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CLAIMS AND OBJECTIVES
Nanocrystalline ferrites with spinel structure represents a
class of oxide compounds that are in the attention of researchers
because of their magnetic and electrical extremely versatile
properties, with applications to efficient information storage systems,
magnetic cores, magnetic circuits, electromagnets, ferro-fluid ,
microwave absorbers, radar absorbent materials, catalysts, medical
imaging contrast agents etc.
Rich information provided by crystallochemistry about
oxide compounds with spinel structure leads to excellent
opportunities for understanding and optimizing the electrical and
magnetic properties of nanoparticles through chemical processing.
Previous studies in the literature have shown that magnetic
and electrical properties of these types of oxide nanoparticles are
profoundly influenced by the chemical composition and structural
characteristics: crystallinity, purity, crystallite size, lattice defects, as
a consequence of the synthesis method.
Thus, a growing importance is given to synthesis methods
targeting cheap working conditions, economic energy, relatively low
toxicity which ensures nanocrystalline monophase powders.
In particular, Zn nanoferrites draw particular attention to
research new generations of materials used in electronics,
telecommunications, catalysis, medicine, agriculture, environmental
protection and that is why our attention has been directed mainly
towards them.
It is known that, by substitution of divalent cation (Zn) and
trivalent cation (Fe), can be improved the properties of unsubstituted
ZnFe2O4 nanoferrite. Therefore, we turned to the synthesis,
characterization and study of Zn1-xMxFe2O4 nanoferrite type
properties, where M was chosen: a divalent nonmagnetic cation from
alkaline earth metals group (Mg) and two divalent cations with
magnetic properties of transition metal group (Ni and Co).
In the case of Zn1-xMxFe2O4 series we have chosen alumina
as support for optimizing catalytic activity for decomposition of
hydrogen peroxide reaction test.
For the composition with optimal magnetic properties, i.e.,
Zn0,2Ni0,8Fe2O4 we have chosen the substitution of iron cations with
Dy3 + (in the literature, Dysprosium is considered to be difficult to
place in the spinel structure due to a high ionic radius) to improve
magnetic, dielectric properties and catalytic activity.
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Given these considerations we aimed the following
objectives:
• Synthesis by sol-gel modified of pure nanocrystalline particles of
zinc based oxides with spinel structure.
• Study of the influence of zinc ion various divalent cations on the
properties of nanocrystalline zinc ferrite.
• Study of the influence iron substitution with small quantity of
Dysprosium on nanocrystalline Zn-Ni ferrite properties.
• Study of the structure-property relationships by proposing a cation
distribution for the spinel-type lattice of as-obtained ferrites.
• Improvement of physicochemical properties of zinc ferrite by
choosing optimal synthesis protocol and by changing the chemical
composition.
• Microstructural and morphological study of the as-obtained
compounds.
• Materials synthesis with industrial applications in various fields
such as electronics, electromagnetic record playback devices,
sensors, transformer cores, contrast agents in medical imaging etc.
• Investigation of catalytic activity of some spinel-type ferrites based
on zinc obtained by sol-gel autocombustion method.
II. FINDINGS
II.1. Zn ferrite: synthesis by sol-gel autocombustion method and
characterization
1. Introduction
Previous studies [Costa, 2010; Hu, 2011; Hwang, 2004]
have made multiple arguments on the importance of choosing the
type of combustion agent to provide certain dimensions of ferrite
nanoparticles, pure spinel phase formation during sintering
temperature synthesis as well as optimal microstructural
characteristics and physicochemical properties.
This chapter shows the study of fuel agents influence in
terms of thermal effects induced during the formation and
stabilization of the spinel structure, structural characteristics, textural
and morphological zinc ferrite nanocrystalline powders and magnetic
and dielectric properties.
2. Materials and methods
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ZnFe2O4 ferrite single phase (denoted ZF) powder was
obtained by sol-gel autocombustion method, using as precursors
nitrates Zn2+, Fe3+ and different fuel agents: citric acid, egg white,
tartaric acid, glycine, glucose and urea.
General reaction of zinc ferrite synthesis can be represented
as follows:
Zn(NO3)2 +2Fe(NO3)3 + fuel → ZnFe2O4 + volatile
Table II.1.1 and Fig.I.7.2 presents a summary of protocol data. The obtained
samples were denoted ZFAC, ZFAO, ZFAT, ZFGLy, ZFGLu, ZFU
according to fuel agents.
Table II.1.1.Protocol synthesis details.
Sample

Combustion

Molar ratio

Time of gel

Temperature

Heating

agent

ferrite: fuel

formation at

of sand bath

duration post-

agent

353 K

at the

combustion

combustion

until 623 K

moment
ZFAC

Citric Acid

1:3

2h

523 K

3h

ZFAO

Egg White

**

2 h 30 min

523 K

3h

ZFAT

Tartaric Acid

1:3

2h

573 K

2h

ZFGLy

Glycine

1:1.5

10h

423 K

5h

ZFGLu

Glucose

1:3

2h

623 K

1h

ZFU

Uree

1:6

5h

473 K

4h

*Tables and figures notations were preserved as in PhD thesis manuscript.
**Weight ratio, ferrite:egg white = 1:22.2.

Samples taken at different stages of synthesis were
characterized by the following techniques: IR spectroscopy, TG /
DTA, XRD, SEM. The original program used to obtain the inversion
degree, considering previous studies in the literature [Bathu, 2007,
Shannon, 1976; Sickafus, 1999], was developed in Java software
using NetBeans IDE integrated development environment. Magnetic
properties at room temperature of ferrites annealed at 973 K and
1173 K were studied based on M = f (H) curves type. With an
impedance analyzer dielectric properties were investigated for
annealed ZF compounds at 1173 K.
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3. Results and discussions
3.1. Characterization by IR absorption spectroscopy and TG / DTA
It is known that IR spectra of normal spinel-type ferrite has
four active modes in crystalline state according to Oh7 symmetry
group selection rules [Waldron, 1955]. These are denoted by ν1, ν2,
ν3, ν4. According to the literature, ν1 and ν2 vibrational modes are
usually located in the range 568 ÷ 536 cm-1 and 425 ÷ 369 cm-1,
respectively and they are assigned to stretching vibrations of the
M-O bonds corresponding to tetrahedral and octahedral
coordinations [Waldron, 1955; Lavat, 2006].
Table II.1.2 summarizes values of wave numbers ZF
samples identified by the 3 stages of heat treatment. There is a slight
change in the value of the wave number depending on the nature of
combustion agent and heat treatment to which they were subjected
ZF powders. These differences can be attributed to the relationship
between vibration modes simultaneously and crystallite size in
nanostructured materials [Thomas, 2009] and redistribution of metal
cations between the two coordination spheres which affect the
default length or the strength of their [Pradeep, 2011].
From TG / DTA data, reduced mass loss for gels obtained
using glycine, glucose and urea confirms observations during
synthesis namely, a large amount of gas was released sudden and
violent during heating on the water and sand bath respectively,
before samples collection for analysis. This may be due to the
existence of amino group within glycine and urea structure, which in
the presence of nitrogen oxides are formed at relatively low
temperatures, leading to a rapid and exothermic decomposition
reaction gas as proposed by Hwang et al. [Hwang , 2004], on the
other hand to the strong reducing glucose character.
3.2. Caraterization by XRD and SEM
XRD patterns recorded for ZF samples annealed at 973 K
(Fig.II.1.4a) and at 1173 K (Fig.II.1.4b) confirms the formation of
spinel phase. We notice the influence of combustion agent in
obtaining the spinel phase.
Influence of combustion agent on the ferrite morphology
and grain size using sol-gel autocombustion can be seen from SEM
micrographs for the samples annealed at 1173 K (Fig.II.1.5).
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Tabelul II.1.2. IR spectra data for ZF samples heat treated at 773 K,
973 K and 1173 K.
Wavenumver value after
heating at 773 K (cm-1)

Wavenumver value after
heating at 973 K (cm-1)

Wavenumver value after
heating at 1173 K (cm-1)

Sample

ν1*

ν1

ν2

ν1*

ν1

ν2

ν1*

ν1

ν2

ZFAC

670

558

394

670

554

400

675

554

416

ZFAO

618

558

413

618

559

427

619

559

429

ZFAT

676

562

415

674

557

415

670

560

420

ZFGLy

669

552

398

675

560

418

-

560

392

ZFGLu

680

552

454

674

560

419

680

560

419

ZFU

700

559

413

680

557

420

700

557

424

Parameter

All samples of zinc ferrite powder have nano-sized grains.
In the case of ZFU sample (Fig.II.1.5f) is obvious the coexistence of
rectangular grains with the ones of spherical shape. High
macroporosity stands for ZFGLy sample (Fig.II.1.5d) due to
crosslinking microstructure which leads to the idea of a potential
catalyst that could be investigated in future studies.

3.3. Magnetic properties study
Magnetization curves with the data recorded at room
temperature, for ZF samples annealed at 973 K and 1173 K, are
shown in Fig.II.1.6.
From the magnetization curves shape one can observe the
influence of the fuel agent and heat treatment, respectively on the
magnetic behavior of ZF samples. Thus, we can classify the samples
into two categories of soft magnetic materials: paramagnetic (ZFAC,
ZFAO, ZFAT) and low ferrimagnetic (ZFGlu, ZFU, ZFGly).
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Fig.II.1.4. XRD patterns for ZF samples:
(a) sintered at 973 K, (b) sintered at 1173 K.

Fig.II.1.5. Imaginile MEB pentru probele ZF tratate termic la 1173 K:
(a)ZFAC, (b) ZFAO, (c) ZFAT, (d) ZFGLy, (e) ZFGLu, (f) ZFU.
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Fig.II.1.6. Magentization curves for ZF samples: (a) heated at 973 K, (b)
heated at 1173 K.
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3.4. Dielectric properties study
Were investigated dielectric properties of the ZF samples
annealed at 1173 K namely, dielectric permittivity variation
depending on the frequency in the range 100 Hz ÷ 1 MHz at room
temperature. Factors that may influence the dielectric constant at low
frequencies and constant temperature are multiple: grain size,
density, porosity, large number of Fe3+/Fe2+ ion pairs in adiacent B
interstices between which conduction mechanism take place. It can
be said, linking data from XRD with the investigated dielectric
properties, that ZF samples with high dielectric constant are ZFGLy,
ZFAC, ZFAT, ZFU for which there is a combined effect of structural
characteristics: particle size, high X-ray density, high concentration
of ions Fe2+ (i.e. ZFGLy sample) and Fe3 + within B interstices.
II.2.Synthesis, characterization and properties
nanocrystalline Zn, Mg, Co and Ni ferrites

study

of

1. Introduction
This study aims to elucidate some comparative aspects
about synthesis by sol-gel autocombustion and characterization of
AFe2O4 type ferrites, where A = Zn, Mg, Co, Ni. From the reported
data of a previous study (see II.1 section ) tartaric acid was chosen as
optimum combustion agent to obtain single spinel phase particles
with nanoscale dimensions.
3. Results and discussions
3.1. Caraterization by IR spectroscopy
Wavenumber values have similar magnitude, but slightly
different, due to the influence of as-synthesized ferrite composition.
Thus, as the X-O bond is shorter and stronger, the wavenumber
value is higher. Can be noticed that the strongest X-O bond, specific
to A sublattice, corresponds to NF sample (ν1 = 541 cm-1), and the
lowest belongs to ZF sample (ν1 = 526 cm-1). This is explained by
the covalent degree of X-O bond and the different ionic radii of the
cations depending on the coordination sphere.
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3.2. Characterization by XRD
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XRD patterns of the single-phase ferrite samples, showed in
Fig.II.2.2, were indexed according to the standard data for each
sample. Diffraction peak (311), typical for cubic spinel structure
appears clearly in all 4 XRD patterns.
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Fig.II.2.2. XRD patterns of spinel monophase ferrite samples.
3.3. Magnetic properties study
Hysteresis curves recorded at room temperature were
represented in Fig.II.2.3. Typical paramagentic behavior is observed
for ZF sample while a ferrimagnetic behavior is noticed for MF, CF
and NF samples. Table II.2.3 shows a summary of magnetic
properties (Ms and Hc) values which are in agreement with some
previous studies from literature [Varma, 2008; Huo, 2009]. In the
case of MF sample, nanosize particles is reflected in a poor
ferrimagnetic behavior at room temperature, which is consistent with
other studies from the literature [Liu, 2007].
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measured at room temperature.
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Fig.II.2.3. Curbele de histerezis la temperatura
camerei pentru probele monofazice de ferită.

3.4. Dielectric properties study
At very high frequencies of the applied electric field ε'
values become constant because the conducted field cannot follow
the applied frequency. In the case of NF sample it is noticed the
highest ε' value at low frequencies, which can be explained by the
high X-rays density and narrow intergranular layer. On the other
hand, for all 4 samples were recorded low dielectric losses (tgδ)
which means that these materials are suitable for high frequency
applications, e.g. microwave applications.
Dielectric relaxation is remarkable only for samples ZF, CF
and NF due to specific peaks visible in the curves of dielectric losses
vs. frequency.
III. GENERAL CONCLUSIONS AND PERSPECTIVES
The start up of our scientific research was to optimize the
synthesis of fine particles (powder) of Zn ferrite by sol-gel
autocombustion method as a function of different behavior of
chelating-combustion agents (fuels) during synthesis. Thus, we have
chosen organic compounds from different classes: citric acid, tartaric
acid, glycine, glucose, urea and egg white.
ZnFe2O4 powder obtained with tartaric acid, citric acid and
glycine required a relatively short reaction time at low sintering
temperature. In these mentioned cases, structural analysis by IR and
DRX indicated the existence of pure crystalline spinel phase at 973
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K sintering temperature, the average crystallite size being about 50
nm.
Cation distribution within tetrahedral and octahedral sites
has proven to be influenced by the fuel agent and heat treatments.
Mixed spinel structure was theoretically estimated for all the samples
with different inversion degree value.
Study correlating data from magnetic and dielectric
properties of zinc ferrite obtained using tartaric acid and citric acid,
respectively show optimal behavior compared to the other samples.
Thus, zinc ferrite samples obtained using glycine, tartaric acid and
citric acid can be recommended as radar absorbent materials,
capacitors and microwave resonators due to high dielectric constant
(≈ 20) and low dielectric loss (tgδ ≤ 0.5) values at low frequencies
(100Hz) at room temperature.
Tartaric acid was selected for the synthesis of ferrites that
constituted the next stage of our scientific approach.
Comparative study of AFe2O4 ferrite samples with different
divalent cations (A = Zn, Mg, Co and Ni) synthesized by sol-gel
autocombustion method concluded that the nature of divalent cation
significantly influences the structural characteristics, magnetic and
dielectric behavior.
The smallest crystallites (29 nm) correspond to Ni ferrite which
presents the highest value of dielectric constant (34) among the
analyzed samples. On the other hand, Co and Ni ferrites have high
levels of saturation magnetization (75 emu/g, 41 emu/g) which
recommends them for high frequency or biomedical applications.
Further step in our research way was to synthesize and
study the properties of ferrite series with chemical composition Zn1xMxFe2O4 (0 < x < 1 with a step of 0.2), where M= Ni, Mg and Co.
Therefore, ferrite series were successfully synthesized by sol-gel
autocombustion method using tartaric acid as fuel.
IR spectra study of ferrite series terms stated Ni cation influence
when replacing Zn cation within cubic spinel-type structure. The
increase of metal-oxygen bond length from octahedral site and the
decrease of metal-oxygen bond length from tetrahedral site
determined the inversely change of corresponding wavenumber
values.
UV-Vis spectra study confirmed the presence of specific
absorption bands of Ni2+ and Fe3 + with octahedral coordination
within cubic spinel-type lattice. We can speculate on the possible
performance of these materials as photocatalysts in the visible range,
worthy of future study.
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X-ray patterns confirm the formation of cubic spinel structure for
samples annealed at 973K. Therefore, it was revealed the obtaining
of a single phase with high crystallinity.
Increasing Ni content for Zn1-xNixFe2O4 series it was observed, based
on dynamic distribution of cations between tetrahedral and
octahedral sites, the emergence of differences between assynthesized samples, concerning nanometer range crystallite size,
interplanar distance, lattice parameter, X-ray density values etc.
Proposed cation distribution is confirmed by IR and XRD
experimental data concerning structural characteristics, length of
metal-oxygen bonds from both sublattices, theoretical lattice
parameter values being close to those determined from XRD study.
SEM micrograph for Zn0.4Ni0.6Fe2O4 compound confirms the
formation of spherical particles in the nanometer range.
Study of magnetic properties at room temperature of Zn1-xNixFe2O4
series confirms elevated magnetizaţiei specific coercive field and
permeability with increasing Ni content.
Nevertheless, Zn0.2Ni0.8Fe2O4 compound owns the magnetic behavior
performance (Ms= 63 emu/g şi Hc= 79 Oe) which was confirmed
also in terms of magnetic permeability at room temperature as a
function of frequency.
NiFe2O4 and Zn0.2Ni0.8Fe2O4 compounds can be good candidates for
microwave frequency applications, while
Zn0.6Ni0.4Fe2O4 and
Zn0.4Ni0.6Fe2O4 compounds can be used properly in radio frequency
applications.
The evaluation at room temperature of dielectric
permittivity vs. frequency for Zn1-xNixFe2O4 series led to the
establishment of performance as semiconductors. In general,
increasing Ni content in the sample leads to an increase in electrical
conductivity. However, Zn0.8Ni0.2Fe2O4 and Zn0.6Ni0.4Fe2O4
compounds are characterized by typical dielectric behavior, the
remaining samples showing abnormal behavior due to possible
lattice deffects confirmed by low values of ionic packing coefficient
calculated theoretically (PA).
Furthermore, for Zn0.2Ni0.8Fe2O4 compound with
performances as a magnetic material we have been concerned to
study the structural and properties effects when doping with Dy3+.
Thus, we synthesized and analyzed Ni0.8Zn0.2Fe1.98Dy0.02O4
compound using sol-gel autocombustion method and four different
chelating-combustion agents: citric acid, tartaric acid, cellulose and
urea.
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From IR spectra and X-ray patterns of the four synthesized
samples was noticed that tartaric acid, citric acid and cellulose
favored, during combustion process, Dy3+ addition within spinel-type
matrix, whilst urea favored DyFeO3 segregation at the particles
surface due to an intense and rapid combustion process.
Significant catalytic activity for hydrogen peroxide
decomposition was noticed in the case of the sample obtained with
urea as fuel. This sample was charaterized by the smallest value of
particle diameter (52.2 nm) and the highest specific surface (20
m2/g), among all the samples, as a consequence of DyFeO3
secondary phase which prevented the crystallites agglomeration
process during thermal treatments.
Saturation magnetization high values were recorded for assynthesized monophase ferrite using citric acid and cellulose (≈62
emu/g). Coercivity values are influenced by fuel agent as an effect of
secondary phases and particle size, the smallest value (67 Oe) being
estimated for the sample sintesized with urea.
Cellulose and tartaric acid, respectively, influenced the
dielectric behavior of Ni-Zn-Dy ferrite particles. These samples
revealed the lowest dielectric loss values.
Zn1-xMgxFe2O4 (0≤x≤1with a step of 0.2) series was
successfully obtained by sol-gel autocombustion method with
tartaric acid as fuel. Voluminous Mg2+ ions have tendency to replace
Fe3+ from octahedral sites of spinel-type lattice which leads to an
increase of wavenumber value of ν1-type vibration from IR spectra,
as a function of Mg content and thermal treatments.
Due to a dinamic cation distribution within spinel-type
lattice, increasing Mg content for Zn1-xMgxFe2O4 series involves
differences between some structural investigated features. Thus, the
calculated values of crystallite size (39 ÷ 25 nm), interplanar
distance (2.530 ÷ 2.520 Å), lattice parameter (8.427 ÷ 8.369 Å), Xray density (5.416 ÷ 4.532 g/cm3) decrease quasi-monotonous from
large value for Zn ferrite to low values for Zn-Mg and Mg ferrite,
respectively.
Our proposed cation distribution (mixt spinel-type for Zn
ferrite and Zn-Mg ferrite, respectively, and invers spinel-type for Mg
ferrite) was in agreement with IR şi DRX data concerning structural
characteristics.
Zn0.8Mg0.2Fe2O4 and Zn0.2Mg0.8Fe2O4 compounds shows a
high packing degree with minimum cation vacations within spineltype lattice against the other Zn1-xMgxFe2O4 series compounds.
Electrical properties (resistivity vs. temperature) and dielectric
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properties (dielectric permittivity vs. frequency at room temperature)
investigation led to the conclusion that, among all the other chemical
compositions, Zn0.8Mg0.2Fe2O4 compound shows the highest
resistivity at room temperature, high dielectric constant and low
dielectric loss, proper qualities for energy storage applications.
The study of magnetic permeability vs. frequency at room
temperature highlighted that Zn0.2Mg0.8Fe2O4 and MgFe2O4
compounds can be good materials for microwave applications due to
low values of energy loss in the magnetic field and high resonance
frequency.
Zn1-xCoxFe2O4 series was successfully synthesized by solgel autocombustion method with tartaric acid as fuel.
By IR technique it was observed an increase of
wavenumber value for ν1-type vibrations with Co content, which
reveals the fact that Fe cations replace Zn cations within tetrahedral
site and modify the metal-oxygen bond strentgh.
It was proved the influence of Co content in Zn-Co ferrite
concerning structural characteristics: interplanar
distance
(2.548÷2.532
Å),
lattice
parameter
(8.451÷8.397
Å),
X-ray density (5.304÷5.263 g/cm3) values which are high for Zn
ferrite and low for Zn-Co and Co ferrite, respectively.
The smallest crystallite size was calculated for
Zn0,4Co0,6Fe2O4 compound (48 nm) and the highest one for CoFe2O4
compound (68 nm) as a consequence of induced effects of both
chemical composition and thermal treatments.
The proposed cation distribution (mixt spinel for Zn and
Zn-Co ferrite, respectively, inverse spinel for Co ferrite) was in
agreement with IR and XRD data.
ZnFe2O4 and Zn0.8Co0.2Fe2O4 compounds show values close
to unit for ionic packing coefficient (PA) which suggests minimum
cation
vacations
against
the
other
terms
of
the
Zn-Co ferrite series. Furthermore, Zn0.2Co0.8Fe2O4 compound has
optimal dielectric behavior with high dielectric constant and low
dielectric loss, which are proper qualities for energy storage at high
frequency (1 MHz) applications.
Magnetic behavior study at room temperature revealed that ZnFe2O4
and Zn0.8Co0.2Fe2O4 compounds exibit paramagnetic behavior, whilst
Zn0.6Co0.4Fe2O4,
Zn0.4Co0.6Fe2O4,
Zn0.2Co0.8Fe2O4,
CoFe2O4
compounds show ferrimagnetic behavior. Zn0.8Co0.2Fe2O4 compound
is characterized by optimal magnetic parameters, high saturation
magentization (87 emu/g) and low coercivity (174Oe).
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ZnFe2O4, Zn0.2Co0.8Fe2O4, Zn0.8Co0.2Fe2O4, CoFe2O4 compounds
show small values of energy loss in the magnetic field and high
resonance frequency which recommends them for microwave
applications.
The last goal of this research study was to synthesize by sol-gel
autocombustion method Zn1-xMgxFe2O4 series supported on Al2O3.
Catalytic activity for hydrogen peroxide decomposition reveal that
the compound with x=0.8 shows significant performance against the
other series terms. This is a consequence of structural characteristics
studied by IR, DRX and AFM techniques.
Further studies on as-synthesized Zn nanoferrite powders will
include ZFC (zero field cooling) and FC (field cooling)
measurements to show off superparamagnetic behavior, magnetic
and dielectric behavior vs. temperature of as-synthesized series.
Our collaboration with Faculty of Physics and with
„Prof.Dr.N.Oblu” Emergency Clinique Hospital from Iasi will
consider the possible biomedical applications of as-synthesized
nanoferrite series as contrast agents or hyperthermia agents.
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