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A B S T R A C T   

Effect of sintering, between 550 and 950 ◦C, on dielectric properties of ceramic composite BaO:ZnO (BZO) was 
investigated in a low radio frequency range of 0.0–2.0 MHz. BZO ceramic composite was prepared by the facile 
autocombustion synthesis method. BaO and ZnO crystallized into tetragonal and hexagonal structures, respec
tively, coexist as an agglomerated microstructure inside the BZO composite. UV–Vis DRS, FTIR, photo
luminescence and Raman spectroscopy were employed to find band gap energies, functionalization groups, 
excitation wavelength and the presence of vibrational modes of the sintered BZO composites. Scanning electron 
microscopy sufficed agglomerated structure of increasing particle size with temperature. Dielectric analysis 
showed that the maximum dielectric constant of 1.8 was observed for the composite sintered at 550 

◦

C and then 
it decreased after heating at 650 

◦

C. On further heating, an increase was observed in the dielectric constant of the 
BZO till 950 

◦

C. The initial decrease was attributed to the presence of residual Ba(OH)2 phase. The loss tangent 
was reduced from 0.6 to 0.02 due to the post-synthesis sintering process. The sintered BZO exhibited increase in 
conductivity and decrease in resistivity in 0.0–2.0 MHz range. Similarly, the overall decline in real and imaginary 
permittivity was noticed with a uniform trend in the limit of 0.5–2.0 MHz. An increase in crystallite size from 
41.36 to 92.54 nm for BaO and 22.23 to 40.99 nm for ZnO affected the dielectric constant. First, it decreased 
after heating at 650 

◦

C and then increased up to 950 
◦

C. During heating, a decrease in the interfacial polarization 
and an increase in the ionic polarization were attributed to the inter- and intra-crystallite boundary variations 
that played a role in the overall dielectric character of the BZO. The stability of dielectric parameters in the 
0.25–2.0 MHz range suggested tuning these quantities by simply sintering process.   

1. Introduction 

Dielectric materials [1] as an essential part of electrical energy 
storage devices are being integrated in many electrical appliances and 
gadgets in our daily life, particle beam accelerators for high-energy 
applications, high-power microwave generators [2–4] and the electric 
automobile industry. The bigger challenge with capacitors that require a 
dielectric medium is to enhance their energy density with an appropriate 

compromise with the power density [5]. As per the nature of capacitor 
assembly, the air-breakdown effect can be reduced by tuning the 
dielectric properties of the medium between the plates, for example, by 
introducing poly(vinylidene fluoride) in barium titanate to change its 
permittivity [6]. Regarding the processing and measuring, the dielectric 
properties of materials [7] strongly affected by heat treatment, heating 
method, thermal characteristics of the dielectric material and heating 
rate [8,9]. Materials are also being studied for their dielectric response 
in high-frequency regimes with minimum losses (so called loss tangent) 
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[10,11]. Similarly, the dielectric nature of the ceramics considered in 
the microwave limits strongly depends upon the precursor materials, 
processing (synthesis) and densification of the internal micro- or 
nano-structure due to certain heat treatment [12]. In the list of dielectric 
materials, mixed metal oxide ceramics are also being investigated as 
they show synergistic dielectric character coming from phases involved 
[13,14]. 

Zn and Ba-based metal oxide composites are revealing excellent 
electronic and dielectric properties [15,16]. Since the present study 
focused on barium oxide (BaO) and zinc oxide (ZnO) in the composite 
form. Both BaO and ZnO are not commonly known as dielectric mate
rials. But they reveal notable electrical and dielectric properties when 
used in composite or doped forms with other metals and metal 
oxides-based materials [17,18]. Few studies have been carried out on 
the BaO–ZnO and discussed its electrical, ferroelectric and dielectric 
characteristics. For example, the variable resistance of ZnO–BaO 5 mol% 
barium oxide prepared at a different temperature from 900 to 1350 ◦C 
by liquid mix technique was evaluated. A minima and maxima in the loss 
factor have been observed at 8 kHz and 12 kHz, respectively, whereas 
the maximum loss factor is due to the interfacial polarization [19]. Due 
to the solubility of BaO in water, the applications of ZnO/BaO are 
limited, similar to ZnO/Bi2O3. However, still, it is used to fabricate va
ristors [20]. Nonohmic behavior is seen in the same binary ZnO/BaO 
due to the nonlinearity in the voltage-current nature due to the irregular 
and non-uniform presence of the BaO around the ZnO grains [21]. 
Ferroelectric and dielectric investigations of ZnO/BaO nanofibers suf
ficed a dielectric constant of 132 at 323 

◦

C and 800 Hz. Moreover, the 
dielectric studies showed that ZnO/BaO composite exhibit a ferroelec
tric to paraelectric phase transition at 323 K [22]. 

Zn, Ba and their oxides have been considered part of other materials 
and revealed remarkable dielectric results. The combination of different 
materials can lead to enhance dielectric properties of new materials 
regarding certain technological significance [23,24] as also seen in the 
case of carbon-based composites with improved electronic features [25, 
26]. For well-known PbO–ZnO–B2O3 glass, when BaO replaces PbO, the 
thermal expansion gets better for the sintering range of 550 to 580 ◦C 
[27]. Similarly, atomic layer deposition of barium oxide mixed with 
titanium oxide showed large dielectric constant values [28]. Zn and Ba 
as an integrated mixture phase of BaSrZnTiO3 ceramic material exhibit 
ferroelectric behavior and dielectric properties at 40 Hz - 1 MHz [29,30]. 
ZnO composite with the polymer (polyvinyl alcohol) has been investi
gated as a thin film, revealing good dielectric properties as a function of 
frequency [31,32]. Likewise, when subjected to external pressure, ZnO 
nanowires randomly integrated into porous polydimethylsiloxane, an 
elastomer, lead to the variation of the dielectric constant and permit
tivity necessary for the detection purposes (sensors) in terms of capac
itance variations [33]. BaTiO3 doped with ZnO enhances the 
permittivity and dielectric properties during the sintering with reduced 
dielectric losses [34], making it useful for high-field fast signal trans
mission [35]. Similar properties have also been achieved simply by Zn 

doping in PVDF (poly(vinylidene fluoride)) as a candidate for capacitor 
applications [36]. Composite particles of polystyrene and ZnO in the 
form of suspension have been investigated in the range of 40 Hz–110 
MHz. This offers to explore the influence of volume fraction and con
centration of polystyrene/ZnO particles on the dielectric properties 
[37]. 

Along with the dielectric materials with large dielectric constants 
that offer increased electronic flow restriction [38,39], there are low 
dielectric ceramic glasses such as SiO2 glass and 
SiO2–B2O3–Al2O3–BaO–ZrO2 with a dielectric constant 4.0–4.8 [40]. 
The dielectric constant can easily be reduced by increasing the amount 
of one of the constituents of the ceramic composite. For example, by 
increasing the amount of Mg2TiO4 from 50 wt% to 80 wt%, the dielectric 
constant of Ba0⋅5Sr0⋅5TiO3–Mg2TiO4 is reduced to 35 from 335 [41]. The 
dielectric properties can also be varied via a sintering process that re
duces the pore volume and enhances the polarization phenomenon [42, 
43]. 

Various studies on the dependence of the dielectric nature of mate
rials on the sintering temperature have been reported. As Sn- and Cu- 
based ferrite nanoparticles sintered at 300 

◦

C, 600 
◦

C, and 900 
◦

C 
revealed modification of the dielectric constant in 100 KHz - 700 MHz 
[44]. Nanosilica after the 75 MPa uniaxial applied pressure gone 
through the sintering process at 1330, 1360, 1390, 1420, and 1450 ◦C 
for 2 h. The effect of sintering is translated in terms of a maximum 
dielectric constant of 544.28 with a dielectric loss of 195.94 [45]. The 
temperature-induced dielectric character of Bi4NdTi3FeO15 produces 
dielectric relaxation which is attributed to the short-range dynamics of 
the oxygen vacancies [46]. Similarly, forsterite (Mg2SiO4) ceramic ex
hibits a small variation in the dielectric constant while sintered in the 
range of 1250–1450 ◦C [47]. Lead-free K0⋅5Na0⋅5NbO3 (KNN) ceramics 
have revealed dielectric nature sintered between 1075 and 1150 ◦C 
showing the dielectric constant of 460 at 10 kHz [48]. Mg2SiO4 ceramic 
material sintered at 800 

◦

C has displayed a dielectric constant of 14.13 
revealing its significance for microwave communications [49]. 
Temperature-dependence of the dielectric nature of different materials 
strongly suggests the importance of the sintering process on the 
dielectric properties of the ceramic composite, BaO:ZnO, in the present 
study. 

In the present article, BZO composite with BaO and ZnO in a 1:1 wt% 
ratio is prepared, via a simple autocombustion method, and investigated 
for the microstructural and dielectric properties after sintering from low 
550 

◦

C to intermediate temperature 950 
◦

C. The outcomes suggest that 
the morphological changes and microstructural densification due to 
sintering affect the dielectric properties of the BZO ceramic composite. 

1.1. Synthesis 

All the starting chemicals (purity >99.0%) were purchased from 
Sigma-Aldrich. Zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O) and barium 
nitrate (BaNO3) in the 1:1 wt% ratio was selected to synthesize the ZnO: 
BaO ceramic composite. A facile and cost-effective autocombustion 
method was adopted to prepare the composite material. Two solutions 
were prepared by dissolving zinc nitrate and barium nitrate in deionized 
water (DIW) in a 1:1 wt% ratio and heated at 90 

◦

C for 15 min. After 
complete dissolution, both solutions were mixed and heated again at 90 
◦

C for 15 min. Subsequently, after the thorough homogeneous mixing of 
the precursors’-solutions, oxalic acid was added and heated at 130 

◦

C for 
3 h until the completely dried powder was formed. During heating, 
oxalic acid in the solution acted as a fuel, eventually leading to the ul
timate combustion reaction. Finally, after the calcined drying at 200 

◦

C 
for 3 h, the powder was divided into five parts. All five amounts were 
sintered separately at 550, 650, 750, 850, and 950 

◦

C for 2 h in the air. 
Cooling of all samples was done slowly to room temperature. The BaO: 
ZnO samples treated at 550 

◦

C, 650 
◦

C, 750 
◦

C, 850 
◦

C, and 950 
◦

C were 
named BZO-1, BZO-2, BZO-3, BZO-4, and BZO-5 ceramic composites, 
respectively, throughout this article. A schematic of the synthesis 

Symbols 

BaO ZnO as BZO 
a and c as lattice parameters 
d as interplanar spacing 
D as crystallite size 
Eg as band gap energy 
ε՛ as dielectric constant 
Cp as specific capacitance 
Z as impedance 
ε as permittivity 
tanδ as loss tangent  
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process is illustrated in Fig. 1. 
The exothermic reactions involved in the synthesis were the 

following: 

Ba(NO3)2̅̅̅̅̅̅̅→
Oxalic acid BaO↓+ 2NO2 ↑ +

1
2

O2↑  

Zn(NO3)2̅̅̅̅̅̅̅→
Oxalic acid ZnO↓+ 2NO2 ↑ +

1
2
O2↑  

BaO+ZnO+H2O ̅̅̅̅̅̅̅→
Oxalic acid BaO : ZnO↓+H2O↑ 

The byproducts later form nitric acid according to the following re
action, which was removed during the heating process. 

4NO2 +O2 + 2H2O → 4HNO3  

1.2. Characterizations 

X-ray diffraction was performed at D8 Advance, Bruker, with the X- 
rays source of CuKα-1 of λ = 1.54056 nm. 

Diffused reflectance UV–Vis spectroscopy of the prepared samples 
was done by PerkinElmer Lambda 950 setup. 

Infrared Fourier Transforms spectra of the prepared materials in the 
range 4000–400 cm− 1 were recorded by IRPrestige-21 by Shimadzu. 

High-Resolution Raman System made by i-Raman® USA was 
considered for the inelastic measurements of the photon by the samples. 
The setup was operated at 50 mW at maximum, and a LASER of wave
length 532 nm was mounted with the Raman setup. 

JEOLJSM-6480 LV scanning electron microscope (SEM) was 
considered to visualize the surface morphology of BaO:ZnO specimens 
fixed on carbon tape. 

Agilent Cary Eclipse Fluorescence Spectrophotometer was used to 
record the emission peaks for 300–600 nm. 

E4980A Precision LCR Meter by Agilent was used to record the 
dielectric properties of the prepared BZO ceramic composites. It was 
done in two modes: (i) Parallel capacitance and dissipation with the 
frequency of 20 Hz to 2 MHz and (ii) Parallel capacitance and resistance 
at the frequency of 20 Hz to 2 MHz. The accuracy was ±0.01%. The 
underlying approach in this setup was to record the capacitance by the 
parallel–equivalent circuit. Samples were pressed by 2500 MPa pressure 
for 5 min to create a disc-like shape with the same diameter of 13.78 
mm (A = πr2) and variable thicknesses (l) of 1.39 mm of BZO-1, 0.23 mm 
of BZO-2, 1.30 mm of BZO-3, 1.04 mm of BZO-4, and 1.44 mm of BZO-5. 
Dielectric constant ε՛ [50] was estimated by 

ε՛=
C × l

A × εo  

where εo = 8.854 × 10− 12 Fm− 1 correspond to the permittivity of free 
space. 

Due to the availability of a low amount of BZO-2 sample, the thick
ness was as minimum as 0.23 mm and was less than the other four 
samples. Further, only for the BZO-2, this led to producing noise in the 
various dielectric measurements at a low frequency. This can be seen in 
the various quantities obtained during dielectric measurements where 
the original data of the BZO-2 composite is plotted. 

2. Results and discussion 

2.1. XRD results 

The peaks at 23.73ᴼ, 24.19ᴼ, 27.6ᴼ, 30.0ᴼ, 33.87ᴼ, 40.33ᴼ, 41.77ᴼ, 
44.70ᴼ, and 46.57ᴼ correspond to (201), (211), (102), (310), (212), 
(111), (200), (112), and (103), respectively, and matched with the 
JCPDS card no. 26–0178 [51] as a tetragonal structure of BaO. The 
peaks at 31.64ᴼ, 34.28ᴼ, 36.1ᴼ, 47.4ᴼ, 56.38ᴼ, 62.6ᴼ, and 68.43ᴼ corre
spond to (100), (002), (101), (102), (110), (103), and (112), respec
tively, matched well with the JCPDS card no. 31–1451 with the 
hexagonal structure of ZnO [52]. The diffraction patterns of all five 
samples are shown in Fig. 2. In Fig. 3, it is depicted that after a moderate 
temperature (550–950 

◦

C) heat treatment, there is no phase trans
formation observed. 

Lattice parameters of BaO and ZnO structures are calculated for 
selected diffraction peaks as listed in Table 1. Lattice parameters, 
interplanar spacing and crystallite size all vary with temperature. In 
contrast to the continuous change in the crystallite size, which is purely 
a temperature effect, the lattice constants are not changing 
monotonically. 

Asymmetric X-ray diffraction (XRD) peak shifting with temperature, 
shown in Fig. 4, indicates that the BaO (201) peak shifts to the lower 
angles till 850 

◦

C and then moves to the higher angle at 950 
◦

C. In the 
case of ZnO, a similar irregular trend is seen for the (101) peak shifting. 
Such behavior is present in all the diffraction peaks throughout all the 
measured diffraction patterns. This is well-known from the literature on 
composite materials that the different phases coexist with different co
efficients of thermal expansion and metal oxidation states behave 
differently during sintering [53]. The shifting of X-ray diffraction peaks 
to the lower angles is not large because the diffraction patterns of 
ceramic composites, BZO-1 to BZO-5, are recorded at room temperature 
after the heating in the 550–950 ◦C range for equal durations. Since 

Fig. 1. Schematic of the synthesis procedure.  
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there is no doping in the BaO and ZnO phases of ceramic composites, 
therefore, the minute variation in the X-ray diffraction peaks is attrib
uted to the internal stresses, defects, inter-crystallite boundary 
mismatch and crystallite size. Moreover, the lattice expansion of BaO or 
ZnO is associated with the energy that arises from the inter-crystallite 

mismatch. The mismatch will affect less to the lattice parameters and 
influence more to the crystallite size of both BaO and ZnO (Table 1) 
which can be critical to the polarization phenomenon. The shifting of the 
peaks is very small till 850 

◦

C and at a maximum temperature of 950 
◦

C, 
they slide to the higher angles showing the BZO-5 ceramic composite 
under relaxation. In other words, the defects are healed at higher 
temperatures. 

Data presented in Table 1 is plotted further to investigate the effect of 
sintering temperature on the normalized lattice parameters. The random 
variation of lattice parameters a and c of BaO are given in Fig. 5a. This 
indicates inconsistent variations of lattice parameters in all the ceramic 
samples after heating at different temperatures. The differentials are 
small along a-side (0.18%) and large in the case of the c-side (0.30%) of 
the BaO unit cell. This shows more strain along the c-side of the BaO 
lattice. For ZnO, symmetric variations along the a- and c-sides are 
noticed at all sintering temperatures except 850 

◦

C, for which the c-value 
drops, as shown in Fig. 5b. Overall, the variations in a-side and c-side are 
0.06% and 0.21%, respectively. This is well-known that the addition of 
an element in a crystalline matrix leads to variation in the lattice 
structure [54]. But in the present case, BaO and ZnO have common 
interfacial boundaries without any doping. The lattice mismatch gives 
rise to the strain on and in the vicinity of BaO and ZnO inter-crystallite 
boundaries. In the current ceramic composite, the increase in activation 
energy is proportional to the increasing temperature, where temperature 
plays its role in reducing the crystallite boundary tension not only be
tween the BaO and ZnO phases but also easing the inter-crystallite strain 
in the same phase. Eventually, the lattice parameters were also affected. 

2.2. Raman analysis 

Raman spectra of BaO:ZnO ceramic composite sintered at 550 
◦

C and 
950 

◦

C are shown in Fig. 6. Regarding BaO, characteristic Raman peaks 
are present at 132 and 213 cm− 1 [55]. Similarly, in small intensity, the 
ZnO Raman modes also exist at 149, 331 382, 433, and 581 cm− 1 and 
are attributed to the fundamental phonon scattering [56,57]. In the 
Raman spectrum recorded after sintering at 950 

◦

C, BaO and ZnO peaks 
remain the same confirming that there is no phase transition. For ZnO, 
the peak at 149 cm− 1 after sintering at 950 

◦

C shows its growth. Further, 
the prominency of this peak, after sintering at 950 

◦

C, is due to the 
decrease in the defects in the ZnO phase. Since Raman spectroscopy is 
sensitive to molecular structures, therefore, Ba–O and Zn–O, as a mo
lecular framework, exhibit distortion upon LASER interaction during 
Raman measurement. In the case of the Zn–O bond, the improved peak 
at 149 cm− 1 shows that it is easy to relocate as compared to the Ba–O 
bond. In other words, polarization is easily produced in the Zn–O phase. 
This is also connected with the present dielectric investigations of the 
BZO ceramic composite. 

2.3. UV–Vis DRS analysis 

The diffused reflectance spectra, in terms of reflectance versus 
wavelength, of all sintered ceramic samples are shown in Fig. 7a. The 
corresponding band gap energies are indicated in Fig. 7b. The band gap 
energy (Eg) of BaO is determined as 3.61, 3.6, 3.59, 3.55, and 3.52 eV 
after sintering at 550, 650, 750, 850, and 950 

◦

C, respectively. Similarly, 
the Eg of ZnO is obtained as 3.24, 3.23, 3.21, 3.20, and 3.19 eV after 
sintering at 550, 650, 750, 850, and 950 

◦

C, respectively. The crystallite 
size (D) and Eg for BaO:ZnO ceramic composites are plotted in Fig. 8a,b. 
The sintering of material increases crystallite size but decreases in the Eg 
for both BaO and ZnO phases. 

2.4. Photoluminescent measurements 

Photoluminescent (PL) spectra of sintered composites are shown in 
Fig. 9 for the 272.03 and 391.96 nm excitation wavelengths. PL emission 
peaks of BaO after sintering at 550, 650, 750, 850, and 950 

◦

C are 

Fig. 2. X-ray diffraction profiles of BaO:ZnO composite material sintered at 
different temperatures. The diffraction pattern obtained after sintering at 550 
◦

C is indexed with the hkl-planes of BaO and ZnO phases. 

Fig. 3. Comparison of X-ray diffraction profiles of BaO:ZnO composite material 
sintered at 550 

◦

C and 950 
◦

C. 
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measured as 534, 500, 478, 469, and 434 nm, respectively. For ZnO, the 
PL emission is 411, 388, 366, 345, and 321 nm noted for the composites 
sintered at 550, 650, 750, 850, and 950 

◦

C, respectively. There is a 
shifting of the PL peak towards the lower wavelength with increasing 
sintering temperature for both BaO and ZnO phases [58]. An increase in 
the sintering temperature leads the annealing process to take place and 
inner structural defects of BaO and ZnO start recovering. At low tem
peratures, due to the small particle size of BaO and ZnO, the surface 
oxygen vacancies (defects) bind the freely moving electrons among the 
particles to form sub-bands. Hence the excitation process is strong at 
lower temperatures [59]. With an increase in temperature, particle size 
increases causing the recombination process gets weaker affecting the 
excitation process. 

2.5. FTIR analysis 

Fourier Transform IR spectra of sintered composite specimens are 
shown in Fig. 10a. A peak at 619 cm− 1 is due to Ba–O stretching vi
brations. Similarly, a strong Ba–O bond is indicated at 693 cm− 1. The 
O–H stretching mode is present at 1750 cm− 1 [52]. A peak at 1057 cm− 1 

is attributed to the stretching vibration of O–O bond [60]. Two peaks at 
858 and 2453 cm− 1 are connected to the asymmetric vibrational modes 
of NO− 1

3 ions and –CO2 bond, respectively [61]. A metal-oxygen bond 
observed at 505 cm− 1 is a characteristic mode of Zn–O [62]. Another 

Table 1 
Structural detail of ceramic composite BaO: ZnO. Lattice parameters of BaO are calculated by considering (200) and (111). For ZnO, the lattice parameters are 
computed by (100) and (002). For interplanar spacing and crystallite size calculations of BaO and ZnO, the (201) and (101) peaks have been considered, respectively.  

Sample Temp. (
◦

C) BaO ZnO 

a (nm) c (nm) d(201) (nm) D(201) (nm) a (nm) c (nm) c/a d(101) (nm) D(101) (nm) 

BZO-1 550 0.4312 0.3269 0.3743 41.36 0.3267 0.5237 1.603 0.24893 22.23 
BZO-2 650 0.4318 0.3253 0.3748 59.21 0.3264 0.5218 1.597 0.24907 24.75 
BZO-3 750 0.4328 0.3257 0.3752 76.37 0.3275 0.5247 1.602 0.2490 27.74 
BZO-4 850 0.4322 0.3240 0.3748 83.77 0.3268 0.5255 1.609 0.24887 36.77 
BZO-5 950 0.4320 0.3279 0.3744 92.54 0.3274 0.5240 1.600 0.24853 40.99  

Fig. 4. XRD peak shifting of BaO and ZnO as a function of sintering temperature.  

Fig. 5. Normalized cell parameters of BaO and ZnO phases Vs sintering temperature.  

Fig. 6. Comparison of Raman spectra of BZO-1 and BZO-5 composites sintered 
at 550 

◦

C and 950 
◦

C. 
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stretching mode of vibration seen at 422 cm− 1 is the signature of the ZnO 
nanoparticles [63]. A peak at 1413 cm− 1 corresponds to the asymmet
rical and symmetrical stretching modes of carboxylate groups [64]. 
Peaks at 1349, 816, and 729 cm− 1 correspond to the Ba(OH)2 [65] that 
persist until 650 

◦

C during the sintering. These transmittance peaks of Ba 
(OH)2 disintegrate on further heating and are therefore absent in the 
FTIR spectra measured at 750, 850 and 950 

◦

C. The effect of the Ba(OH)2 
phase in the measurements of the dielectric constant has been noticed 
and explained in the relevant section. 

2.6. SEM analysis 

Scanning electron micrographs of all the sintered samples are shown 
in Figs. 11–13. There are growing morphological changes in the material 
according to the increase in the sintering temperatures from 550 to 950 

◦

C. There are clusters of cloudy particles of approximately 100 nm in 
both BaO and ZnO in the case of BZO-1 (Fig. 11). Both metal oxides 
together develop a porous network of BaO and ZnO particles interface to 
each other. Even the ZnO is denser as compared to the BaO. 

After sintering at 650 
◦

C and 750 
◦

C, the scanning electron micro
graphs of BZO-2 and BZO-3, respectively, are shown in Fig. 12a–d. The 
densification effect in the particles is observable along with the size- 
growth of particles, as in Fig. 12a and b. BaO becomes more compact 
than the BZO-1 (Fig. 11) and the smaller particles coarsened into the 
large ones. After sintering at 750 

◦

C, overlapped ZnO rectangular sur
faces are developed, as shown in Fig. 12c and d. The aggregates of BaO 
are settled on and in between the rectangular ZnO surfaces. There are 
also ZnO-stacked surfaces in the form of plateaus, as indicated in 
Fig. 12d. 

Scanning electron micrographs of BZO-4 and BZO-5 sintered at 850 
◦

C and 950 
◦

C, respectively, are shown in Fig. 13a–d. Growing particles 
developed surface over-surface structure and seemed like flowers when 
viewed at the 5 m scale (Fig. 13a,c). These flower-like structures 
correspond to the ZnO material. These flowers are based on stacked ZnO 
surfaces, whereas the BaO becomes dense but less than the ZnO. After 
sintering at 950 

◦

C, the particles’ surface roughness is reduced as seen in 
the better contrast of the neighboring particles presented in the SEM 
image in Fig. 13d. Further, this is associated with the increasing size of 
the particles. 

Metal oxides are tough and do not disintegrate at intermediate 
temperatures. BaO and ZnO show mechanical stability due to the high 
chemical reactivity attributed to the change requiring a higher tem
perature. In the prepared composites, both the metal oxides, sintered at 
increasing temperatures, the respective particles are motivated kineti
cally to get diffused into each to form large size agglomerated appear
ance, as seen in Figs. 11–13, for all five samples. Intergrain alignment of 
crystallographic planes leads to develop the orientational distribution to 
make BaO or ZnO smaller particles get in contact. In this process, there is 
also a possibility of interparticle surface diffusion of atoms at different 

Fig. 7. (a) UV-DRS spectra of BaO:ZnO ceramic composite. (b) Band gap energies of BaO:ZnO composites, BZO-1, BZO-2, BZO-3, BZO-4, and BZO-5, sintered at 550, 
650, 750, 850, and 950 

◦

C. 

Fig. 8. (a) Effect of sintering temperature on the crystallite size (D) and band gap energies (Eg) of BaO (a) and ZnO (b) in composite form.  

Fig. 9. Effect of sintering temperature on the excitation peaks of BaO and ZnO.  
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Fig. 10. (a) FTIR spectra of BZO-1, BZO-2, BZO-3, BZO-4, and BZO-5 already sintered at 550, 650, 750, 850, and 950 
◦

C, respectively. (b) Ba(OH)2 disintegration 
during sintering between 750 and 850 

◦

C. (c) FTIR spectra for small k-range. 

Fig. 11. SEM images of BZO-1 (sintered at 550 
◦

C). All the marked sizes of the particles are in nm.  

Fig. 12. SEM images of BZO-2, sintered at 650 
◦

C (a,b) and BZO-3 sintered at 750 
◦

C (c,d). All the marked sizes of the particles are in nm.  
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rates due to size and shape differences. This mechanism leads to particle 
growth in BaO and ZnO materials during sintering from 550 

◦

C to 950 
◦

C 
and is evident from the SEM analysis. 

On heating, the respective BaO or ZnO phases have more probability 
to increase their crystallite size by overcoming the inter-crystallite 
(boundary) tensions of the same phase instead of diffusion of BaO and 
ZnO into each other. Thus particle agglomeration is seen in their 
respective phases as observed in the X-ray diffraction analysis (Fig. 8). 
Further, instead of particle size, the crystallite size and inter- and intra- 
crystallite boundary are more crucial for the dielectric properties of the 
BaO:ZnO ceramic composite. With the increase in temperature, the in
crease in the crystallite size reduces inter- and intra-crystallite bound
aries leading to a decrease in the interfacial polarization. Thus the 
morphological changes in the BaO:ZnO ceramic composite as a function 
of temperature can affect the dielectric constant. 

2.7. Dielectric properties 

The capacitance and dielectric constant with respect to the input 

signal in the frequency range are shown in Fig. 14a and b. Decrease in 
the capacitance is observed with sintering temperature. While the 
dielectric constant first decrease between 550 and 650 

◦

C and then it 
increases to 950 

◦

C. The possible reason behind the decrease in the 
dielectric constant, while heating from 550 to 650 

◦

C, is the existence of 
the residual Ba(OH)2 phase remaining there from synthesis. After 
heating more than 650 

◦

C, Ba(OH)2 is no more present [65] as confirmed 
in the FTIR analysis (ref. Fig. 10a and b). The capacitance and dielectric 
constant at higher frequency regions remain uniform, revealing their 
potential for communication applications in the high-frequency regime 
[35]. For the 0.5–2.0 MHz, Cp-variation is small and is in the order of 
0.03 in the case of BZO composites sintered at 750, 850 and 950 

◦

C, 
indicated in the inset Fig. 14 a1. The dielectric constant ε՛ varies by 0.5 
among the BZO composites sintered more than the 550 

◦

C in the 0.0–2.0 
MHz (Fig. 14 b1). The dielectric constant ε՛ of BZO-1 sintered at 550 

◦

C, 
continues to decrease in the same frequency limit. 

The impedance of the sintered composite is given in Fig. 15a. By 
increasing the sintering temperature, the impedance increases between 
0.0 and 1.0 MHz range (Fig. 15 b1), whereas at higher frequencies, they 

Fig. 13. SEM images of BZO-4 sintered at 850 
◦

C (a,b) and BZO-5 sintered at 950 
◦

C (c,d). All the marked sizes of the particles are in nm.  

Fig. 14. (a) Parallel capacitance (Cp) with respect to frequency of BaO:ZnO composites sintered at 550 
◦

C, 650 
◦

C, 750 
◦

C, 850 
◦

C, and 950 
◦

C. (b) Changes in the 
dielectric constant (ε՛) with the frequency of BaO:ZnO composite sintered at different temperatures. 
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converge. Nyquist plot between the real and imaginary parts of the 
impedance is shown in Fig. 15b for the sintered ceramic composites. 
Non-uniform trends among the composites are noted. 

The real ε(Re) and imaginary ε(Im) permittivity of all the ceramic 
composites are shown in Fig. 16. Both the components exhibit decrease 
over the temperature range of 550–950 ◦C. Overall ε(Re) reduces by 7 F/ 

m and ε(Im) by 8 F/m at 2.0 MHz. Large values of ε(Re) and ε(Im) may 
be due to the perpetuated polarization paths [66] developed among the 
BaO and ZnO crystallites during the sintering at different temperatures. 
Moreover, ε(Re) and ε(Im) remain constant in all the BZO composites 
after 0.5 MHz except for the BZO sintered at 550 

◦

C. 
The effect of heat treatment on the conductivity of the prepared 

Fig. 15. (a) Impedance versus frequency for BaO:ZnO composites sintered at 550 
◦

C (BZO-1), 650 
◦

C (BZO-2), 750 
◦

C (BZO-3), 850 
◦

C (BZO-4), and 950 
◦

C (BZO-5). 
(b) Nyquist plot of the complex impedance of BaO:ZnO composites sintered at different temperatures. 

Fig. 16. Variation of ε(Re) and imaginary ε(Im) parts of permittivity (in F/m) with the frequency of BaO:ZnO composites sintered at different temperatures.  

Fig. 17. Variation of conductivity (S⋅m− 1) and resistivity (Ohm⋅m− 1) BaO:ZnO composites sintered at different temperatures.  
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composites is shown in Fig. 17a–e. It decreases continuously for the 
composites sintered at different temperatures except for the BZO-5, 
which shows a slight increase but is still less than the BZO-1 sintered 
at 550 

◦

C. 
Fig. 18a presents the dependence of the loss tangent (tanδ) as a 

measure of loss of applied signal with the frequencies of applied signal 
for all the BZO ceramic composites. Large tanδ among the prepared 
composites is exhibited by BZO-1, while it decreases twice for the other 
BZO composites. Interestingly, in the case of BZO-1 sintered at 550 

◦

C, 
tanδ increases to 0.6 MHz and then starts showing a continuous reduc
tion up to 2.0 MHz. On the other hand, such behavior is absent in all 
other composites. This is due to the densification of the structure that 
takes place during sintering and finally affects the polarization phe
nomenon. In other words, more uninterrupted channels of polarization 
become available after heat treatment [67]. Therefore, heat-treated BZO 
composites show less energy dissipation (Fig. 18b). Composites sintered 
above 550 

◦

C reveal less energy loss of the applied signal than the others. 
For different alternating input signals of 0.5, 1.0, 1.5, and 2.0 MHz, 

the ε(Re), ε(Im), ε′ and tanδ are plotted in Fig. 19a–d. In all the cases, 

there is a decreasing trend at large frequencies. Also, this gives infor
mation on the dielectric properties of BaO:ZnO ceramic composite with 
the temperatures. 

This is well-known that particle shape and size distribution, crystal 
type, crystallinity, and porous volume among the particles define certain 
physical, chemical, or other properties from the applications point of 
view. In the present case, the compactness of the morphological struc
ture of BaO:ZnO ceramic composite as a result of heating is responsible 
for the change of dielectric response [68]. Structural faults, both in BaO 
and ZnO that healed during the sintering is proposed reason for the 
dielectric loss reduction. As ceramic, the sintered BaO:ZnO composites, 
the suggested nature of polarization is interfacial at low frequencies that 
prevail through displacement and ionic polarization mechanisms [69]. 
The different relaxation times of different ions at varying frequencies 
[70] can also affect the response of BZO composites with increasing 
crystallite sizes. Except, for the dielectric constant (Fig. 19c) most of the 
parameters (Fig. 19a,b,d) reduce in a non-linear fashion in the 0.5–2.0 
MHz range. 

Inside the BZO composite, the polarization along the boundaries 

Fig. 18. Effect of sintering temperatures on the dielectric loss (tangent loss) of BaO:ZnO composites.  

Fig. 19. At different frequencies, the effect of sintering temperature on the real part of permittivity ε(Re) (a), the imaginary part of permittivity ε(Im) (b), dielectric 
constant ε′ (c), and loss tangent (d). 
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between the BaO and ZnO crystallites is significant for the net dielectric 
response. On sintering, the total length of all crystallite boundaries of 
BaO and ZnO inside a composite particle reduces, allowing to decrease 
in the polarization mismatch accross the boundaries. Moreover, the 
orientational differences based on crystalline natures present in the vi
cinity of the interfacial boundaries can affect the polarization in a 
nonuniform manner. Since locally the variations in the crystallite 
boundaries with sintering temperature are not fully controlled; there
fore, the polarization variation is not perfectly consistent with the 
increasing temperatures. Eventually, the crystallite boundaries variation 
as a function of sintering temperature deliver uneven dielectric behavior 
of composites when analyzed in the 0.0–2.0 MHz range. According to 
the literature, the magnetic, electric, dielectric and electronic properties 
of materials can be changed via grain size variations through sintering or 
annealing [71,72]. In the present case, the decrease in the dielectric 
constant of the BZO ceramic composite (Fig. 19c) is attributed to the 
existence of residual Ba(OH)2 phase till 550–650 ◦C. For the later 
heating in the 750–950 ◦C range there is a gradual increase in the 
dielectric constant. In Fig. 20, the dielectric constant is plotted against 
the crystallite size of the BaO and ZnO, where a decrease in the dielectric 
constant can be seen with the increase in the crystallite size for BZO-2. 
Afterward, there is an increasing dielectric constant of BZO-3, BZO-4, 
and BZO-5 at all frequencies due to sintering. 

The polarization process that takes place inside the BZO ceramic 
composite is based on interfacial polarization and ionic polarization 
(dipole polarization). When BZO ceramic composite is exposed to the 
electric field signal, ZnO polarizes easily compared to the BaO due to the 
difference in Ba and Zn charge concentrations. Thus ionic polarization in 
ZnO is more as compared to BaO. Hence large ionic polarization 
contribution is provided by ZnO at all temperatures. Thermal point of 
view, BaO has a slightly large heat capacity as compared to ZnO. 
Therefore, due to the increase in temperature, the increase in crystallite 
size is slightly more in the case of ZnO as compared to BaO (SEM 
analysis). On the other hand, the polarization strength over the crys
tallite boundary (red line in Fig. 21), called interfacial polarization, 
decreases due to an increase in crystallite size. Moreover, the 
misalignment of the dipole vectors of BaO and ZnO dipoles over the 
crystallite boundaries also decreases with increasing sintering temper
ature. Further, this is suggested that the interfacial crystallographic 
orientational mismatch over the BaO and ZnO crystallite boundaries 
also plays a role in the interfacial polarization. During sintering inter
facial length of boundaries increase and interfacial crystallographic 
orientational mismatch decreases. 

Interfacial mismatch and interfacial polarization are coupled with 
each other. Ionic (dipole) polarization and interfacial polarization are 
illustrated in Fig. 21. There are three types of crystallite boundaries 
involved in the polazarization phenomenon of BaO:ZnO ceramic com
posite as a dielectric. 1) Intra-crystallite boundary between the crystal
lites of BaO or ZnO, 2) Inter-crystallite boundary between the two same 

grains of BaO or ZnO and 3) Interfacial boundary between the BaO and 
ZnO grains as illustrated in Fig. 22. 

As a result of sintering process the crystallite size increases, crys
tallite boundaries reduce. This leads to reducing the interfacial crystal
lographic orientational mismatch and also decreasing the interfacial 
polarization between BaO and ZnO. At low temperatures crystallite 
boundary distribution within BaO and ZnO is large and the probability 
of the interfacial crystallographic orientational mismatch is high. This 
suggests reduced polarization at low sintering temperatures. But in the 
present case, the dielectric constant for composites sintered at 550–650 
◦C is not fully associated with the BaO:ZnO but also there is a contri
bution of unwanted Ba(OH)2 phase left from the synthesis procedure. On 
the other hand, at higher temperatures >650 

◦

C, the residual Ba(OH)2 
phase is disintegrated. Also at higher temperatures, due to the large size 
of crystallites, less amount of crystallite boundaries, in BZO composite, 
are available for interfacial crystallographic orientational mismatch and 
interfacial polarization. As a result, the ionic polarization of the com
posite sintered above 650 

◦

C is getting significant as compared to the 
interfacial one due to the large crystallite size. Moreover, the polariza
tion mechanisms for the low and high-frequency regimes are the same in 
the case of BaO:ZnO composite as demonstrated in detail in Fig. 22. 

In summary, the stability of dielectric constant ε′, permittivities 
ε(Re), and ε(Im) of the prepared BZO ceramic composite can be seen in 
the 0.25–2.0 MHz range except for the BZO-1 sintered at 550 

◦

C. In the 
case of BZO-1, a continuous decrease is noticed. Similar behavior is 
present for the loss tangent (tanδ). This suggests controlling the 
dielectric behavior by simply the sintering process and tuning the ma
terial for desired frequency range. 

Fig. 20. At different frequencies, the effect of crystallite size (as a function of sintering temperature) on the dielectric constant ε′.  

Fig. 21. Illustration of the interfacial polarization and ionic polarization be
tween BaO and ZnO crystallites in the BZO composite. 

M. Haseeb et al.                                                                                                                                                                                                                                 



Ceramics International 49 (2023) 33445–33458

33456

3. Conclusion 

One pot easy, quick and economical autocombustion method has 
been implemented to synthesize the BaO:ZnO (BZO) ceramic composite. 
Sintering of the BZO composite between 550 and 950 

◦

C led to the 
development of the crystalline structure with increasing BaO and ZnO 
crystallite size. Morphological variations by sintering in terms of an 
increase in the particle size, change of particle shape, and increase of 
smoothness of particles have been noticed as the microstructural for
mation of BZO composite. Band gap energies of both BaO and ZnO vary 
as a function of increased crystallite size. Along with the microstructural 
investigations, the dielectric analysis of BZO composites sintered be
tween 550 and 950 

◦

C revealed that after a decrease in the dielectric 
constant till 650 

◦

C, an increasing behavior has been observed for 
750–950 ◦C in the frequency range of 0.0–2.0 MHz. Similarly, the 
permittivity, conductivity, and loss tangent have also exhibited a uni
form trend in the signal range of 0.0–2.0 MHz. The dielectric constant ε′
changes from 1.8 to 0.14 at a minimum frequency and 0.44 to 0.12 at a 
maximum frequency as the effect of sintering. The dielectric constants 
for BZO ceramic composites with different values remained stable be
tween 0.25 and 2.0 MHz signals except for one sintered at 550 

◦

C. This 
suggests that the dielectric constant of a material can be tuned in a 
desired frequency range simply by the sintering process. Therefore, the 
current BZO composite appeared as a ceramic material with a low 
dielectric constant stable over 0.0–2.0 MHz and can be another candi
date for fast signal communication purposes in the high-frequency 
regime. 
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