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Abstract Nanomaterials have been known for varieties of applications. Interest in
mixed metal-oxide nanoparticles stems mainly due to their unusual optical, electric,
and magnetic properties. There are reports on the investigation of nanoferrous alloys
for unique applications in medical imaging, hyperthermia, and drug targeting. In the
last decade, considerable attention has been paid to overcome the miniaturization
challenges facing the industries in the synthesis of magnetic and electronic devices
such as ferrites. This study will set the phase for numerical characterization of the
nonmagnetic ions whose dilution with nanoferrites improves the magnetic properties
of the nanomaterials. The substitution of impurities into the different ferrite systems
to improve their basic properties are presented. This research will help in the tech-
nological development that will further increase the understanding of researchers in
physical and biological sciences.
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Introduction

The technological importance of superparamagnetic ferrite materials has increased
significantly over the last few decades [17, 29]. Progress in synthesis techniques has
generated more interest in ferrites in order to improve their properties and expand
their applications. Ferrites are ceramic magnetic materials with general chemical
formula MFe,0,4, where M represents one or a mixture of divalent transition metals
such as Mn, Zn, Ni, Co, Cu, Fe, Mg, or Ca. Zinc ferrite (ZnFe,0,) possesses normal
spinel structure and contains two different cationic sites; eight tetrahedral A-sites and
sixteen octahedral B-sites. Zinc ions occupy exclusively the tetrahedral A sites while
iron ions are only at the octahedral B sites. The distribution of cations determines the
magnetic properties of spinel ferrites. Magnetic coupling in spinel ferrite occurs via
super-exchange interactions. Super-exchange between two metal cations can occur
via intermediate oxygen ions in the spinel structure through A-O-A, B-O-B, and
A-O-B coupling. The magnetic behavior of ferrites is strongly influenced by the
particle size, the preparation method, and structure [7]. Nanoparticles have sizes in
the range from 1 to 100 nm and exhibit unique physical and chemical properties due
to their high surface area and nanoscale size [21]. The size reduction of a magnetic
material leads to novel properties like super-paramagnetism due to small volume
compared to the corresponding bulk material. The optical properties of nanoparti-
cles are reported to be dependent on the size, which imparts different colors due to
absorption in the visible region. Other properties such as their reactivity and tough-
ness also depend on their unique size, shape, and structure. These characteristics
make the magnetic nanoparticles useful for various commercial and domestic appli-
cations, which include catalysis, magnetic resonance imaging, medical applications,
energy-based research, and environmental applications.

Zinc substitution influences the magnetic properties of a nanoscale system [35].
There is a recent outline on the analysis of Mg-doped ZnFe,O4 [4]. Calcium and
iron-based compounds have also been explored in the bulk form for optical memory
devices, steel making industry (as deoxidizer, desulfuration, and dephosphorization)
[19], as pigment [31], and as absorbent of hydrogen sulfide (H,S) [18]. In comparison
with other ferrites such as MnFe,Q4, NiFe,04, CoFe,04 and CuFe,0,4, CaFe,04
has significant advantages. It is biocompatible and eco-friendly due to the presence
of Ca®* instead of the heavy metals. The synthesis and formation mechanism and
magnetic properties in bulk form have also been considered [11, 20]. CaFe, O, does
not have the spinel structure due to the large size of the calcium ion which tends to
be 8 or 9-fold coordinated [37]. Its structure is made of distorted FeOg octahedra
calcium atoms and the phase transition is due to Fe** high spin/low spin transition
[25]. There are few reports on the morphology, structure and magnetic properties of
Ca-ferrites in the nano-regime (See e.g., [8]). A report on hematite-like structure of
CaFe, 0y is given in [5].

Samples produced from different laboratories and by different techniques can
show differences in their properties. The aim of this work is to determine the effects
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of Ca%* on the phase stability of ZnFe,O,4, without any additional calcination and
reduction steps. The reports on the synthesis, structural, magnetic, and morphological
properties of Ca-doped ZnFe, O, nanoparticles are given.

Experimental Details

Nanoferrites and nanocomposites of Ca,Zn;_,Fe,O4 (x =0, 0.02, 0.06, 0.08, 0.2,
0.5 0.6, 0.8, and 1) were prepared by the glycol-thermal method. The chemical
reagents used were calcium chloride CaCl,.2H,0, zinc chloride ZnCl,, and iron
(IIT) chloride hexa-hydrate FeCl3.6H,O. All chemicals were of analytical grades.
These were weighed in required proportions, then dissolved in about 50 ml of de-
ionized water and magnetically stirred. Ammonia solution (NH3) was slowly added
to the mixture of chloride solutions under rapid stirring for about 10 min in order to
initiate precipitation until a pH= 10. The solution was further stirred for 40 min. The
precipitate was mixed with 100 ml of ethylene glycol. The mixture was then placed
in a 600 ml stainless steel pressure vessel (Watlow series model PARR 4843 reactor).
The reactor was heated to a soak temperature of 200 °C and the gauge pressure was
allowed to gradually rise to about 170 psi and angular speed of 300 rpm. These
conditions were held for 6h. The cooled reacted products were filtered and washed
several times with de-ionized water and finally with ethanol over a Whatman filter
in a Biichner flask in order to remove the chlorides. The absence of chlorides was
confirmed by the addition of a standard solution of silver nitrate (AgNOs3) to the
filtrate. The recovered synthesized samples were left to dry on the filter paper for 24
hrs under a 200 W infrared light. The dried products were then homogenized using
an agate mortar and pestle. The samples were characterized at room temperature
by X-ray diffraction (XRD) using a monochromatic beam of Co-K,, radiation (A =
1.7903 A), high-resolution transmission and scanning electron microscopy (HRTEM
and HRSEM), >’Fe Mossbauer spectroscopy and a vibrating sample magnetometer.

Results and Discussion
X-ray Diffraction

The XRD patterns of Ca,Zn;_,Fe,04 (x =0, 0.02, 0.06, 0.08, 0.2, 0.5 0.6, 0.8, and
1) are given in Fig. 1. The calculated values of crystallite sizes D, lattice parameter
a, and the X-ray density p are presented in Table 1. The peaks were correctly indexed
and matched with documented XRD patterns and no impurity phase was detected in
all the samples [22, 23]. The peaks in x=0, 0.02 and 0.06 correspond to a single phase
cubic spinel structure. A mixed phase of a spinel and a hematite-like structure started
to evolve at x = 0.08. A nanocomposite of a spinel and a hematite-like structure is



28

K. Y. Adewale and M. O. Aibinu

e

A ]
Y U Y
n__l_ILM_—
- W R

Relative intensity (%)

20 (degrees)

Fig. 1 XRD patterns of Ca,Zn|_,Fe;04,a x =0, 0.02, 0.06, 0.08, 0.2, 0.5, 0.6, 0.8 and 1

Table1 Crystallite size (D), lattice parameters (a) and X-ray densities px g p for prepared samples
of Ca,Zn;_,Fe;O04 (x =0, 0.02, 0.06, 0.08, 0.2, 0.5, 0.6, 0.8, and 1)

Sample | Composition Spinel Hematite
X
Dmm) |a(A) | pyep Dmm) [aA) | pyn
+0.4 +0.006 |(g/em’) |£0.94 | £0.01 |(g/em?)
+0.28 +0.48
0 ZnFe; 04 18.6 8.386 5.43 - - -
0.02 Cag.0pZngogFey 04 | 23.1 8.407 5.38 - - -
0.06 Ca0‘06Zn0‘94FeZO4 16.0 8.399 5.37 - - -
0.08 Cag.03Zng 92Fe2 04 |23.4 8.401 5.36 63.40 11.15 2.29
0.2 Cag2Zng sFey Oy 17.0 8.375 5.34 63.44 11.12 2.28
0.5 Cags5Zng sFey Oy 24.2 8.376 5.16 54.62 11.14 2.19
0.6 Cag 6Zng 4Fe 04 - - - 52.48 11.17 2.15
0.8 Cag gZngrFer Oy — — - 54.41 11.16 2.11
1 CaFe, 04 - - - 45.42 11.13 2.08
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formed at x = 0.2 and 0.5. Complete hematite-like structures were observed at x =
0.6, x = 0.8 and 1. The increase in the addition of Ca*t ion concentration makes
the diffraction peaks sharper and narrower [9]. This is a one-step technique for
the synthesis of CaFe, 0, and it gives clear and sharp diffraction peaks. This is an
interesting result compared to other reports where CaFe,O4 was synthesized by more
than one-step or at a much-elevated temperature [13, 33]. Using the Debye-Scherrer
formula,
KX\

T W cosf’

hkl

D (D

where K is a constant associated with the shape factor usually taken to be 0.9 for
particles of unknown shape, 0.89 for particles with spherical shape and 0.94 for cubic
particles. The wavelength for the monochromatic X-ray beam is A = 1.7903 A and
W,,, is the full width at half maximum (FWHM) of the broadening line diffraction
peak of the most prominent peak and 6 is the Bragg angle. The crystallite sizes (D)
for the pure cubic spinel phases were calculated from the most intense 311 peak,
while for the mixed phase, 220 peak was used for the spinel and 104 peak for the
hematite phases. The lattice parameters were obtained using

VR k2412, @)

4= Jsing

where /i, k and [ are known as the Miller indices for the diffracting planes and the
X-ray density using
&M
Pxrp = W, 3)

where 8 is the number of molecules per unit, M is the molecular weight, N4 is the
Avogadro’s constant and a is the size of the lattice parameter that defines the size of
the unit cell [3]..

The strong and sharp diffraction peaks indicate good crystallinity of the samples
[9]. This suggests an increase in particle size. The present results indicate that at x
=0, 0.02, 0.06, 0.08, 0.2, and 0.5, the lattice parameter a and crystallite size D of
the cubic spinel structures varies. The lattice parameters a and crystallite size D of
the hematite phase increased for x = 0.08, 0.2, and 0.5. However, at x = 0.6, 0.8,
and 1, the lattice parameter a decreased while the crystallite size D varies for the
hematite phase as the Ca®>* ion concentration increases. The variation of the size of
the obtained particles is between 19nm and 63 nm.

Morphology Study

The morphology and micro-structure of the nanoparticles were investigated by
HRSEM and HRTEM measurements. Figures 2 and 3 show the HRSEM and HRTEM
micrographs of the samples. The particles are almost spherical in shape as seen in
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Fig.2 HRSEM images of Ca,Zn;_,Fe;O4,a x =0,bx =0.02, ¢ x =0.06,d x =0.08, e x =0.2,
fx=05gx=06,hx=08andix=1

Fig. 3 Selected HRTEM images of Ca,Zn|_,Fe;04,a2a x =0,b x =0.02, ¢ x =0.06,d x =0.2,
ex=05andfx=1
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the images. The particle size increased significantly as the Ca>* ion concentration
increases. This is due to the replacement of Zn?>* which has a smaller ionic radius
of 0.74 A, [1], with Ca** which has larger ionic radius of 0.99 A, [27]. This is in
good agreement with the results obtained from the XRD measurements. The pure
samples are ZnFe, 0,4 and CaFe,0y in Fig. 2 of HRSEM. In the figure, the 3d and 3e
show a mixed phase of cubic spinel and a hematite-like structure for Cag,Zng gFe,O4
and Cay 5Zng sFe,O4. These show a clear distinction of the nanocomposite for mixed
phases as compared to pure cubic spinel structure of doped samples Ca 2Zng gFe,O4
and Cao_06Zn0_5F6204 [10]

Mossbauer Measurements

The room temperature 3’ Fe Mossbauer spectroscopy is presented in Fig. 4. The cali-
bration was done using a-Fe foil at a constant acceleration. The magnetic components
of the spectra were fitted using the Lorentzian site analysis. The spectrum for x = 0
was best fitted with two sextets and two doublets. Two sextets and one doublet were
used to fit x = 0.02, 0.06, 0.6, and 0.8. The spectra for x = 0.2, 0.5, and 1 exhibit
three sextets and one doublet. The two sextets for the samples x =0, 0.02, and 0.06
are associated with the coordination of Fe?* ions at tetrahedral A and octahedral B
sites of the spinel crystal structure [16]. The sextets having large hyperfine magnetic
field are assigned to the hematite-like structure of the materials [24]. The other two
sextets are attributed to Fe3*t at tetrahedral A and octahedral B sites, based on the
nature of their hyperfine magnetic field values (hyperfine magnetic field at B sites

Fig. 4 Fitted room [, /—-—-\ —— ?...-...\ 7= ,----
temperature >TFe Mossbauer x k. i

spectra of Ca,Znj_,Fe, Oy e, o, r....._
(x=0, 0.02, 0.06, 0.08, X=0. g

0.2, 0.5, 0.6, 0.8, and 1)

moterites mf“ r'w\w'“\"“\f"“
X=0 5»/’"‘ /_“‘-.."'"\f‘-“\ _-"-"‘\ r

X=0Iv m F-"
R il
=000\ N NN

Velocity (mm/s)
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is greater than the hyperfine field at A sites) [28]. The doublets are associated with
small nanoparticles in paramagnetic states. It was observed that the obtained isomer
shift values are less than 0.6 mm/s. This leads to the deduction that only Fe* is
present and ruling out the detectable presence of Fe?>* ions [34]. The higher values
of quadrupole splitting indicate that the ions are embedded in noncubic surroundings
[12, 14], while the relatively small values of the quadrupole splitting indicate that A
and B sites have nearly cubic symmetry [12]. The larger line width on the A- and
B-sites are attributed to the magnetic dipolar effects [26, 36]. The hyperfine magnetic
field reported here are in the range of the reported values for a-Fe, O3 [5, 23].

Magnetization Measurements

The hysteresis loops measured at room temperature performed in a magnetic field
of up to 14 kOe are shown in Fig.5. The values of coercive fields (H¢), saturation
magnetizations (My), residual magnetizations (My), and squareness of the loops
(Mg/Ms) are calculated from the hysteresis loops and the results are presented in
Table?2. Figures6, 7 and 8, respectively, display the variation of Hc, Mg, and Mg
with respect to x. We obtained the coercive field from

Hcy + Heo

5 “4)

He =

For the pure spinel and mixed phase samples, it was observed that there is variation in
the coercive fields as x increases. However, as for the pure hematite structure samples,
there is decrease in values of the coercive fields as x increases. This observation
compares well with the Mossbauer results which can be attributed to fewer magnetic

Fig. 5 Room temperature
hysteresis loops of
Ca,Zn;_,Fe;04 (x =

0, 0.02, 0.06,0.08,0.2, 0.5,
0.6, 0.8, and 1) nanoferrites

Magnetization (emu/g)

-15 -10 -5 0 5 10 15
Magnetic field (kOe)
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Table 2 Coercivity Hc, saturation magnetization Mg, remanence magnetization Mg and square-
ness ratio (Mg / M) obtained at room temperatures in applied field of 14 kOe for Ca,Zn;_,Fe;O4
(x =0, 0.02, 0.06, 0.08, 0.2, 0.5, 0.6, 0.8, and 1)

X H¢ (Oe) Mg (emu/g) | Mg (emu/g) | Mgr/Ms K (emu p (psi)
+1 +0.5 +0.5 +0.03 kOe/g)
+0.03
0 25 49.1 2.9 0.05 1.28 170
0.02 44 46.87 4.5 0.09 2.15 170
0.06 36 41.52 3.1 0.08 1.56 170
0.08 30 4593 0.6 0.01 1.44 180
0.2 21 38.3 1.7 0.04 0.84 180
0.5 51 31.15 3.2 0.10 1.66 170
0.6 49 8.28 1.2 0.14 0.42 170
0.8 36 6.61 0.6 0.09 0.25 180
1 15 7.92 0.1 0.01 0.12 180

Fig. 6 Variation of coercive
field Hc with x. 50 - ] ‘_._ Hc ‘
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40
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) \
w80
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X

neighbours as a result of substitution of Zn?>* by Ca’>* ions. The M were estimated
using the equation for the law of approach to saturation magnetization

2
M(H)=M5<1—%—%)+XH, (5)

where Mg, a, b and x are the best fit parameters to the data. The low squareness
(Mg /Mg ratios) and the small H¢ values reflected the superparamagnetic behavior of
the samples [2, 38]. The obtained magnetic squareness values for x =0, 0.02, 0.06,
0.08 0.2,0.5,0.6 0.8 and 1, are 0.05, 0.09, 0.08, 0.01, 0.04, 0.10, 0.14, 0.09.0.10,
and 0.01, respectively. Since the values are in the range of 0.1 for superparamagnetic
materials [15], this supports the superparamagnetic nature of the samples. It was



34 K. Y. Adewale and M. O. Aibinu
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observed that the saturation magnetization decreases as the Ca>* ion concentration
increases. This observation agrees with the reports in the literature [32]. The decrease
in Mg can be attributed to the formation of hematite-like phase [6].

Conclusion

Ca,Zn,_,Fe,04 nanoferrites were synthesized via glycol-thermal method. The pre-
pared samples were characterized by XRD, HRTEM, HRSEM, Maossbauer spec-
troscopy, and magnetization measurements. XRD results show single phase cubic
spinel structure for x = 0, 0.02, and 0.06. For x = 0.08, 0.2, and 0.5, the XRD
results show mixed phases of cubic spinel and hematite-like structures, while for
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x=0.6, 0.8, and 1, the observed phase is a pure hematite-like structure. Crystallite
sizes were obtained in the range 19-63 nm, which appear to be influenced by the
increasing value of x. The substitution of Zn>* for larger amounts of Ca>* increased
the crystallite size of the sample. A gradual increase in the lattice parameter was
also observed with increasing Ca content. Results also show a strong correlation
between the XRD density with Ca concentration x, that is, as x increases the XRD
density decreases. The HRTEM and HRSEM images show clearly nanocrystalline
nature of the samples. HRTEM reveals the clear differences in the morphologies
of the samples. 3’Fe Mossbauer spectroscopy results which were measured at room
temperature show transformation to higher magnetic hyperfine fields for the samples
with pure hematite-like structural phase. The magnetization measurements at room
temperature show evidence of superparamagnetic behaviour of the compounds. It
is interesting to note that there is variation in the saturation magnetization of the
samples with mixed phase, while the saturation magnetization for the pure hematite
phase reduced drastically with increasing amount of x. The decrease in magnetiza-
tion is attributed to the formation of the hematite-like phase or cation distribution in
A- and B-sites.
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