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Abstract

The effects of the synthesis techniques: sol—gel combustion (SG), hydrothermal (HT) and co-precipitation (CP) on the structure, homogeneity,
morphology and magnetic properties of SrCog ,Fe|; 309 hexaferrite ceramics have methodically been explored by X-ray diffraction (XRD), laser
particle analyzer, scanning electron microscopy (SEM) and vibrating sample magnetometer (VSM). Structural analysis results revealed that the
variety of the synthesis techniques evidently reflects variation in the lattice parameters and grain sizes. Moreover, diverse morphologies such as
lamellar, disc-like and needle-shape for SG, HT and CT routes were observed, respectively. The maximum saturation magnetization (31.2 emu/g)
and coercivity (4950 Oe) belonged to the co-precipitation technique owning to its higher phase purity, more homogeneity and larger crystalline
size. Apparently, the softer ferrites were attainable by hydrothermal and sol-gel combustion routes, whereas, the co-precipitation technique led to

harder magnets.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

M-type hexagonal ferrites have emerged as novel materials
with vast technological and scientific interest considering their
brilliant physical properties such as reliable magnetization,
high coercive force, large magnetocrystalline anisotropy and
relatively high Curie temperature, as well as remarkable
chemical stability and low cost [1-3]. A great diversity of
various cation substitutions are possible in M-type hexagonal
ferrites which might be conveniently classified according to
whether or not there is a necessity for charge compensation.
Charge compensation is not required when direct isovalent
substitution is made. Nonetheless, it is recurrently desired to
substitute divalent transition metals such as Cu(II), Ni(II) and
Co(Il) for Fe(IIl) due to their similar ionic radii [3-6]. Co-
substitution is also found to produce disorder and oxygen
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vacancies in the hexaferrite structure [7-10]. It has been
reported that the magnetic moment of Co?* is 3.7 wB and its
ions have preferential occupancy of 4f,—4f, sites with d’
configuration [11], while Wiesinger et al. [12] and Lechevallier
et al. [13] reported that Co** ions have a noticeable preference
for octahedral sites, being substituted for Fe**in both 4f, and 2a
sites. It is reasonable then to assume that the smaller magnetic
moment of Co”* is responsible for the super-exchange that
gives rise to a nearly decrease in Ms which is further related to
low magnetic moment of Co”* ions to Fe** ions (5 uB) [14]. In
M-type hexagonal ferrite, the Co(I) ion was singled out for
cation substitution since it is famed for giving strong planar
contribution to the anisotropy of the magnetic structure [15-
17]. However so far, none has been fully characterized its
magnetic properties in Sr hexagonal ferrite via different
methods. In nano scale materials, physical, chemical and
magnetic properties are size dependant. In order to tune these
properties, various groups have been working on optimizing
particle size and the other features by varying synthesis routes
and processes [18-21]. Furthermore, the magnetic properties
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depend mostly on the grain size and phase purity which are very
much affected by the kind of synthesis [3]. Hence, strontium
hexagonal ferrites have been produced by numerous processes
such as co-precipitation, solid state reaction, hydrothermal
synthesis, sol-gel techniques, micro-emulsion, salt-melt tech-
nique and citrate sol-gel combustion route and etc., which vary
in the cost and product properties [22—-30]. The conventional
way of synthesizing hexaferrites involves solid state reaction
route necessitates high calcination temperature (>1200 °C),
which leads to powders with large particle size require further
extensive processing, limited chemical homogeneity, low
sinterability, high capital investment and high-energy con-
sumption [31]. However, most of wet-chemical methods have a
few pitfalls like complex equipment and expensive precursors
in addition to the disposal of the by-product which the citrate
sol-gel combustion and the hydrothermal methods seldom
would suffer from [18,32,33]. Among these reproducible
synthesis routes, co-precipitation technique is one of the most
appropriate and versatile methods owing to its high homo-
geneity and purity [3,19,24]. To explore every avenue towards,
the main aim of this study was to develop a synthesis of
nanocrystalline SrCoq ,Fe;; 309 powders corresponding to the
stoichiometry via the citrate sol-gel combustion, hydrothermal
and co-precipitation techniques and analysing their structural,
morphological and magnetic properties as well.

2. Experimental procedure

Ferrite materials are regularly prepared by three techniques:
citrate sol-gel combustion technique, co-precipitation method
and hydrothermal technique, in order to make a comparison
between the estimated structure parameters, which affect the
particle size, the microstructure and the magnetic properties of
co-substituted strontium hexagonal ferrites. In all studies, the
reactants were dissolved in deionized water, and then NaOH
was added two times in excess. A schematic diagram of the
synthesis processes is displayed in Fig. 1.

2.1. Preparation techniques

2.1.1. Co-precipitation method

Chemically grade ferric chloride nitrate Fe(NO;)3;-9H,0,
strontium nitrate Sr(NOjz),, Co(NOs3),-6H,O and sodium
hydroxide (NaOH) were used as raw materials. The ferrite
precursors were precipitated from theses mixtures by adding
gradually sodium hydroxide (5 M) solution as a co-precipita-
tion agent at room temperature at pH 11. The aqueous
suspensions were stirred gently for 20 min to achieve good
homogeneity and to attain stable pH conditions. After
precipitation, the resulted gel like cake was thoroughly washed
with deionized water and purified with ethanol. The washed
SrCog,Fe 1 §019 powders were dried at 100 °C and then
calcined at 800 °C for 1 h.

2.1.2. Citrate sol-gel combustion method

FC(NO3)3'9H20, CO(NO3)26H20 and SI'(NO3)2, in a molar
ratio of 11.8 were dissolved in deionized water. Citric acid was
dissolved into the solutions to give a molar ratio of metal ions to
citric acid as a fuel of 1:1 and the solutions were allowed several
minutes to return to room temperature and the solution became
clear and homogeneous. The molar ratio of citric acid to the
metal nitrate (CA/MN) of 1.5 was then added into the prepared
aqueous solution to chelate Fe** and Sr**. In addition, proper
amount of sodium hydroxide was added to adjust pH at 7. The
homogenous solution was slowly evaporated under stirring
condition on a hot plate to obtain their gels. As water
evaporated, the solutions became viscous and finally formed
very viscous brown gels. With temperature increasing, the gel
burnt in a self-propagating combustion manner until gels were
burnt completely to form a loose powder. The resulting dark
brown ashes were calcined at 800 °C for 1 h.

2.1.3. Hydrothermal method
The starting materials used for these experiment were
Fe(NO3)3-9H,0, Sr(NOs),, Co(NO3),:6H,O and NaOH. The
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Fig. 1. Schematic diagram of synthesis routes.
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resulting suspension was sealed in an autoclave cell and heated
at rate of 10 °C/min to 200 °C and then cooled to room
temperature to produce precipitated slurry which was then
filtered and washed repeatedly using deionized water until no
Cl™ was detectable and then dried at 100 °C in an oven.

2.2. Characterization techniques

2.2.1. XRD analysis

The resulting powders were analyzed by X-ray diffraction
(XRD) with Bruker AXS: D8 ADVANCE. This instrument
works with voltage and current settings of 40 kV and 30 mA,
respectively and uses Cu Ko radiation (1.5405 A). For
qualitative analysis, XRD diagrams were recorded in the
interval 20° < 26 < 70° at scan speed of 2°/min.

2.2.2. Scanning electron microscopy (SEM)

The powders were coated with a thin layer of gold (Au) by
sputtering (EMITECH K450X, England) and then the
microstructure of them was observed in a scanning electron
microscope (SEM; Stereoscan S 360 Cambridge) that operated
at an acceleration voltage of 10 kV.

2.2.3. Particle size distribution (PSD)

Particle size distribution study of the prepared samples was
carried out by using a laser particle size analyser Master sizer
2000. The samples were exposed to ultrasonic waves for 15 min
before being analyzed. The samples were dispersed in ethanol
suspension.

2.3. Vibrating sample magnetometer (VSM)

Magnetic properties were measured by a vibrating sample
magnetometer (VSM) with a maximum applied field of
1100 kA/m.

3. Results and discussion
3.1. XRD analysis

The XRD diffraction patterns of SrCoq,Fe ;3019 powders
obtained by various methods are presented in Fig. 2(a)—(c) for
samples obtained via CP, HT and SG methods, respectively. The
hexagonal ferrite structure of SrFe,0;9 (P63/mmc), which was
described in JCPDS file number 33-1340, was detected in all
three samples. In this pattern the presence of the hexagonal
ferrite phase can be identified by peaks at 26 30.32° (1 1 0),
32.35° (1 07) and 34.18° (1 14). As it can be observed, the
widths of the CP ferrite main peaks decreased in comparison
with the HT and the SG peaks respectively, suggesting the
suitable growth of the particles prepared by co-precipitation
method. In the CP samples the peaks corresponding to the
(107) and (1 14) directions sharpened, corresponding to an
increase in domain size in these directions. The XRD phase-
analysis also suggested that SG sample product comprised both
SrFe,0, and a-Fe,O5 phases as impurities probably due to the
local combustion while preparation of samples via HT route

(114) % SrCo,,Fe 30
# SrFe,0,
® a-Fe,04

Relative Intensity (a.u.)

(c)

20 30 40 50 60 70
20 (degree)

Fig. 2. XRD patterns of SrCog,Fe ;3019 nanocrystallites produced by co-
precipitation (a), hydrothermal (b) and sol-gel combustion (c) methods.

revealed considerable formation of SrFe;,0,9 phase and traces
of SrFe,0, phase. Since pure mono-phasic SrFe;,0;9 obtained
by CP route, it proposes this method as a promising route in
order to prepare pure nanocrystalline hexagonal ferrite.

The crystalline size was estimated from the broadening of
the peaks using the Scherrer’s formula:

(1)

where f is the width of the pure diffraction profile in radians,
ks 0.89, X is the wavelength of the X-rays, 6 is the diffraction
angle, and Dy, ;, is the average diameter of the crystallite. For
this purpose, the strongest diffraction Bragg peak (1 1 4) isused
to estimate the crystallite size of the samples. As it can be
resulted from Table 1, the grain size of the samples is found to
be in the range of 44-53 nm. Subsequently, the lattice constants
a and ¢ were calculated using the published Miller indices (%, k
and /) of the reflections and their measured angular positions
according to equation:
2 2 2
d%:%l(h +h12c+k>+l_2 @)
hki a ¢

Additionally, the X-ray densities were calculated as follows:

2M
dX-ray =37 (3)
NaVeen
V3
Vcell = —a2c (4)

2

where M is the molecular weight, V. is the cell volume, Na
denotes Avogadro number and finally a and ¢ are lattice
constants. Lattice parameters (a, ¢ and V) and X-ray densities
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Table 1

Summary of powder X-ray diffraction measurements and average crystallite size for samples.

Method a (+£0.001 A) ¢ (£0.001 A) Veenn (£2 A%) dx.ray (g/cm®) Average grain size (nm)
SG 5.74 23.33 666 5.30 44
HT 5.87 23.20 5.09 46
cP 5.91 23.07 698 5.05 53

of the series SrCoq,Fe;; 30,9 are also tabulated in Table 1. It
demonstrates that the variations of synthesis method slight on
lattice constants, cell volumes and densities of HT and CP
compounds, whereas for SG samples the differences are
distinctive.

3.2. SEM observations

The morphological characteristics of the obtained SrCoyg .
Fe ;| 309 were investigated by SEM analysis. Fig. 3 illustrates
SEM micrographs of the samples prepared by co-precipitate
method. As it can be observed, the particles seem to have
needle-like shaped morphology with particle size less than
10 wm. Besides, the grains are distributed rather homoge-
neously without massive agglomerations.

Fig. 4 implies the representative SEM micrographs for
SrCoq,Fe | §019 nanocrystallines prepared by citrate sol-gel
route. The particles possessed a lamellar structure which
presumably the pore walls shaped this structure when the sol
was turned into the gel because of evaporation of a large amount
of water [18]. On the other hand, careful observation on the
particles’ morphologies reveals that there are some aggregates
and partially sintered microstructures. The combustion reaction
was characterized as a fast process with abrupt ascent and
descent of temperature which this phenomenon may have
caused the crystallites of the product to possess the residual
stress as well as crystal imperfections such as deficient
crystallinity, oxygen vacancies, grain boundary defects, and
interfacial dislocation pile-ups [34,35]. This agglomerated
structure will complicate the study of the magnetic material
owing to the interactions between the neighboring particles. At
the same time, the distinguishable microscopic pores that affect
the magnetic properties of the material are associated with the
liberation of a large amount of gaseous materials.

Fig. 5 depicts that the hydrothermally synthesized particles
have a disk-like shape with grains between 10 and 15 pm.
Moreover, the grains are distributed rather homogenously
without significant agglomerations.

In general, the results prove that the type of synthesis route
converts the shape of particles and can effectively control the
product size. Indeed, one can say that the powder micro-
structure depends considerably on the preparation technique.

3.3. Particle size distribution

Particle size distribution of all the samples is obtained by the
laser particle size analyzer. The results signify that the particles
prepared by co-precipitation method are more uniform and
have a narrower distribution size. The majority of particles
(90%) are less than 39 wm in size. This value is 43 and 44 pm
for HT and SG derived samples, respectively. Generally, the
mean particle size of all samples ranges from 17 to 20 wm
which is consistent with the SEM observations. The
approximated mean particle sizes of all the samples are larger
than the crystallite size estimated by X-ray diffraction analysis.
This can be explained regarding the following facts: (1) X-rays
can only detect the crystallites, i.e. the well-ordered parts of the
crystallites, and they cannot identify the disordered grain
boundaries that occupy remarkable volume and (2) there exists
a possibility of the accumulation of more than one crystallite
forming an aggregation of particles in the solution in spite of the
exposure to the ultrasonic waves [25] (Fig. 6).

3.4. Magnetic properties
Fig. 7 exhibits H-M hysteresis loops of the samples prepared

via different methods and the related magnetic parameters are
listed in Table 2. The squareness ratio (SQR) of the samples is

Fig. 3. SEM micrographs of SrCog,Fe;; 309 hexagonal ferrites prepared via co-precipitation method with different resolutions.
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Fig. 5. SEM micrographs of SrCog,Fe ;3019 hexagonal ferrites prepared via hydrothermal technique with different resolutions.

denoted by the ratio Mr/Ms. The value is fundamentally a
measure of squareness of the hysteresis loop. Generally, large
SQR value is favoured in many applications such as magnetic
recording media of high density and permanent magnets [36]. It
is assumed that in co-precipitation method, the dominant factor
for improving the magnetization values was attributed to the

development of the SrFe,O;9 phase, as supported by the XRD
analysis. On the other hand, the presence of considerable
amounts of «-Fe,O; and SrFe,04, which are the canted
antiferromagnets, is the main cause for the low magnetic
properties in sample SG which is entirely in agreement with
XRD analysis. However, traces of SrFe,O, phase still remained

Volume (%)
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Fig. 6. Particle size distributions of SrCog,Fe;; 3019 hexagonal ferrites produced by different methods.
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Fig. 7. Magnetic hysteresis loops of SrCo,Fe;; 3019 hexagonal ferrites synthesized via various methods.

in the sample HT. In addition to phase deficiencies, it is
worthwhile to investigate the relation between average
crystallite size and magnetic properties. According to the both
of tables, the saturation magnetization increases with increase
in crystallite size in consequence of the growth of magnetic
domains with the increase of crystalline sizes. The single
magnetic domain is changed to multi-magnetic domains
accompanied with the growth of magnetic domains, so the
Ms of the nanocrystals are raised. The reduction of the
magnetization of the magnetic particles with the decreasing
particle size can be caused due to the incomplete coordination
of atoms on the particle surface leading to a noncollinear spin
configuration which causes the formation of a surface spin
canting which might decrease the magnetization of particles
[37,38]. The decrease of the saturation magnetization in
parallel with the decrease in the particle size of the magnetic
particles is a generally known phenomenon and is a
consequence of many factors. One is certainly the large
surface area of the particles and the incomplete coordination of
atoms at the particle surface leading to a noncollinear spin
configuration, which reduces the magnetization of small
particles [39]. The second reason is connected to the energy
of the magnetic particles, which depends, in an external field,
on the size of the particles via the number of magnetic
molecules in a single magnetic domain. This has a consequence
that the thermal energy, i.e., the thermal fluctuation, will

Table 2
Magnetic characteristics of produced Co-substituted strontium hexagonal
ferrites prepared by alternative routes.

Sample Ms (emu/g) Mr (emu/g) Mr/Ms Hc (Oe)
SG 53 1.6 0.30 669
HT 18.3 6.6 0.36 683
CP 31.2 17.9 0.57 4950

significantly weaken the total magnetic moment at a given
magnetic field [40].

Consequently, the best magnetic properties are obtained by
the CP route. It has been attested that the Hc of ferrites is
strongly affected by grain or particle sizes [2,3,41] and may
reach a maximum value during the single magnetic domain or
multi-magnetic domain stages of structure [42]. In M-type
strontium hexaferrite, the magnetic easy axis lies within the
basal plane. The demagnetizing factor in a disk shape for a
SrFe|,0,9 particle increases with the increase of width to
thickness ratio, which leads to a drop in the coercivity [43].
Admittedly, the regular hexagonal plate-like morphology as
shown in Fig. 3 leads to lower coercivity in comparison with the
value obtained for CP sample. The low coercivities of the
synthesized platelet crystals indicate soft magnetic behavior,
which is a consequence of the large shape anisotropy (the
platelet crystals are highly anisotropic) and the nucleation of
domain walls, also known as the Brownian paradox [44,45].
Eventually, the low magnetization values for HT and SG
samples could be the outcome of the moderately wide particle
size distribution, where there is a small fraction of super-
paramagnetic particles contributing to reduce magnetization
consistent with the PSD results.

4. Conclusions

Cobalt-substituted strontium hexagonal ferrite nanocrystal-
lites have been synthesized successfully by the citrate sol—gel
combustion, hydrothermal and co-precipitation techniques.
The results indicated that the crystallographic properties of
ferrite materials are extremely sensitive to the preparation
route. The XRD study showed that the average particle size was
found to be in the range 44-53 nm and that the M-type
hexaferrite phase prepared by co-precipitation technique was
single phase. However, the formed SrM ferrite phase by SG and
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HT methods contained some impurity peaks, which are both a-
Fe,O5 and SrFe,0,4 phases and SrFe,O, phase, respectively.
Furthermore, Co-strontium hexaferrite nanocrystallites have
been prepared with narrow particle-size distribution using the
co-precipitation technique, while the products prepared by
hydrothermal and sol-gel combustion routes exhibited wider
particle-size distribution and less homogeneity correspond-
ingly. The correlation of microstructure and magnetic property
can be clarified by means of SEM analysis and variable
morphologies like lamellar, disk-like and needle-shaped were
observed from SG, HT and CP sample’s micrographs.
Moreover, the shape of the hysteresis loop curves confirmed
that the CP hexagonal ferrite was a hard magnet. In contrast, the
low saturation magnetization (Ms) for SG and HT samples was
attributed to the purity, the particle size effects and the surface
spin-canting phenomenon. The results demonstrate that the
coercivity of fine powders is lower than that of the larger
prepared by co-precipitation route which led to obtain softer
magnets by hydrothermal and sol-gel combustion methods.
Compare to the other mentioned methods, the chemical co-
precipitation method is a low cost technique suitable for the
mass production. From our results it is confirmed that the
magnetic properties of strontium hexaferrite are very much
affected by altering the synthesis route. The findings in this
study are believed to provide further insights to understanding
of the correspondence between the magnetic properties of
SrCog,Fe;; §019 nanocrystals and the kind of synthesis route.
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