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Abstract

A novel 0.5(BaZr0O;)-0.5(CoFe,0,) (BZ-CF) nanocomposite ceramics has been synthesized using sol-gel autocombus-
tion and mixing technique. The structural analysis was carried out using X-ray diffraction (XRD) technique. The XRD
pattern shows mixed perovskite and spinel ferrite phases with simple cubic structure for the BZ-CF nanocomposite. The
calculated average crystallite size of the samples varies of the order of the nanoregime. The lattice parameter (a) and other
structural parameter were obtained using XRD data and it is found that the structural data of pure parent ceramics were in
the reported range. The surface morphology of grains of the present samples was examined using field emission scanning
electron microscopy (FESEM) and transmission electron microscopy (TEM). The FESEM images show spherical particles
with average grain size in the nanometer range. Compositional stoichiometry was confirmed by energy dispersive spectrum
(EDX) analysis. Fourier-transform infrared spectra (FTIR) of barium zirconate (BZ) and cobalt ferrite (CF) confirmed the
perovskite and spinel ferrite structure, respectively. However, the FTIR spectrum of BZ-CF nanocomposite confirmed the
change in crystal structure due to mixed phases. The M—H curves recorded at room temperature using pulse field hyster-
esis loop tracer technique exhibits a weak hysteresis loop for BZ-CF nanocomposite, perfectly diamagnetic nature for BZ
nanoceramics, and typical ferromagnetic hysteresis loop for pure CF nanoceramics.
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Graphic abstract
The graphical abstract presenting the synthesis process, FESEM micrograph and M—H plot for BZ—-CF nanocomposite.
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Introduction

The accomplishment of new requirements of the tomorrow’s
society and for innovative technological advancement, there
is a consistent quest for novel materials with better than ever
properties. A composite material is a material fabricated
from two or more constituent materials with considerably
different physical or chemical properties that, once com-
bined, produce a material with characteristics different from
the parent source materials [1].

In the past decade, renewed interest has been dedicated
to perovskites (ABO;) and spinels (AB,0O,) because of the
opportunity of combining these oxides in composite struc-
tures to obtain multifunctional materials [2—4]. Composite
powders merging perovskites and spinels have been usually
prepared by the mixture method [5, 6]. Composites with
nanodimensions are desirable for the synthesis of materials
with unique or improved properties.

Perovskite-structured electroceramics materials are
worthy materials used for several applications such as
high-efficiency solar cells, fuel cells, catalysis, capacitors,
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superconductors, electrochemical sensing, underwa-
ter devices, spintronics devices, etc. [7-10]. They retain
some diverse properties, viz., multiferroic, thermoelectric,
dielectrical, and optical properties [11]. Barium zirconate
(BaZrO,;) is of great engineering and technological interest
due to their striking characteristics like high melting point,
huge thermal resistivity, excellent mechanical stability, out-
standing structural reliability under extreme thermal condi-
tions, high protonic conductivity, pyroelectric properties [12,
13]. Nowadays, barium zirconate sputtering targets can be
used in the chemical vapor deposition (CVD) and physical
vapor deposition (PVD) techniques [14, 15]. Furthermore,
the extraordinary dielectric properties of BaZrO; ceramics
recommend it as a favorable material for microwave and
wireless communication applications [16, 17].

Ferrites are magnetic ceramics of great importance
in countless scientific and technological applications on
account of their numerous electrical, magnetic, and dielec-
tric properties. In the class of ferrites, spinel ferrites with
chemical formula MFe,O, (where, M represents divalent
ions of the transition metal elements such as Co**, Ni%*,



Journal of Nanostructure in Chemistry (2019) 9:163-173

165

Zn**, Mg?*, etc.) are industrially leading magnetic mate-
rials due to their outstanding electromagnetic properties
[18]. The high electrical resistivity, low eddy current and
dielectric loss, high saturation magnetization, high perme-
ability, good chemical stability, easiness of preparation, low
cost fabrication, etc., are the remarkable features of spinel
ferrites [19]. Cobalt ferrite (CoFe,0O,) nanoparticles have
received increasing consideration because of their high coer-
civity at room temperature, high curie temperature, moder-
ate saturation magnetization, superparamagnetism that mark
them ideal materials for high-density information storage
devices, biomedical nanotechnology, and medicine applica-
tions [20-23].

In recent years, materials and composites characterized
with submicron and nanosized structures have attracted wide
attention due to their unusual mechanical, electrical, optical,
and magnetic properties [24, 25]. The nanoceramic mate-
rials composed of nanosize crystallites display enhanced
performances in comparison to conventionally fabricated
bulk grained materials. The composite materials can be
manufactured by merging ferrite and ferroelectric ceramics
exhibiting magnetoelectric property are used for scientific
and technological applications due to multiferroic proper-
ties [26, 27].

While synthesizing the nanoparticles, the coarseness and
aggregation of the nanocrystals at higher temperature are
the critical obstructions for most of the synthesis technique
[28]. To overcome these obstacles, efforts have been made
by dispersing nanoparticles in matrix-alike silica [29], glass
[30], resin [31], and polymers [32].

The disadvantages of the conventional ceramic method
such as reduced dispersion of the constituents, high poros-
ity, and large particle size can be fixed with the help of wet
chemical sol—gel autocombustion technique [27]. A sol-gel
method has certain benefits as it has a precise control over
the composition, purity, and superior homogeneity at a
molecular level, less energy consumption, low cost, com-
paratively low annealing time, ecofriendly, etc. [33].

The motivation behind producing
0.5(BaZr0;)-0.5(CoFe,0,) (BZ-CF) nanocomposite mate-
rial is that this material is expected to be soft magnetic and
have high DC electrical resistivity, excellent mechanical
and thermal stability, high dielectric constant, and improved
optical properties. These diverse properties inspired me to
work on structural, microstructural, electrical, dielectrical,
magnetic properties of BZ—CF nanocomposite ceramics.
The obtained material can be suitable for fabrication of
spintronics and microwave devices.

In this article, I report the synthesis, struc-
tural, microstructural, and magnetic properties of
0.5(BaZr0;)-0.5(CoFe,0,) nanocomposite for the first time.
The results are compared with the parent barium zirconate
and cobalt ferrite nanoceramics.

Experimental
Materials

For the synthesis of 0.5(BaZrO;)-0.5(CoFe,0,) nano-
composite, analytical grade (AR) barium nitrate hex-
ahydrate (Ba(NO;),-6H,0, 99%), zirconium (IV)
oxynitrate (ZrO(NO;),-H,0, 99.9%), cobalt nitrate hexa-
hydrate (Co(NO;),-6H,0, 99%), ferric nitrate nonahydrate
(Fe(NO;),-9H,0, 99%), citric acid (CcHgO4, 99.57%), and
ammonium hydroxide (NH,OH, 99%) purchased from S.D.
Fine chemicals Ltd. (Mumbai) were used without additional
purification.

Synthesis of BaZrO, (BZ) nanoceramics

BaZrO; nanoceramics were synthesized using sol-gel auto-
combustion technique. Barium nitrate hexahydrate and zir-
conium (IV) oxynitrate were used as the precursors. The
metal nitrate (barium nitrate) to fuel (citric acid) ratio was
taken as 1:2. The precursor solutions were mixed and the
resultant mixture was subjected to continuous stirring and
heating at 80-90 °C on a magnetic stirrer until a homog-
enous mixture was obtained. Ammonia was added into the
solution till the mixture became neutral (pH =7). Uninter-
rupted heating of 110 °C initiates the formation of a con-
tinuous network of gel. Resulting gels were heated further;
after 4 h the fast flameless autocombustion reaction with
the exhaust of fumes forming burnt ash takes place. The
obtained powders were ground finely in an agate mortar and
were annealed at 900 °C for 5 h in a muffle furnace to com-
plete different levels of crystallinity and to get the required
BaZrO; powder.

Synthesis of CoFe,0, (CF) nanoparticles

CoFe,0, nanoparticles were synthesized using sol-gel auto-
combustion technique. Analytical grade (AR) chemicals
such as cobalt nitrate, ferric nitrate, and citric acid (fuel)
were used for the synthesis. The metal nitrates to fuel ratio
was taken as 1:3. Ammonia solution was added to main-
tain the pH 7. The temperature required for the synthesis of
cobalt ferrite nanoparticles was low that is around 110 °C.
The as-synthesized powder is sintered at 550 °C for 4 h.

Synthesis of 0.5(BaZr0,)-0.5(CoFe,0,) BZ-CF
nanocomposite

The prepared fine powders of cobalt ferrite and barium zir-

conate were mixed thoroughly and ground in molar propor-
tion using pestle mortar above 1 h. The mixture was then

a
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sintered at 900 °C for 2 h, and then used for further inves-
tigations. The flowchart of the sol—gel synthesis of BZ-CF
nanocomposite is presented in Fig. 1.

Characterizations

The structural properties of the samples are studied by PAN-
alytical X’pert Pro diffractometer using the Cu—Ka radia-
tion (A=1.54182 10\) at room temperature. The samples were
mixed with 8-10% polyvinyl alcohol (PVA) as a binder and
pressed into the desired cylindrical shape pellet using a uni-
axial hydraulic press at 12 MPa pressure. The pressed com-
pact pellets were sintered at 900 °C for 2 h and used for bulk
density measurement employing the Archimedes’ principle.
Microstructures of the sintered samples were obtained by
field emission gun scanning electron microscope (FESEM,
Hitachi Model-S-4800) operated at 15 kV. The transmission
electron microscope (TEM, Philips Model-CM 200) operat-
ing at 20-200 kV was employed to determine the accurate
particle size. The elemental composition is determined using
energy dispersive X-ray analysis (EDX). The Fourier-trans-
form infrared spectra (FTIR) were recorded in the region
4000-400 cm™~! using Perkin-Elmer spectrum 100 spec-
trophotometer using KBr as a reference material to deter-
mine the vibrational structures of the prepared materials.
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Fig. 1 The flowchart of synthesis of BZ-CF nanocomposite
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The magnetic hysteresis loops were measured using pulse
field hysteresis loop technique (Magnata Company) at room
temperature.

Results and discussion

Structural studies of BZ-CF nanocomposite, BZ, and CF
nanoceramics under investigation were carried out using
X-ray diffraction (XRD) technique. Figure 2a gives XRD
pattern of the pure BZ nanoceramics. All the observed dif-
fraction peaks can be indexed to perovskite BaZrO; phase
with a cubic perovskite structure. The peak position of the
BaZrO; phase agrees well with standard JCPDS: 06-0399
data that has a Pm3m space group [34]. The minor peak
(indexed by asterisk * mark) is assigned to the orthorhombic
barium carbonate (BaCO;) phase (JCPDS: 05-0378) with
a Pmcn space group. The leading (110) diffraction plane
relates to the periodic arrangement of the dodecahedral
(BaO,,) and octahedral (ZrOg) sites [35].

All the peaks in the XRD pattern of pure CF sample,
Fig. 2b were indexed using Bragg’s law and the reflections
(220), (311), (222), (400), (422), (511), and (440) showed
the development of single phase cubic spinel structure, space
group Fd3 m, and well matches with the JCPDS-22-1086
data [36].

Figure 2c shows the XRD pattern of the BZ—CF nano-
composite. It is clearly seen that two phases, viz., perovskite
and ferrite phases can be clearly identified in the nanocom-
posites. A very slight amount of BaCO; phases other than
BZ perovskite and CF spinel ferrite was observed.

The lattice cell parameter of BZ, CF ceramics, and
BZ—-CF nanocomposite was determined from XRD analysis
with an accuracy of +0.002 A using relations (1) [37]

1 P+ +P
& @

ey

where a is the lattice parameter, d the interplanar spacing,
and (hkl) are Miller indices. For pure BaZrO; and CoFe,0,,
lattice parameter was found to be 4.1809 A and 8.3760 A,
respectively, which is in a good agreement with the reported
values [38, 39]. The data on lattice parameter for the BZ—CF
nanocomposites are given in Table 1.

The materialization of perovskite structure of BZ can be
predicted theoretically by computing the tolerance factor (¢”)
suggested by Goldschmidt and it is found to be 1.0441 [40].

The average particle size (f) was estimated using the
Debye—Scherrer formula using XRD data and is obtained
to be in the nanometer range for all the samples. Additional
crystalline parameters like X-ray density (d,), unit cell vol-
ume (V), porosity (%P), etc. have been calculated from XRD
data and their values are revealed in Table 1.
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Fig.2 Room temperature

XRD patterns of a BaZrO,
nanoceramics b CoFe,0,
nanoferrite and ¢ 0.5(BaZrO;)—
0.5(CoFe,0,4) nanocomposite
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Table 1 Lattice parameter (a), unit cell volume (V), X-ray density (d,), bulk density (dg), porosity (P %), molecular weight, average crystallite
size (), and grain size (G) of BZ, CF nanoceramics, and BZ-CF nanocomposite

Sample a(A) V(A% d, glem?) dy P (%) Mol. wt. (g/mol) ¢ (nm) G (nm)
(g/em?)
BZ 4.1809 73.080 6.2828 5.7029 9.230 276.54 18.86 47
CF 8.3760 587.60 5.3042 3.6380 3141 234.61 34.52 74
BZ-CF BZ=4.1859 BZ=73.08 5.6852 4.4352 21.98 255.57 35.12 92
CF=8.382 CF=589.90

Fig. 3 FESEM micrograph of BZ-CF nanocomposite

The X-ray density is an influential parameter used to
characterize any material in any form, viz., bulk, thin films
or powder and its ability also to explore any changes in
the crystal structure of the crystalline material. It is a well
admitted fact that the properties of polycrystalline ceramics
are dependent on density. The value of the unit cell volume
and molecular weight was used to determine the X-ray den-
sity of the prepared samples and their values are given in
Table 1 [41].

The bulk density (dg) of the sintered pellets was meas-
ured using the Archimedes’ method using water as solvent
(p=0.997 g/cm3) [42]. The values of bulk density are given
in Table 1. The values of bulk densities are found to be lesser
than that of X-ray densities. The values of X-ray density and
bulk density of BZ-CF nanocomposite are found to be in
intermediate of that, of parent materials (BZ and CF). The
large values of porosity are attributed to the agglomeration
of particles during the combustion synthesis.

FESEM micrograph of typical BZ—CF nanocomposite
sintered at 900 °C is shown in Fig. 3. It can be noticed
from FESEM image that the synthesized nanoparti-
cles were spherical in morphology with some degree of
agglomeration. The FESEM micrograph agrees with the
XRD data confirming the grain size in nanoscale. The
FESEM image demonstrating a very good homogeneity

* @ Springer

Fig.4 TEM image of BZ-CF nanocomposite

resulted from this synthesis method. The values of grain
size (G) are given in Table 1. The average grain size of
BZ-CF nanocomposite ceramics is found to be greater
than pure BZ and CF nanoceramics.

The transmission electron microscope (TEM) image
of the sample was analyzed to confirm the shape and
nanocrystalline size of the prepared nanocomposite. TEM
study verified that sphere-shaped, unbroken nanocrystal-
line powders were successfully synthesized. The TEM
micrographs of BZ—CF nanocomposite powder sample
are shown in Fig. 4. Cubical shaped agglomerated par-
ticles with spherical shape particles were observed. The
obtained average crystallite size of the prepared nanocom-
posite from TEM was in the range of ~36 nm. The TEM
particle size matches with that calculated from XRD data
using Debye—Scherrer formula.

The elemental compositional analysis of synthesized
samples was studied by energy dispersive X-ray (EDX)
spectrometer attached with FESEM. EDX pattern of BZ-CF
nanocomposite is shown in Fig. 5. The EDX pattern reveals
the presence of Ba>*, Co**, Zr**, Fe**, and O~ elements in
the proper proportions suggesting that predictable stoichi-
ometry was preserved in the prepared sample with an error
of 1-2%. Table 2 gives the elemental weight percentage
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Fig.5 EDX spectra of BZ-CF cps/eV
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Table 2 Elemental weight . Sample Ba 7r Fe Co 0
percentage (wt %) and atomic
percentage (at %) of BZ, CF wt % at % wt % at % wt % at % wt % at % wt % at %
nanoceramics, and BZ-CF
nanocomposi[e BZ 44.71 12.52 22.92 9.66 - - - - 32.37 77.82
CF - - - - 51.62 2598 23.62 13.12 2476 609
BZ-CF  30.04 7.32 1698  7.33 21.02 19.38 13.26 6.16 18.70  59.81

(Wt%) and atomic percentage (at%) of BZ, CF nanoceram-
ics, and BZ—CF nanocomposite.

FTIR spectra of the BZ—CF nanocomposite along with
their parents are shown in Fig. 6a—c. The FTIR spec-
trum of pure BZ (Fig. 5a) shows a major band around
560 cm™! which can be attributed to stretching vibrations
of metal-oxygen (Zr-0O) octahedra. This noticeable absorp-
tion bands correspond to metal-oxygen stretching vibra-
tions at the B site of ABO; perovskite compounds [43]. The
position of this absorption bands mainly depend upon the
nature of the cations present and also on the bond lengths.
The FTIR spectrum of pure CF (Fig. 6b) shows two major
absorption bands found in the range of 700-500 cm~! and
450-400 cm™!. These two noticeable bands correspond to
spinel ferrites as recommended by Waldron [44]. The higher
frequency band (v;) and lower frequency band (v,) are
caused by metal-oxygen vibration in octahedral (B) site. The
small bands correspond to stretching and bending vibrations
of H-O-H bonds, indicating the presence of absorbed water.

The FTIR spectrum of BZ—CF nanocomposite (Fig. 6¢)
shows major bands at around 440 cm™!, 770 cm™! which are
caused by the mix phases of perovskite and spinel ferrite
phases. The small bands around 1630 cm™!, 2036 cm™!, and
3455 cm™! are ascribed to the stretching and bending of the
O-H bond. The FTIR analysis results are analogous to the
results obtained from XRD [45].

To examine the magnetic properties, M—H hysteresis
loops were recorded using pulse field hysteresis loop tech-
nique operated at an applied magnetic field of 10 kOe at
room temperature. Figure 7 presents the M—H loops at room
temperature for pure BZ, CF nanoceramics, and BZ-CF
nanocomposite. The pure CF shows a typical ferromagnetic
nature with coercivity (Hc) of 1172.3 Oe. However, the
BZ-CF nanocomposite shows non-linearity with a small
coercive field, i.e., 809.5 Oe. The pure BZ sample does not
show any hysteresis loop as it is diamagnetic in nature. It
reveals that the pure BZ sample is intrinsic diamagnetic as
reported in the literature [46]. The values of other magnetic
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Fig.6 FTIR spectra of a BZ
nanoceramics b CF nanoceram-
ics ¢ BZ-CF nanocomposite
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Fig. 7 Variation of magnetic hysteresis loops of pure BZ, CF nanoce-
ramics, and BZ-CF nanocomposite at room temperature

Table 3 Saturation magnetization (M,), remanence magnetization
(M,), coercivity (H,), remanence ratio (M,/M,), and calculated magne-
ton number (np) of BZ, CF nanoceramics, and BZ-CF nanocomposite

Sample M, (emu/g) M,(emu/g) H,.(Oe) MJ/M, ngz(ug)
BZ - - - - -

CF 81.86 77.41 1172.3 0.95 343
BZ-CF 13.88 8.49 809.5 0.61 0.68

parameters such as saturation magnetization () and rema-
nence magnetization (M,) values are given in Table 3. The
values of magnetic parameters of pure CF nanoparticles
were in reported range [47].

From Table 3, it is observed that the magnetic parameters
decrease for BZ-CF nanocomposite. Meanwhile, there are
no hints of any interaction between the Fe3* and Zr** ions,
the influence due to coupling of spins between these can be
excluded. The decrease in saturation magnetization values
can be attributed to the reduced quantity of magnetic mate-
rial per unit mass and the influence of BaZrO; and BaCO4
diamagnetic phases. Similarly, as the magnetic nanoparticles
are doped in diamagnetic matrix, a blockade is established
between the external field and the magnetic material, thus
decreasing the induced magnetization in the nanocomposite.
The literature reveals that similar outcomes were obtained
for cobalt ferrite nanoparticles dispersed in silica matrix
[48].

A sharp decline in saturation magnetization from 81.86 to
13.88 emu/g was observed with combination of BZ nanoce-
ramics indicating that the magnetic properties can be tuned
by changing the BZ—CF ratio.

The Eq. (2) was used to calculate the experimental mag-
netization in Bohr magneton number unit [49]

(mol.weight x M)
5585 ’

ng = @
where M, is saturation magnetization and N is Avogadro’s
number. The value of the magneton number of BZ—CF nano-
composite was lesser than pure CF sample.

Conclusions

The nanocomposite of 0.5(BaZrO5)-0.5(CoFe,0,) (BZ-CF)
was successfully synthesized via sol-gel autocombustion
and mixing technique. The structural, microstructural, and
magnetic properties of BZ, CF nanoceramics, and BZ-CF
nanocomposite have been systematically investigated by
XRD, FESEM, TEM, EDX, FTIR, and pulse field hysteresis
loop tracer techniques. The BZ—CF nanocomposite shows
the mixed phase of simple cubic perovskite and spinel struc-
ture. The average crystallite size calculated by Scherrer’s
formula confirms the nanocrystalline nature of the prepared
samples. The lattice parameter and other structural param-
eter of the pure ceramics were in the reported range and
that of BZ-CF nanocomposite was as expected. The aver-
age grain size determined from FESEM technique is of the
order of 47-92 nm. The nanocrystillinity of the nanocom-
posite was confirmed from TEM analysis which confirms
the production of spherical particles with mean diameter
of ~36 nm. This EDX results indicate that the prepared sam-
ples of BZ, CF, and BZ-CF are pure without any impurity.
The FTIR spectroscopic studies carried out show shifting
of band frequencies which reflects the structural changes in
BZ—-CF nanocomposite. The FTIR spectrum of BZ shows a
major band near 563 cm™! and that of CF shows two promi-
nent bands around 447 cm™! and 696 cm™! which are in
reported range. The BZ-CF nanocomposite exhibits weak
ferromagnetism while pure cobalt ferrite shows typical fer-
romagnetic nature. A sharp decline in saturation magnetiza-
tion from 81.86 to 13.88 emu/g was observed with the com-
bination of BZ nanoceramics indicating that the magnetic
properties can be tuned by varying the BZ-CF ratio. The
obtained material can be suitable for fabrication of spintron-
ics and microwave devices.
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