhang et al. 2009;
Poddar et al. 2005). This kind of material also have gen-
erated a lot of interest in biomedical applications (Barreto
et al. 2013; Boyer et al. 2010; Arruebo et al. 2007) for
magnetic contrast resonance imaging (MRI), magnetic
separation, targeted drug delivery, tissue engineering, cell
tracking, bioseparation, and magnetic hyperthermia. Thus,
the advancement of nanotechnology has brought new
strategies and perspectives mainly for medicine (Botelho
et al. 2009, 2010, 2013; Gonzaga et al. 2012). In this way,
manganese—zinc ferrites (MnZn) assume special impor-
tance due to their chemical composition and crystal
structure, with the metal ions distributed among eight tet-
rahedral (A) and 16 octahedral (B) coordinated sites per
unit cell, in which oxygen atoms form a face-centered
cubic (FCC) lattice. These characteristics lead to a material
with high initial permeability and saturation magnetization,
as well as lower eddy current loss compared with alloy
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cores (Sharifi et al. 2012). Apart from being interesting for
electronic devices, MnZn ferrites have been also used for
biomedical applications and furthermore demonstrating to
be potentially promising for MRI, drug delivery, and
magnetic fluid hyperthermia (Latorre-Esteves et al. 2009).

In order to obtain good magnetic and structural prop-
erties, several methodologies were developed to synthe-
size magnetic nanoparticles (MNP): as for instance
microemulsion-based methods (Pérez et al. 1997), sol-gel
syntheses (Dai et al. 2005), co-precipitation (Barreto et al.
2013; Velmurugan et al. 2010), and hydrothermal reac-
tions (Srivastava et al. 2009; Freire et al. 2013). These
methods provide MNP with different and tunable shapes
(nanospheres, nanorods, etc.), size, structural, and mag-
netic properties. Among these methodologies, the hydro-
thermal approach has been commonly used as a favorable
route to synthesize spinel ferrites. This technique allows
obtaining a variety of ceramics and offers many advan-
tages over other conventional and non-conventional pro-
cedures. The nanoparticles (NP) nucleate directly in the
solution leading to the materials of high purity and crys-
tallinity (Suchanek and Riman 2006). Moreover, the rate
and uniformity of nucleation and growth can be modeled
by thermodynamic variables (temperature, reactant con-
centrations, various additives, and/or solvents). The liquid
phase allows for parameter changes as diffusion, adsorp-
tion, reaction rate, and others (Riman et al. 2002). This
improves the size and morphology control of crystallites
and significantly reduces the extent of NP aggregation.
Then, the choice of the reaction environment (solvent or
mixtures) in which the NP will be produced is extremely
important. Nevertheless, the literature (Yafiez-Vilar et al.
2009; Pérez-Mirabet et al. 2013) reports few studies
evaluating the role of different solvents in the synthesis of
MNP under solvo/hydrothermal conditions. The majority
of papers evaluate how the experimental conditions as
temperature (Mozaffari et al. 2010), stirring velocity
(Valenzuela et al. 2009), and precipitating agent (Aquino
et al. 2002) may affect the particle size and morphology.
However, another strategy largely employed by the
researchers is the use of stabilizing agents such as oleic
acid (Zhang et al. 2006) and sodium acetate (Wang et al.
2009), oleylamine (Pérez-Mirabet et al. 2013), and poly-
saccharides (carboxymethyl cellulose sodium) (Chang
et al. 2011).

In the present work, MnZnFe,O, nanoparticles were
prepared under hydro/solvothermal conditions in different
solvent compositions of water and/or EG. We show a
dependency of the magnetic and structural properties on
the changes of solvent compositions. Structural, optical,
and magnetic features of the produced nanoparticles were
studied by XRD, TEM, FTIR, Raman and Mdssbauer
spectroscopies, and vibrating sample magnetometry.
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Table 1 x Values and label of

the samples obtained in this Label

work 0.0 EGO
0.2 (H20)0.8:(EG)o.2
04 (H20)0.6:(EG)o.4
0.6 (H20)0.4:(EG)o.6
0.8 (H20)0.2:(EG)o g
1.0 EG1

2 Experimental
2.1 Materials and methods

All reagents were commercial products with analytical
grade and employed without further purification. The
chemical reagents for this work are ferric chloride hexa-
hydrate (FeClz-6H,0, Dinamica, 97 %) manganese chlo-
ride tetrahydrate (MnCl,-4H,0, Vetec, 99 %), zinc chloride
(ZnCl,, Dinamica, 97 %), sodium hydroxide (NaOH,
Cinética Quimica, 97 %), and EG (C,HgO,, Reagen, P.A.).

2.2 Synthesis of MnZnFe,0,4 nanoparticles

MnZnFe,0O, nanoparticles were synthesized according to
Lee et al. (1999). However, some modifications were per-
formed, as follows. Stoichiometrically required amounts of
metallic reagents were dissolved in a beaker under different
proportions of (H,O);_:(EG), (0 <x < 1). All of the x
values used for the samples’ preparation are summarized in
Table 1. Under vigorous mechanical stirring, it was prepared
a mixture of 1.85 mmol of MnCl,-4H,0, 1.85 mmol of
ZnCl,, and 7.4 mmol of FeCl3-6H,0. NaOH (~ 37.5 mmol)
was added into the mixture in order to precipitate the desired
hydroxides. The as-obtained slurry was sealed in a Teflon-
lined stainless steel autoclave, and the crystallization was
carried out under autogenously pressure at temperature of
250 °C for 0.5 h. The reaction occurring during this process
can be summarized as follows:

0.5Mn*" 4+ 0.5Zn>* + 2Fe*" + 8OH ™

— Zno'5M0'5F6204 —|— 4H20 (1)

After this procedure, the autoclave was cooled down to
room temperature and the precipitate washed several times
with water and methanol. The materials were then dried in
air at 100 °C for 3 h. The MNP resultant was labeled
according to the x values, which indicate the amount of EG
contained in the solvent.

2.3 Stabilization of the metallic precursors from EG
The stabilizing role of EG relatively to the metal chlorides

employed in the MnZn ferrite synthesis was tested sepa-
rately at the same conditions of reagent’s concentration and
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temperature. Each metallic salt was loaded into a 10-mL
glass flask containing the system (H,0),_,:(EG), in dif-
ferent proportions (x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0). After
this step, NaOH was added dropwise under continuous
magnetic stirring. The products obtained were investigated
by Infrared—FT Raman Vertex 70 Bruker equipped with a
PIKE MIRacle™ ATR accessory.

2.4 Characterization of the MNP

The structural analysis was made by X-ray powder dif-
fraction (XRD) patterns of the obtained samples using
CuKa (1.54056 A) from a Rigaku diffractometer with a
Bragg—Brentano geometry in the range of 20°-70° angle
degrees. The phase identification was made by comparing
powder diffractograms with standard patterns from Inter-
national Centre for Diffraction Data (ICDD). Rietveld
refinement procedures (Maia et al. 2008; Rietveld 1967)
were applied to all diffraction patterns using the DBWS
2.25 (Bleicher et al. 2000). The infrared spectra (FTIR) of
the samples were carried out on a PerkinElmer Fourier
transform  infrared  spectrometer in the range
4,000-400 cm ™. In recording FTIR spectra, each sample
was mixed with potassium bromide (KBr) powder and
pressed into pellets. The Mdssbauer spectrum was recorded
at room temperature (300 K) from FAST (ConTec) Mdoss-
bauer System spectrometer using transmission geometry. A
>7Co radioactive source was used. The data analysis was
performed using NORMOS program written by R.A. Brand
(distributed by Wissenschaftliche Elektronik GmbH, Ger-
many). Isomer shifts () are referred to o-Fe at room
temperature. Magnetic properties were investigated by a
vibrating sample magnetometer (VSM) Mini 5 Tesla from
Cryogenic Ltd. The VSM has been previously calibrated
using a YIG sphere, and after measuring the mass of each
sample, the magnetization was given in emu/g. Micro-
structural studies including the evaluation of particle size
and morphology were performed on a Jeol JEM-1011
electron microscope operating at 100 kV, equipped with a
CCD camera ORIUS 831 from Gatan. Transmission elec-
tron microscope (TEM) images of the samples were pre-
pared by drop-casting dilute nanocrystal solutions onto
carbon-coated copper grids. Afterward, the deposited
samples were allowed to complete dry at 60 °C for one
night before examination.

3 Results and discussion
3.1 X-ray diffraction (XRD)

Figure 1 shows the XRD patterns for all samples synthe-
sized under different conditions of composition of water
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Fig. 1 XRD for samples of the system (H,0);_,:(EG),. The corre-
sponding x values are reported in each diffractogram

and ethylene glycol. Black dots in the figure represent the
observed (Obs) data collected from experimental mea-
surements. On the other hand, red lines correspond to the
calculated (Calc) data obtained from the computational
processing performed by the Rietveld method, while the
green lines represent the relative difference (Dif) between
them. The diffraction peaks assigned to (220), (311), (400),
(422), (511), and (440) planes can be attributed to cubic
phase (ICDS, file no. 017-0912) with spatial group Of.
However, the sample with x = 0.8 ((H,O0)2:(EG)os)
exhibits a peak at 33.2°, which indicates the presence of the
hematite phase (o-Fe,O3) (ICSD, file no. 071-0469). This
phase may be explained by Fe’ migration out of the spinel
structure (Paiva et al. 2008). Generally, calcination is a
necessary step in the preparation of ferrites by chemical
methods (Zhang et al. 2009). Moreover, the calcination
temperature plays a key role in the determination of final
crystal structure and particle size (Lv et al. 2008). The
XRD results showed that only samples subjected to
hydrothermal treatment performed during synthesis exhibit
diffraction peaks characteristics of the spinel phase.
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Fig. 2 Particle size describes in function of the x values

Thereby, a calcination step was not necessary for all
samples synthesized in this work. This highlights the effi-
ciency of the synthesis process furthermore providing
particles of small size, since for MnZn ferrites the average
crystalline size generally increases by increasing the cal-
cination temperature due to crystallites coalescence at high
temperatures (Raming et al. 2002; Maaz et al. 2007). In
addition, the presence of EG may play the role of a com-
plexing agent stabilizing particle’s dispersibility in solution
their small dimensions. Similar studies in the literature
corroborate this effect played by polyols (Caruntu et al.
2002; Poul et al. 2003; Chkoundali et al. 2004; Knetsch and
Groeneveld 1973).

The average crystallite size was calculated using the
Debye—Scherrer equation after accounting for instrumental
broadening (Rietveld method) (Velmurugan et al. 2010).
These values are plotted as a function of EG fraction
(Fig. 2). It was possible to observe a decrease in average
crystallite sizes when the EG fraction in the reactive
domain raises. Interestingly, the size reduction sharply
climbs (~30 %) as the EG fraction exceeds 0.2. Then,
after a x value of 0.5, it levels out again due to a less
pronounced crystallite size reduction. This trend suggests
the existence of a minimum threshold concentration in
which EG can stabilize a maximum number of nanoparti-
cles in solution, thus contributing to decrease the average
sizes of the samples.

3.2 Stability of metallic chlorides with EG

Tests of solubility of the diverse metallic precursors indi-
vidually dispersed in solutions exhibiting different com-
positions of water-to-ethylene glycol ((H;O);_.:(EG),)
have been performed. These experiments were carried out
in order to investigate the influence of EG on the stability
of Mn?*, Zn?*, and Fe>* chlorides in phase solution. Each
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metallic chloride was solubilized in 5 mL of solvent with
different amounts of EG (x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0).
The same solubilizing procedure was applied to anhydrous
NaOH that works as a precipitating agent of formed
nanoparticles in the synthesis. Upon mixing both solutions,
possible precipitation can be observed depending on the
x values. Figure 3 summarizes the final outcomes. Rela-
tively to Mn and Fe, a solid precipitate was noted in the
case of solutions containing O or 0.2 of EG fraction. When
this concentration was exceeding, it was observed only
color changes without any solid precipitation. Differently,
Zn-based salt did not show any changes of color or pre-
cipitate formation as a function of EG fraction. This result
confirmed the improved dispersibility of particles in solu-
tion due to the increase in EG fraction. Literature reports
that EG can behave as a mono or bidentate ligand (Knetsch
and Groeneveld 1973). Therefore, to evaluate the interac-
tion of metallic precursors with EG, it was performed FTIR
spectra of solutions resultant after adding of the NaOH.
Figure 4 shows the spectrum for each test realized with
different x values and metallic precursors. It is possible to
observe a similarity for all spectra with bands around 3,350
and 1,640 cm™! for sample with x = 0, characteristic of
the stretch and bending O-H of water molecules, respec-
tively. However, for the tests performed with x # 0, the
same band clearly shows shift to lower frequencies
(~3,300 cm_l). This indicates the coordination of EG
with metallic precursors by oxygen atoms. The bands
referring to the stretch of CH, near 3,000 cm~! showed no
displacement. The bands were observed at 1,082 and
1,036 cm™', which can be attributed to CH, rocking
vibrations. No splittings were observed, and both bands
show shift of ~10 cm™' to lower frequencies (Miyake
1959). This evidences the bidentate coordination, but the
shape of the spectra in the ranges 1,700-1,200 cm ™! with a
series of bands contradicts such a claim (Knetsch and
Groeneveld 1973). A bending COH was also observed
indicating monodentate coordination. Therefore, the results
showed in this section indicated a strong interaction of EG
with metal chlorides and minimal concentration close to
0.4 for the stabilization of the precursors in solution. This
may explain the decrease in average crystallite size from
that concentration observed in the results of XRD.

3.3 Infrared spectroscopy

As reported before, it was possible to confirm the presence
of spinel phase in all samples from the results of XRD.
According to the literature (Shebanova and Lazor 2003),
this phase contains two distinct cationic lattice positions
namely tetrahedral and octahedral sites coordinated by
oxygen anions. Both sites contributes to the active modes
in IR, and a theoretical analysis based on the nuclear site
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Fig. 3 Results of the stabilization test for different precursors
metallic used in the synthesis. On the left side of each series of
tests, the relative metal is reported. The x values for the system

group approach (Porto 1981) predicts four IR-active bands
T, (Gupta et al. 2002). Figure 5 shows the FTIR spectra in
the range 4,000-400 cm™' for all samples. It can be
observed two bands in the range 650-400 cm™' widely
observed for ordered spinel ferrites (Bezerra 2007; Rav-
inder 1999). The absorption bands observed in the range
600-550 and 450-385 cm™' can be attributed to the tet-
rahedral and octahedral sites, respectively (Barreto et al.
2011; Freire et al. 2013). It is important to note that in the
working range it is possible to observe only two modes.
These results are in agreement with the literature (Freire
et al. 2012, 2013; Thomas and George 2009).

The different position of the absorption bands attributed
to octahedral and tetrahedral sites gives key indications
relatively to the insertion or mobility of cations into net-
work spinel (Dawoud 2006). The interaction between
oxygen and cations strongly affects the wavelength values
observed in Fig. 5. According to the literature (Amer et al.
2011), bands frequency are proportional to the force con-
stant (K), which can be calculated using the relation:

(H,0),_,:(EG), are presented only in the case of Zn series, but can be
straightforwardly expanded for Mn and Fe

V= 1 /K (2)
2n \l u
where p is the reduced mass and v the frequency. The
values of vo, vr, K,, and K for all samples are listed in the
Table 2, where subscripts O and T means octahedral and
tetrahedral, respectively. Figure 6 shows the K values
plotted as a function of EG fraction. As a general trend, it
was clear that the force constants’ values increase with EG
fraction in the system, which was accompanied by the
decrease in the particle size. The literature (Choi et al.
2005) reports that a volume contraction occurs within the
nanoparticles due to the decrease in particle size. This leads
to increase in the force constants as a result of the decreases
in the interatomic distances. Then, the behavior observed
can be assigned to the decrease in metal-oxygen bond
lengths at the octahedral and tetrahedral sites. Moreover, K
values can be too influenced by the method of preparation
and porosity (Reddy and Salagram 1987; Waldron 1955;
Josyulu and Sobhanadri 1981). The same relationship
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Fig. 4 IR spectra of the tests realized with different x in the system ((H,0);_.:(EG),) for metallic precursors

between K values and EG fraction was observed for both
sites. This indicates that increase in the EG fraction did not
cause the mobility of cations into spinel network. However,
the same conclusion cannot be inferred for sample syn-
thesized with (H,O)(1:(EG)g 5. It was seen a decrease in Kt
values and increase for K,. These changes can be attributed
to the weakening in metal-oxygen bond at the tetrahedral
site due to the mobility of cations into network spinel.
Migrations of cations with small ionic radius from tetra-
hedral to octahedral sites lead the shifts of K, toward high
values due to increase in the metal-oxygen interaction.
This may be related to the Fe’" displacement from tetra-
hedral to octahedral sites. Similar effect was observed for
MgZn ferrite (Mohammed et al. 2012). Furthermore, the
XRD results for (H,0)2:(EG)g.g have shown a-Fe,05. As
previously reported, the presence of this phase can be
attributed to the migration of Fe*™ out of the spinel
structure (Paiva et al. 2008). This may have generated an
energetic imbalance into network spinel contributing to the
mobility of Fe*" for octahedral sites.

3.4 Mossbauer spectroscopy

Figure 7 shows Mossbauer spectrum at room temperature
of the samples of the (H,O);_,:(EG), system. The dots
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represent the experimental data, while solids lines illustrate
least-squares fitting. All synthesized samples presented
strong superparamagnetic characteristics due to their par-
ticle size (Knobel et al. 2008), which was evidenced by a
doublet at the center of the spectra (Wang and Li 2001;
Siddique and Butt 2010). When the sizes decrease, the
thermal energy strongly contributes to the collapse of the
magnetic ordering and the superparamagnetic relaxation
phenomenon is observed. Furthermore, it is interesting to
note that for samples with fraction (x) between 0 and 0.6, it
was needed to add sub-spectrum (continuous lines in dif-
ferent colors inside each spectrum) for a better fit to the
baseline. This corresponds to different environments at the
iron nucleus. As reported above, the doublet (orange line)
corresponds to Fe atoms into small particles with super-
paramagnetic character. It was also found a V-shaped sub-
spectrum (blue line). This can be explained by the substi-
tution of manganese ions with those of zinc, weakening the
magnetic interactions, thus reducing A-B sites coupling
pairs (Upadhyay et al. 2003). The said sub-spectrum
V-shaped was gradually disappearing with increase in EG
fraction.

Hyperfine parameters are presented at Table 3. The
isomer shifts (0) remained between 0.31 and 0.34 mm/s.
These values can be attributed at high-spin Fe’" state
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Table 2 Values of x, vr, vo, K,, and Kt for all samples synthesized
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Samples X \ (cmfl) K x 10° (dyne cmfl)
V1 Vo KT KO
EGO 0.0 5669 4193 2392 135.1
(H;0)p5:(EG)g> 0.2 5803 446.1  250.7 143.2
(H;0)p6:(EG)gs4 04 591.0 4514  258.1 148.9
(H20)04:(EG)os 0.6 5923 4509 258.1 148.9
(H20)p2:(EG)og 0.8 5884 4595 251.8 160.5
EGl1 1.0 5856 4548 258.8 152.0
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(Dickson and Berry 1986). The average ¢ for all samples
appears to show no significant variation with EG fraction,
since this parameter is inherent to the oxidation state of the
Fe atom. In order to obtain the best fit of the experimental
data for quadrupole interaction (4), it was performed using
a distribution of probable values for this parameter. The
resulting distribution graphs are shown beside each sample,
and the peak of greatest intensity shows the most likely
value. Thus, it can be seen that for all samples, the 4 has

Fig. 7 Mossbauer spectra (leff) and quadrupole (4) distribution
(right) for samples of the system (H,0),_,:(EG), (color figure online)

values in the range 0.3-0.6 mm/s. The relatively high
values of A can be assigned to the chemical disorder and
the local symmetry reduction in site (Singhal et al. 2006;
Ying et al. 1992). Moreover, the broad distribution and the
presence of peaks at lower intensities also reflect the high
degree of disorder of the structures (Sorescu et al. 2004).
Interestingly, these peaks appear to be attenuated with
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Table 3 Hyperfine parameter for samples synthesized in this work

Samples Hyperfine parameters
J (mm/s)*
EGO 0.31
(H20)0.8:(EG)o2 0.33
(H20)0.6:(EG)o.4 0.33
(H20)0.4:(EG)o 6 0.34
(H20)0.2:(EG)o s 0.34
EG1 0.34

 For all the samples, 6 measured relative to o-Fe

increasing x values. Therefore, a decrease in the degree of
disorder of the structure can be observed. However, this
effect was better viewed for x > 0.4 due to the stabilization
of metallic precursors founded for theses values. Thus,
clearly the increase in the EG fraction contributes to a
structural homogeneity site Fe.

3.5 Magnetic measurements

The magnetic properties of the nanoparticles synthesized in
this work were measured as a function of the field and
temperature. The results of magnetization curves measured
at 300 K are presented in Fig. 8. The magnetization curves
almost did not present coercivity and remanence at room
temperature. This fact points for relaxation superpara-
magnetic phenomenon (Knobel et al. 2008) in agreement
with the results of Mdssbauer spectroscopy. It is also noted
a decrease in saturation magnetization (Ms) for increasing
values of x. According to the literature (Sato et al. 1987),

0.03 0
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S 006 ’
zFc J
0.03 :
1.0
0.09
FC
0.06
0.03
ZFC
0.00
0 50 100 150 200 250 300
T (K)

Fig. 9 Zero field-cooled/field-cooled curves of samples with x = 0,
0.4, and 1.0

the decrease to the Mg occurs due to the presence of a
magnetically inactive layer or non-collinear spin arrange-
ment on surface of the particles (Leung et al. 1973). Fur-
thermore, this reduction can be attributed to the higher
surface-to-volume ratio arising from small particles being

Fig. 8 Magnetic 60
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present in these samples. Since the contribution of the non-
magnetic layer located at the surface is greater as the
particle size decreases (Sanchez et al. 2002). The inset of
Fig. 8 shows the isothermal behavior of Mg as a function of
the EG fraction (x). It is possible to observe that Mg
decreases almost linearly with increasing of the x values. In
general, XRD data show that the particle size follows an
inversely proportional relationship with x values. There-
fore, the result observed here was expected due to greater
contribution of the non-magnetic layer. However, the
sample (H,0)(,:(EG)( g presents abnormality with low Mg

Fig. 10 TEM micrographs for
samples of the system
(H0)1_:(EG),

value compared with EG1. This can be explained by the
presence of the o-Fe,O; (non-magnetic phase) in the
sample (H>0)0:(EG)gg, as detected by XRD (Fig. 1).
Similar results can be found in the literature (Freire et al.
2012; Laokul et al. 2011; Sugimoto 1999). Figure 9 shows
the zero field-cooled (ZFC)/field-cooled (FC) curves mea-
sured at a field of 50 Oe for three representative samples,
with x = 0, 0.4, and 1.0 (selected samples). From these
curves, it is shown that sample EGI1 has a blocking tem-
perature close to 75 K, where there is a maximum in the
ZFC curve, and this temperature is where the nanoparticles
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have a transition from the blocked state to a superpara-
magnetic state. The blocking temperature is observed to
increase for larger nanoparticles (Hassnain Jaffari 2012).
The samples with lower EG concentrations have larger
values of blocking temperature, as shown in the ZFC-FC
curves, in agreement with the results of particle sizes
obtained by XRD and TEM images (next section).

3.6 Transmission electron microscopy (TEM)

The morphology and particle size of the samples were
studied in more detail by TEM analysis, as shown in
Fig. 10 for the samples EGO, (H,0)4:(EG)g¢ and EGI,
respectively. Each TEM picture displays also sample size
distribution as determined by analyzing 100 particles ran-
domly selected in different regions of the TEM grid.
Specifically, particles with an approximate cubic shape and
an average edge length of 12 £ 3 nm were founded for the
sample EGO. On the other hand, it is strongly evident from
TEM micrographs of the samples (H,0)q4:(EG)g¢ and
EG1 that the cubic form is not maintained in these cases
and the average particle diameter dropped to 5.5 &+ 2 and
3.1 &+ 2, respectively. This result was in accordance with
XRD data, which showed a decrease in the particle size
upon increasing the x values, namely an increment in the
content of EG in the reactive environment. Another inter-
esting aspect which draws the attention is represented by
the degree of particles aggregation perceptible from TEM
investigation. Clearly, the samples (H;0)q4:(EG)o¢ and
EG1 have a higher degree of particles aggregation than
EGO. This can be explained by the fact that a decrease in
the particle size entails a larger specific surface area and
consequently higher surface energy (Feng et al. 2008).
Hence, the samples (H,0)4:(EG)o and EG1 presented a
higher number of aggregated particles in the TEM images.

4 Conclusion

Superparamagnetic MnZn ferrites with high crystallinity
and average particle diameter within the range
3.1-12.1 nm were synthesized by hydrothermal conditions
under different compositions of the system (H,O); _:(EG),
(x=0,0.2,04, 0.6, 0.8, and 1.0). XRD and TEM results
showed a decrease in average particle size as a function of
the increase in x values. However, this effect becomes
more effective for x > 0.4. In order to explain this, FTIR
analysis suggested that EG molecules interact strongly with
the original metal precursors (FeCl;-6H,O, MnCl,-4H,0,
and ZnCl,), and images showed in the Fig. 3 presented
strong stabilization for x > 0.4. Thus, the solubilization
and stabilization of metallic precursors in solution proved
to be a factor of great influence on the control of the

@ Springer

average particle diameter. Moreover, magnetic properties
such as Mg demonstrated to be strongly dependent on the
composition of the reaction environment in the extent that
an increase in x values produces a decrease in saturation
magnetization. This can be reasonably attributed to a
decrease in the particle size. Additionally, the Mdssbauer
spectroscopy and magnetization measurements showed that
all synthesized nanoparticles presented a superparamag-
netic behavior at room temperature. Thus, the methodology
herein presented has been proved being effective to obtain
superparamagnetic nanoparticles with controlled size
(smaller than 13 nm).
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