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Monophasic nanoceramics of calcium doped barium zirconate (BCZ) Ba;_xCaxZrOs (x = 0.0, 0.05, 0.10, 0.15
and 0.20) have been manufactured via easy and cost effective metal organic precursor route at 1000 °C.
The structural elucidations of the BCZ nanoparticles were confirmed by different analytical techniques i.e.
SEM, TEM, XRD etc. Moreover, the elemental composition and detailed surface area were estimated
through EDS/EDX and BET analysis. TEM particle sizes of Ba;xCayZrOs (x = 0.0, 0.05, 0.10, 0.15 and
0.20) were found in the range of 75-42 nm. Mixed (spherical, hexagonal and cubic) morphology and
shapes of the nanoceramics were established by SEM and TEM studies. The incorporation of calcium to
BaZrOs host lattice confirmed by EDS/EDX studies. Very high specific surface area was achieved (233-
271 m? g~ 1) for Ba;_xCa,ZrOs (x = 0.0, 0.05, 0.10, 0.15 and 0.20) nanoceramics which is corroborated well
with TEM particle size and pore (BJH and DA) size studies. Excellent dielectric properties of BCZ were
found at room temperature in the frequency range of 20 kHz to 1 MHz. As the concentration of Ca®*
ion increased the values of dielectric constant were found to increase (48.1-284.7). High surface area
and excellent porosity with high dielectric constant of BCZ could make it as an ideal material for energy
devices.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

cal (Erb et al., 1997) magnetic (Zhang et al., 2014) electric (Ahmad
et al., 2017) and catalytic properties (Athawale et al., 2006) as well

The drastic climate change and deteriorating environment is
due to the superfluous use of fossil fuel use instead is the prime
concern globally. The quest of low cost and extremely efficient
energy materials is the moon shot for scientific community. Per-
ovskite materials played a very important role in different kinds
of applications. ABO3 type of perovskite; which can accommodate
a group of materials widely used in different applications i.e. opti-
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as in wireless communication (Beckers et al., 1996; Gonenli and
Tas, 1999; Mathews et al., 1997; Yugami et al., 1995; Zhao et al.,
1996) Moreover; the functional behavior such as superconductiv-
ity, ferro electricity and photo electrochemical sensitivity (Al-
Hartomy et al., 2012) also shown by perovskite materials.

In past, zirconates of metals (M = Ca, Pb, Sr and Ba) explored for
potential applications in heterogeneous catalysis (Nair et al., 1998)
electrical ceramics (Osaka et al., 1999) and refractories. Barium zir-
conate/titanate has gained considerable attention due to having
diverse functionality in solid oxide fuel cell (Bohn and Schober,
2000; Kreuer, 2003; Yamazaki et al., 2009) photoluminescence
(Cavalcante et al., 2009) photocatalysis(Wang et al., 2006)di-
electrics (Al-Hartomy et al, 2013) microwave resonators
(Yamaguchi et al., 1980) and high temperature superconductors
(Erb et al., 1995) At 27 °C, BaZrO3 show an ideal cubic (Pm3m) per-
ovskite structure (Megaw, 1946) Owing to high melting point
(2700 °C) and small thermal expansion coefficient (0.87x10>°C
between 25 and 1080 °C) It is frequently used as commercial
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dielectric materials. Moreover, various metal ions doped BaZrOs;
found suitable for optical (Borja-Urby et al., 2011) electrical
(Parida et al., 2012) catalytic (Yuan et al., 2010) and sensing
(Iwahara et al., 1993) applications. Numerous preparation methods
used for the preparation of nanostructured materials. These proce-
dures entail both chemical and physical routes such as reverse
micelle (Ranjan et al., 2009) co-precipitation (Gandhi et al., 2014)
solvothermal (AHMAD et al., 2013) sonochemical (Nag et al.,
2012) sol-gel synthesis(Pfaff, 1994) hydrothermal (Ganguly et al.,
2010) chemical vapor deposition (CVD) (Bhaviripudi et al., 2007)
evaporation-condensation method (Choi et al., 2002) gas phase
reaction (Zak et al., 2000) plasma synthesis (Irzh et al., 2010) and
polymeric citrate precursor method (Ahmad et al., 2015).

Herein, cost effective and alkoxides free preparation of Ba;.
«Ca,ZrOs (0.0 < x < 0.20) with different Ca*? concentrations pre-
sented via metal organic procedure for the first time. The as pre-
pared nanoceramics were characterized by different analytical
techniques for their possible use in energy applications.

2. Experimental

In the synthesis of BCZ nanoceramics; Barium acetate (Quali-
gens; 99.5%), calcium acetate (Alfa Aesar, 99%), citric acid (Spec-
trochem; 99%), zirconium oxychloride (CDH; 99%) and ethylene
glycol (SD fine-chem Ltd.) were used without any purification.
0.1 M aqueous solutions of barium acetate, calcium acetate and zir-
conium oxychloride were made using DDW water. In a beaker
ethylene glycol (1.4 mL) was added. Under constant stirring,
25 mL of 0.1 M zirconium oxychloride was added to this to get a
clear and transparent solution followed by adding of dry citric acid
(0.11 mol). After addition of citric acid slight turbidity was seen
after 3.5 h stirring at room temperature the solution become clear.
Aqueous solutions of 0.1 M barium and calcium acetate were
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added with controlled stoichiometry. The nucleation was started
by the addition of the metal acetates at room temperature
(25 °C). Thereafter, to obtain a homogeneous and viscous reaction
mixture of metal ions followed by the stirring at 55 + 5 for 2 h. The
resulting mixture was treated at 135 + 5 for 20 h to promote the
poly-condensation reaction. A viscous resin (i.e. polymeric gel)
was obtained, and then fired in muffle furnace at 300°Cfor 2 h.
The black colored powder sample was formed, which is used as
the precursor materials in the synthesis of BCZ nanoparticles. A
creamy white powder of Ba;_yCa,ZrOs (BCZ) was obtained by the
firing of the precursor at 1000 °C. A flow chart containing synthetic
steps for the synthesis of BCZ nanoparticles was given as in
Scheme 1.

Numerous analytical techniques were used for the characteriza-
tion of as prepared ceramic materials (Ba;_xCaxZrOs). The crys-
talline nature of Ba;_xCayZrOs; was characterized powder x-ray
diffractometer (Bruker, D8). High resolution-TEM (HR-TEM) analy-
sis was performed on (FEI Technai G2 20) electron microscope at
200 kVA to examine shape and size of nanoceramics. For sample
preparation, a pinch of the powder added in ethanol followed by
sonication. Small drop of the dispersed solution was kept on the
porous copper grid coated with carbon. FE-SEM (JEOL, JSM-
7600F), was performed at 5kVto check the surface texture and
morphology of nanoceramics. Energy dispersive x-ray studies
(EDAX) were employed for the elemental analysis with 127 eV Bru-
ker EDX detector. Note that EDAX was equipped with SEM
machine.

Nitrogen adsorption desorption (N, A-D) analysis was per-
formed on Quantachrome instrument 2000e to get the detailed
surface area and porosity. The adsorbed contaminates and gases
onto the sample were removed by the degassing process at
250 °C for 3 h. The specific surface areas of nanoceramics were esti-
mated using multipoint BET equation. The porosity of the samples
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Scheme 1. Schematic representation of synthesis procedure of Ba; xCayZrOs (0 < x < 0.20) nanoparticles using metal organic precursor method.



M. Ubaidullah et al./Journal of King Saud University - Science 32 (2020) 1937-1943 1939

was also investigated with the help of BJH (Barrett-Joyner-Halen
da) and DA (Dubinin-Astakhov) models which is correlated to
mesoporous and microporous adsorption phenomenon.

The dielectric behaviors of the nanoceramics have been investi-
gated on sintered pellets by using high frequency LCR meter
(Wayne Kerr, 6505P, UK) at a range of 20 kHz to 1 MHz. Both the
faces of pellets were coated by silver paste and dried at 90 °C for
1 h. Thickness and diameter of the pellet were noted in order to
quantify the accurate value of dielectric constant and loss. The
open and closed circuit calibration were performed to decrease
the parasitic effect arising from the LCR equipment.

3. Results and discussion
3.1. Structural interpretation

3.1.1. Electron microscopic studies

Surface architecture and morphology were inspected by FE-SEM
while shape and size of the nanoceramics Ba;_Ca,ZrOs; (0-0.20)
were estimated through HR-TEM. The SEM micrographs are shown
in Fig. 1(a-e). Irregular shape of the particles observed in SEM
micrographs. As the Ca?* content increases, the aggregation of
the particle in the solid solution increases. Fig. 1a depicts the least
agglomeration of the particles of pure BaZrOs.

Fig. 2 depicts the TEM images of Ba;_Ca,ZrOs (x = 0.0, 0.05,
0.10, 0.15 and 0.20). It is evident from the TEM images that parti-
cles are in irregular shapes (cubic, spherical, and hexagonal) with
slight agglomeration on heat treatment at 1000 °C in air. The aver-
age particle size was valued to 42-75 nm. As the concentration of
dopant increases from 0 to 0.20, the particle size decreases from 75
to 42 nm. Fig. 2a shows the TEM micrographs of BaZrO3; nanopar-
ticles (~75 nm). However the smallest particle size of 42 nm is
shown by Bagg5Cag20Zr0s nanoparticles. The observed agglomera-
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tion is due to the fusion or overlapping of grains. The big size of the
particles tends to the aggregation of smaller articles. TEM particle
size support well with specific surface area, smaller particle size
showed high surface area.

The chemical composition of calcium doped barium zirconate
solid solution was calculated from the EDS/EDX studies as shown
in Fig. 3. No extra element was appeared in pure BaZrO3 except
O, Zr and Ba (Fig. 3a). For the initial calcium composition (5%), a
peak of calcium was observed in spectra, which shows the incorpo-
ration of Ca?* in BaZrO; matrix. It is apparent from the micrographs
(Fig. 3(b-e)) as the calcium content increases, the intensity of cal-
cium peaks also increases. The loaded compositions of Ca®* were
found to have a very close agreement with the experimentally cal-
culated compositions of solid solution.

3.1.2. Powder X-ray diffraction studies (P-XRD)

Phase purity and crystal structure system of Ba;_xCayZrOs
(0 < X < 0.20) nanoceramics were confirmed P-XRD studies as
shown in Fig. 4 All reflections appeared in diffraction patterns sat-
isfactorily indexed with monophasic cubic system of BaZrOs
(JCPDS No. 74-1299). The doping of Ca?* at Ba?" lattice site con-
firmed by the monotonic shift of the reflections towards higher
angle of diffraction patterns. No other phase was detected in
XRD, which reveals the formation of pure phase of BaZrOs solid
solution. BaZrOs lattice marginally contracts owing to the incorpo-
ration of Ca?* into BaZrOj lattice site as also expected because of
the smaller ionic radius of Ca®* (1.00 A) compared to Ba®*
(1.35 A) (Shannon, 1976).

3.2. Surface area and porosity analysis

N2 adsorption desorption isotherm was recorded by Brunauer-
Emmett-Teller (BET) gas adsorption technique to analyze the
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Fig. 1. SEM micrographs of Ba;_,Ca,ZrOs; nanoparticles for (a) x = 0, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15 and (e) x = 0.20.
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Fig. 3. EDS/EDX micrographs of Ba;_xCaxZrOs; nanoceramics for (a) X

surface area and porosity of nanoceramics Fig. 5(a-d). A range of
233-271 m?/g specific surface area was achieved for Ba;.
xCayZrO; (0 < x < 0.20). Note that the surface area was found to
increase from 233-271 m?/g as the Ca content increases in the
solid solution which is due to the decrease in particle size.
Fig. 5a illustrate the type IIl adsorption desorption isotherm which
clearly indicate the multilayer adsorption of the N2. Pore size dis-
tribution studies of Ba;_xCayZrOs (0 < x < 0.20) nanoceramics have
been carried out using the BJH (Barrett-Joyner-Halenda) and DA
(Dubinin-Astakhov) methods. Fig. 5¢ shows the DA pore radius
of the nanoceramics. The pore radius of these nanoparticles was

=0, (b) x =0.05, (c) x = 0.10, (d) x = 0.15 and (e) x = 0.20.

found to be in the range from16.24 to 16.40 A and14.80 to
15.00 A using BJH model and DA method respectively. The values
of pore radius by using BJH and DA models were found to be nearly
similar with slight variation. Fig. 5d shows the change in surface
area and porosity on changing the composition of the materials.
It is evident from Fig. 5d that as the value of specific surface area
increases, BJH pore radius decreases accordingly with composition.
The highest surface area (271 m?/g) has the lowest BJH pore radius
(16.24 A) and vice versa, as shown in Table 1 and Fig. 5d.

Table 1 illustrates the detailed surface area and porosity (BJH
and DA) distributions of Ba;_xCa,ZrO; (0 < x < 0.20) nanoceramics.
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3.3. Dielectric properties

110

=

20% Ca = £ S S (o)
Dielectric behaviors of the nanoceramics (Ba;.xCaxZrOs

15%Ca )\ A A « (0 < x <0.20)) were at 20 kHz to 1 MHz range at 27 °C. Fig. 6(a-e)
demonstrate the variation in dielectric behaviour as a function of

ey
‘? |10% Ca A N L (¢)
= L . .
e frequency for all compositions. At low frequency region, slight drop
= 5o ca N ) in dielectric constant and at higher frequencies the dielectric con-
stant was found to be stable for all the compositions which is asso-
0% Ca L A A (a) ciated to the Maxwell-Wagner interfacial principle (Prodromakis

and Papavassiliou, 2009). However slight increase in dielectric loss

. . . . . was found on increasing the frequency. Table 2 comprises the values

20 30 40 50 60 70 of dielectric constant and dielectric loss with composition at

2-Theta (degree) 100 kHz. The highest value (284.7) of dielectric constant was found

for Bag s0Cag20Zr05 having the highest surface area (271 m?/g) while

Fig. 4. X-ray diffraction of Ba, CaxZrO3 nanoparticles for (a) x =0, (b) x=0.05,(c)  the lowest value of dielectric constant (48.1) was found for BaZrO;

x=0.10,(d) x = 015 and () x = 0.20. having lowest surface area (233 m?/g). The increase in the dielectric

constant related to the increase in the specific surface area of

The BJH and DA pore size studies corroborate perfectly with sur- nanoceramics due to wh@ch the number of e.lect.ri.c dipoles inqeases
face area values, as the value of surface area increase the decrease on the surface and contributes to the polarizability of material.

in BJH and DA pore radius observed.
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Fig. 5. (a) N2 A-D isotherm of Ca 5% (b) multipoint BET overlay (c) DA pore size distribution overlay (d) variation in surface area and BJH pore size with composition of

Ba;_xCaxZrOs (0 < x < 0.20) nanoceramics.

Table 1

BET surface area, TEM size, BJH and DA pore sizes of Ba;_xCa,ZrOs; (0 < x < 0.20) nanoceramics.
S. No. Composition Surface Area (m?g™!) TEM Particle Size (nm) BJH Pore Size (A) DA Pore Size (A)
1 BaZrO5 233 75 16.40 15.00
2 Bap.95Cag05Zr0s 248 62 16.38 14.95
3 Bao.9oCa_0.10Zr03 253 55 16.32 14.90
4 Bap g5Cag.15Zr03 255 51 16.25 14.85
5 Bap g0Cap20Zr0s 271 42 16.24 14.80
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Fig. 6. Change in dielectric constant and dielectric loss of Ba;_xCaxZrOsfor (a) x = 0, (b) x = 0.05, (¢) x = 0.10, (d) x = 0.15 and I x = 0.20 nanoparticles with frequency at room

temperature.

Table 2
Room temperature dielectric constant and loss of Bal-xCaxZrO3 (0 < x < 0.20)
nanoparticles at 100 kHz.

S. No. Composition Dielectric Constant Dielectric Loss
1. BaZrO; 48.13 0.007
2. Bag.95Cap 05Zr03 156.05 0.006
3. Bap.go Cap.10Zr0s 169.78 0.006
4. Bag g5 Cap.15Zr0s 250.60 0.005
5. Bag.go Cap20Zr03 284.71 0.005

4. Conclusions

Monophasic nanoceramics of Ba;_yCa,ZrOs; (x = 0.0, 0.05, 0.10,
0.15 and 0.20) have been prepared by simple and cost effective
metal organic precursor route for the first time. X-ray diffraction
patterns confirmed the highly crystalline nature of the nanoparti-
cles. The particles sizes estimated by TEM were found75-42 nm.
Slight agglomeration could be seen in SEM micrographs. The sur-
face area corroborated well with the TEM particles size as surface
area increases from 233-271 m?/g TEM particles size decreasing
75-42 nm. The specific surface increased on increasing the dopant
(Ca®*) concentration, while pore size decrease (BJH and DA). The
highest value of dielectric constant (284.7) and small value of
dielectric loss (0.005) at 100 kHz was found for 20% Ca-doped
BaZrO; which has highest surface area (271 m?g~!) and smallest
particle size of 42 nm. The dielectric loss is found to be very small
for all the compositions showing that the material is worthy for
high frequency device applications. High surface area and excellent
porosity with high dielectric constant of BCZ could make it as an
ideal material for energy devices.
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