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Abstract
New glass–ceramic (GC) nanocrystals of xBaTiO3–(80–x)V2O5–20PbO glasses (where x = 5, 10, 15, 20 and 25 mol%) were 
synthesized via heat treatment at crystallization peak temperature (Tp) according to DSC thermograms. XRD together with 
dielectric measurements and E-P hysteresis loop were used to evaluate the microstructural and ferroelectric characteristics. 
Combining these methods made it feasible to improve the conditions for the production of the obtained nanomaterial and 
to identify correspondences among its nanostructure and ferroelectric features. The ability of appropriate heat treatment to 
transform glasses into nanocrystalline materials with crystallites smaller than 60 nm embedded in the glassy matrix was 
demonstrated by XRD measurements. The present glasses’ fulfilled dielectric constant values do not show any ferroelec-
tric behavior. Nevertheless, by thermal treatment of the glass system at Tp, GC nanocrystals exhibited an average broad 
peak of around 330 K in the dielectric constant. The Curie temperature of BaTiO3 with particle size smaller than 100 nm 
is extremely close to the average Curie temperature of 338 K measured in the current glass system. By properly adjusting 
teat-treatment time and BaTiO3 content, this finding of these samples can be employed to manage BaTiO3 crystal size and, 
consequently, transition temperature. As a result, the glass–ceramic samples segregated with nanocrystalline BaTiO3 are 
supported by this result’s dipolar direction and phase transition. A GC nanocrystal has an intentional energy storage density 
of 104 mJ cm−3. These findings indicate that the current glass–ceramic nanocrystals are a promising material for creating 
energy storage devices.
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1  Introduction

Through the quick improvement of multilayer ceramic 
capacitors in current years, high dielectric materials with 
very small grains, in particular, nanosized BaTiO3 and 
PbTiO3 have been used to meet the increasing request for 

miniaturization. The synthesis of many ferroelectric mate-
rials by nanocrystallization of glass has been discussed 
in recent years [1–5]. This technique has been useful for 
various ferroelectric nanocrystals, such as BaTiO3, PbTiO3, 
NaNbO3, LiTaO3, and LiNbO3. This technique is simple, 
economical, and possibly suitable for energy storage devices 
[6, 7].

In the early stage of crystallization, a structure of 
nanocrystals was distributed in the glass matrix, so-called 
glass–ceramic (GC) nanocrystals [8–15]. The benefits of 
ferroelectric glass–ceramic, such as homogeneous mixing 
temperature of ferroelectric phases with glass, have been 
used in ferroelectric applications. Glass ceramic nanocrys-
tals are significant because of their new properties which are 
not available in other materials. It is essential to study these 
properties to know their physical properties and to have well 
device efficiency. Though BaTiO3 has been a topic of deep 
investigation, there is still a deficiency in the investigation of 
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the ferroelectric properties of BaTiO3-related glass–ceramic 
nanocrystals [16].

Batteries, electrochemical supercapacitors, and dielec-
tric capacitors are some of the current clean and renewable 
energy sources. Batteries and fuel cells often have high 
energy storage densities comparable to dielectric capaci-
tors however low high-power output. Supercapacitors can 
achieve great energy and power densities, however, the 
lengthy charge–discharge process might occasionally impair 
their performance. Nevertheless, the upsides of high power 
density, faster charge–discharge rates, and high efficiency of 
dielectric capacitors expand their use in electronic devices, 
pulsed power supplies, and power systems, such as elec-
tromagnetic guns, inverter equipment, hybrid electric vehi-
cles, military launch platforms, etc. [17, 18]. The limited 
energy density, tiny discharge currents, and limited lifetime 
of currently utilised commercial capacitors made of dielec-
tric polymers and ceramics restricts their utilisation. These 
materials fall short of meeting the requirements for a high 
energy storage density, which include having a high dielec-
tric break-down strength (BDS) and low dielectric losses. 
For instance, ferroelectric ceramics have low BDS but 
high dielectric constants. Similar to BDSs, dielectric poly-
mers have low dielectric constants but high BDSs, which 
restricts their use in the relevant sectors [19]. Currently, the 
necessity for electronic and electrical equipment upgrading 
necessitates the development of small, light, affordable, and 
high-energy storage capacities. Therefore, the development 
of dielectric materials with a high energy storage density 
depends on material composition, dielectric behaviour (lin-
ear, ferroelectric, and antiferroelectric), synthesis, and fab-
rication procedures [20].

Glass–ceramics hold great potential for this industry. 
They grow as a result of carefully regulated glass crystal-
lisation. Crystals are dispersed throughout their structures 
in a transparent matrix [21]. These substances combine the 
characteristics of glass (easiness of elaboration and format-
ting, lack of porosity, transparency) with the unique charac-
teristics of the crystalline phase (strong electric breakdown 
field, increased permittivity, etc.). For illustration, silicate 
SrO–TiO2–Al2O3–SiO2 glass–ceramics are known to have 
energy storing capabilities [22].

In our recent work [3], the microstructural and ferro-
electric characteristics of BaTiO3–V2O5 glasses and glass 
ceramic nanocrytals were studied. TEM of glass ceramics 
nanocrystals of these samples showed nanocrystals with a 
crystal size of 20–35 nm. It was found that from the dielec-
tric permittivity of the as-cast glass samples no ferroelectric 
behavior can be observed. By annealing these glasses around 
crystallization temperature for 1 h in the air, nanocrystalline 
BaTiO3 phase precipitates and the corresponding nanocrys-
talline glass–ceramics showed an average broad peak around 
352 K in the dielectric permittivity (ε). This observation of 

these glass–ceramics nanocrystals can be utilized to con-
trol BaTiO3 particle size and hence transition temperature 
by proper adjustment of annealing time and BaTiO3 con-
tent. Such a feature can be used for industrial applications 
where the shape of the application article is an essential 
requirement.

However, the high energy storage density in 
60Bi2O3–10SrO–30Fe2O3 glass is for designing high-per-
formance capacitors. Systematically evaluated dielectric 
properties revealed relaxor ferroelectric-like behavior in 
a wide range of frequencies and temperatures. The glass 
sample shows a broad and diffuse peak of dielectric permit-
tivity ε’(ω). Broad and diffuse peaks shifted to higher tem-
peratures, denoting the typical relaxor behavior. The meas-
ured energy storage density of the strontium-doped glass 
was 4 mJ cm−3 with an efficiency of 70% under an applied 
electric field of 17 kV cm−1 at room temperature (RT) [23].

The main objective of the present work is to investigate 
two subjects xBaTiO3–(80–x)V2O5–20PbO (where x = 5, 10, 
15, 20 and 25 mol%) glasses. The first is to prepare these 
glasses and the corresponding glass–ceramics nanocrystals. 
The second is to investigate the compositional dependence 
of the nanostructure and temperature-dependent dielectric 
and ferroelectric properties of the glasses and glass–ceramic 
nanocrystals, obtained by partial heat treatment at crystal-
lization temperature for 1 h.

2 � Experimental technique

2.1 � Sample preparation

BaTiO3 (Alfa Aesar, 99.99%), V2O5 (Alfa Aesar, 99.999%), 
and PbO (Alfa Aesar, 99.8%) of reagent grade raw materials 
were weighed in the adequate amounts, 12 g intimate level 
melded with ethanol in an agate mortar to guarantee homo-
geneous raw materials distribution, and then heated at 700  C 
for 6 h in a platinum crucible specifically to remove any 
extra organic materials. The combination was then melted 
for 60 min at 1100 °C in an electrical muffle furnace. The 
melt was then promptly quenched by pressing with another 
copper block of a comparable size after being poured onto 
a thick copper block. After this process, we were able to 
generate bulk glass that was 1 mm thick and 2 × 2 cm in size. 
The aforesaid glasses were heated in the air at the crystal-
lization temperature of TP for one hour in order to crystallize 
the glass–ceramic nanocrystal composite.

2.2 � Sample characterizations

Shimadzu differential scanning calorimeter (DSC) 50 
instrument DSC analyses were used to determine the glassy 
specimens’ crystalline regime. The structure for the glass 
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(G) and glass ceramic (GC) was examined by X-ray diffrac-
tion (XRD) patterns using X-ray diffractometry (Shimatzou 
XRD-6000) instrument with Cu Kα radiation (λ = 1.5418 Å). 
The diffraction data were documented for 2θ between 10° 
and 80° with a resolution of 0.02.

2.3 � Set up of ferroelectric experiments

Electrodes made of silver paste were applied to the polished 
samples on both faces. On the contrary, ferroelectric param-
eters including dielectric permittivity were measured using 
an LCR meter spanning the frequency range of 0.12–1 kHz 
up to 473 K from room temp. The ferroelectric hysteresis 
loops (P–E) of the sample were evaluated at 50 Hz with a 
Sawyer–Tower circuit.

3 � Results and discussion

3.1 � Structural analysis

3.1.1 � DSC

Figure 1 displays the differential scanning calorimeter (DSC) 
thermogram for 20BaTiO3–60V2O5–20PbO glass. Depend-
ing on the DSC curve, glass transition temperature (Tg), crys-
tallization temperature (Tp), and melting temperature (Tm). 
The temperature difference ΔT = Tp–Tg for the present glass 
system which displays the thermal stability was calculated. 
The crystallization is indicated by the exothermic peak in the 
325–363 °C temperature range and the peak locations are 
designated as the crystallization peak temperature of TP. At 
254–276 °C, the endothermic dip associated with the glass 
transition (Tg) is seen. Additionally, at 490–535 °C, melting 
temperature (Tm)-induced endothermic dips are observed. 

The glass transition temperature Tg rises with increasing 
BaTiO3 content, indicating that the non-bridging oxygen’s 
(NBO) contribution to the current glass system is reduced. 
It is revealed that the crystallization temperature (TP) 
rises approximately linearly as the percentage of BaTiO3 
increases [3]. On the contrary, DSC research [24] on the 
microstructure of several glasses has indeed demonstrated 
that Tg exhibits a clear association with the modification of 
the network former’s coordination number and the creation 
of NBO atoms, which indicates the network structure break-
down [25]. Tg often exhibits a clear increase as the network 
former’s coordination number rises. In contrast, an NBO 
construction results in a Tg reduction. As a result, the steady 
rise in Tg in the current system indicates that the number of 
V5+ and V4+ ions that can coordinate is going to drop and 
that NBO atoms are being eliminated [26]. Additionally, the 
rise in Tg shows that the chemical connection between oxy-
gen atoms and metal atoms grows stronger. This is explained 
by the greater density brought on by the greater interatomic 
distances among metal and oxygen ions [27].

Figure 1a, b includes the thermal stability factor, ΔT, and 
its motional dependence. The ΔT value is estimated to be 
around 79 °C, and it grows as the amount of BaTiO3 in the 
glasses increases, demonstrating that the glasses’ thermal 
stability increases with BaTiO3 concentration. The Tg/Tm 
ratio can also be used to determine the stability of glasses. 
The optimum Tg/Tm value for exceptionally robust glass is 
0.67 [28]. All the compositions tested in the current system 
had Tg/Tm values between 0.51 and 0.52, which are close to 
the ideal value.

3.1.2 � XRD

A typical X-ray diffraction pattern (XRD) of the glass 
20BaTiO3–60V2O5–20PbO and the associated glass–ceramic 

Fig. 1   a DSC thermogram for a xBaTiO3–(80–x)V2O5–20PbO glasses (where x = 5, 10, 15, 20 and 25 mol%), b The DSC dependence of compo-
sition Tg, TP, and Tm temperature difference (ΔT) for various glass compositions
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nanocrystals are shown in Fig. 2a,b. As presented in Fig. 2, 
the absence of any diffraction peaks and the domination 
of broad hump suggest the dominance of the glassy phase 
on the as-prepared glass sample. This supports the origi-
nal glasses’ amorphous state theory. There are still signifi-
cant amounts of amorphous phase in the samples that had a 
one-hour heat treatment at TP because they contain several 
peaks representing nanocrystalline phases superimposed on 
a wide periphery. The heat-treated sample’s XRD pattern 
shows unequivocally that annealing at temperature TP only 
begins to result in tiny nanocrystallites which are attributed 
to Ba3TiV4O15 (JCPDS-00-036-1488), BaTiO3 (PDF#83-
1875), V2O5 (PDF#86-2248), and PbO (PDF#85-1287) in 
the glass matrix [12, 29, 30]. In addition, some additional 
peaks are associated with the phase that we have not yet 
detected. This is a significant insight since it implies that 
one can manage the volume of nanocrystalline grains that 
form in the material and so improve its electrical conduc-
tivity by controlling the annealing temperature. Using the 
Scherrer formula [31, 32], the average size of nanocrystal-
lites may be predicted from the widths of diffraction peaks 
to a maximum of 50 nm. According to X-ray line-broadening 
measurements, the crystal size of BaTiO3 and V2O5 have an 
average size of 40–60 nm. Similar results were obtained in 
the other samples.

3.2 � Ferroelectric properties

3.2.1 � Dielectric properties

The real part of the dielectric constant (ε) for the current 
glasses is shown in Fig. 3 as a function of temperature 
from room temperature up to 473 K at selected frequen-
cies. The real part of the dielectric constant (ε) is calculated 
from the formula ε (ω) = Cp/Co (CP is the measured parallel 

capacitance and Co is the vacuum capacitance). Figure 3 
depicts the dielectric constant’s temperature dependency 
for the glass matrix at a specific frequency (1 kHz). This 
figure demonstrates that the glass samples in their as-cast 
state do not exhibit any ferroelectric response. The fact that 
these glasses exhibit high dielectric constants in comparison 
to pristine V2O3, pure Bi2O3, and pure crystalline BaTiO3 is 
also interesting to notice [15]. These glasses’ high dielectric 
constants are thought to be a result of the tiny nanocrys-
tals Ba3TiV4O15, BaTiO3, and V2O5 that are embedded in 
the glass matrix [3]. According to Sadhukhan et al. [33], 
nanocrystalline TiO2 has a dielectric constant that is multi-
ple orders of magnitude higher than bulk TiO2. Therefore, 

Fig. 2   XRD for a xBaTiO3–(80–x)V2O5–20PbO glasses (where x = 5, 10, 15, 20 and 25 mol%) and b corresponding GC nanocrystals
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Fig. 3   Temperature reliance of dielectric constant for xBaTiO3–(80–
x)V2O5–20PbO glasses (where x = 5, 10, 15, 20 and 25 mol%)



Structure analyses and ferroelectric behaviour of barium titanate‑doped glass–ceramic…

1 3

Page 5 of 8  196

the inclusion of nanocrystalline Ba3TiV4O15, BaTiO3, V2O5, 
and Bi2O3 grains or clusters inside the glass matrix could 
be responsible for the high dielectric constant values of the 
present glasses. The decrease in bond energies is typically 
correlated with the increase in the dielectric constant of the 
samples with temperature [40]. That is, when the tempera-
ture rises, there may be two impacts on the dipolar polari-
zation: (i) deterioration of the intermolecular interactions 
that improve the orientational vibration, and (ii) a severe 
disturbance of the orientational vibrations because of a rise 
in thermal agitation.

Now that we have confined our focus to one frequency of 
1 kHz, we can compare the data from all the glass–ceramic 
nanocrystals. In the 293–513 K temperature range, the 
dielectric constant was evaluated for various compositions. 
For various GC nanocrystal compositions, the fluctuation 
of temperature at 1 kHz is illustrated in Fig. 4. Ferroelectric 
to paraelectric phase transitions were visible in all of the 
compositions. Figure 5 illustrates how the dielectric con-
stant for a particular batch of 15BaTiO3–65V2O5–20PbO 
GC nanocrystals varies with temperature at various fre-
quencies. For all frequencies, it is noted that the sample 
of glass–ceramic nanocrystals has a higher dielectric con-
stant than that of the glass as received (0.12–100 kHz). The 
glass–ceramic nanocrystal samples’ greater dielectric con-
stant value is suggestive of the presence of potent dipolar 
interactions in the glass matrix. In order to grasp the nature 
of the anomalies/transition, we were tempted to adopt the 
analysis that is typically used. In contrast, the dielectric con-
stant rises with temperature and shows a distinct broad peak 

at roughly 338 K for all the frequencies being investigated. 
In contrast, the dielectric constant rises with temperature 
and shows a distinct broad peak at roughly 338 K for all the 
frequencies being investigated. By increasing the measure-
ment frequency, no discernible change in the peak position 
was found. The phase transition (Curie) temperature of GC 
nanocrystals composed of barium titanate is thought to be 
responsible for the anomaly that was discovered at this tem-
perature [3].

Furthermore, the glass–ceramic nanocrystals system is 
extremely comparable to the materials that could be associ-
ated with the dielectric behavior in terms of interpretations 
that are typically employed in dealing with polar materi-
als that show dispersed phase transitions (DPT). The fun-
damental distinction is that the transition observed here is 
connected to the nanocrystallites that are diffused through-
out the glass matrix. It is well-recognized that nanostruc-
tures have a significant impact on the dielectric, polar, and 
phase transition characteristics of GC [34]. By supposing 
that the ferroelectric in the paraelectric phase complies 
with Curie–Weiss’s Law given by Eq. 1 [35, 36], one can 
theoretically assess how the dielectric constant varies with 
temperature.

where C, To, and T are the Curie constant, Curie–Weiss 
temperature in K., and absolute temperature, respectively. 
The plot of 1/ε against T is recognized to provide for the 
prediction of the type of phase transition that arises in 
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ferroelectric materials. Plots of 1/ε versus T for representa-
tive 15BaTiO3–65V2O5–20Bi2O3 glass–ceramic nanocrys-
tals are shown in Fig. 6. The graph makes it evident that a 
linear zone over 338 K is shown at 1 kHz, indicating that the 
dielectric constant accepts the Curie–Weiss equation at all 
temperatures over the transition point. The curve in Fig. 6 
can be separated into three parts if we compare this type 
of behaviour to that of a ferroelectric with a diffuse phase 
transition. According to the Curie–Weiss relation, the first 
zone depicts a ferroelectric behavior up to the transition Tc, 
the second region closer to the transition denotes a diffuse 
transition, and the third region depicts a linear behavior of 
1/ε Vs T in the paraelectric phase. Regarding a particular 
example of the composition 15BaTiO3–65V2O5–20PbO 
with Curie–Weiss constant C = 1.8 × 106 K, Curie tempera-
ture Tc = 338 K and Curie–Weiss temperature To = 320 K as 
shown in Fig. 7. As an instance, the parameter n = − 2.2, in 
which n is the ratio of the two slopes of the curves in Fig. 7 
below and above Tc, respectively, indicates almost a second 
order phase transition. Whereas this Curie constant, C = 1.8 
106 K, is a sign of fine dispersion ferroelectric material [37], 
and the identical order of magnitude of BaTiO3–V2O5 GC 
nanocrystals. These parameter values are essential for utiliz-
ing the substance in any device, nevertheless. On the other 
hand, Fig. 7 illustrates how the critical Curie temperature, 
Tc, varies as a function of the amount of BaTiO3, suggest-
ing that Tc shifts upward as BaTiO3 content rises. The cur-
rent system’s average Curie temperature of 338 K is quite 
similar to the Curie temperature of pure BaTiO3 with grains 
smaller than 100 nm [38, 39]. Due to the stress placed on the 
particle-glass interfaces, isolated barium titanate particles 
with grain sizes of 40–60 nm that crystallized out of a glass 

matrix exhibit a ferroelectric response that can be asserted 
to have transpired.

As a result, the size of the BaTiO3 nanocrystals and the 
boundary conditions in which they occur to influence the 
critical behavior of barium titanate (ferroelectric—parae-
lectric transition and shift from monodomain to polydo-
main structure). The process of preparing the powder or 
polycrystalline material determines the size of the particle 
or grain and the boundary conditions (mechanical stress, 
depolarizing field, etc.). It’s fascinating to observe that 
the pure nanocrystalline BaTiO3 phase, with average par-
ticle sizes just under 100 nm, undergoes a ferroelectric 
phase transition at this temperature, in accordance with 
predictions made from determinations of the dielectric 
permittivity. Nevertheless, the diffuseness of the dielectric 
property of the current samples closes the phase transi-
tion temperature may be believed to be due to the irregu-
lar distribution of charged defects or impurities (in this 
case, impurity phases like BaTiO3), which could result 
in large-scale potential or polarization variability. As a 
result, it is reasonable to suppose that the glass–ceramic 
nanocrystal materials under study are an amalgamation of 
nano/micro-regions with various instances. Accordingly, 
rather than occurring at a specific temperature, the phase 
transition proceeds throughout a range of temperatures, 
which accounts for the noted DPT behavior [34]. Finally, 
by carefully adjusting the annealing period and BaTiO3 
content, this observation of these glass–ceramic nanocrys-
tals can be utilized to regulate BaTiO3 particle size and, 
consequently, transition temperature. For the employment 
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of the substance in either technology, the values of these 
factors are crucial.

3.2.2 � P–E hysteresis loop

The effectiveness of the produced glass sample’s ability 
to store energy is investigated using the polarization–elec-
tric field (P–E) hysteresis loop. P–E loops of a delegate 
representative sample of 15BaTiO3–65V2O5–20PbO GC 
nanocrystals, collected at a frequency of 50 Hz, are pre-
sented in Fig. 8. The glass displays a typical ferroelectric-
like shaped loop with a significant PR and EC at ambient 
temperature. The loop displays a remnant polarisation Pr 
of around 0.1.26 µC cm−2, maximum polarisation Pmax of 
about 6.4 µC cm−2, and a coercive field EC of approximately 
21.46 kV cm−1. P–E loop measurements are used to estimate 
the energy storage density Wr, as shown below [40, 41]:

where Pmax and Pr represent the polarization at the maxi-
mum applied field Emax and remnant polarization, respec-
tively, E stands for the applied electric field and P corre-
sponds to the polarization. The GC sample composed of 
15BaTiO3–65V2O5–20PbO exhibits an energy density of 
around 104.9 mJ cm−3.

The following formula Eq. 3 [42] can be used to evaluate 
the glass sample's efficiency (η)

where wL symbolizes the energy loss (hysteresis loop area). 
The glass sample’s efficiency (ɳ) is around 73% at room 
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temperature. Dielectric materials having a big polarization 
difference ∆P = Pmax–Pr, large Wr, and high efficiency are 
typically indispensable for high-performance capacitors. 
These findings demonstrate that glass–ceramic nanocrys-
tals are a promising candidate for creating energy storage 
devices presently [40, 41].

4 � Conclusion

By annealing at TP for one hour, the glass system of xBa-
TiO3–(80-x)V2O5–20PbO glasses (where x = 5, 10, 15, 20 
and 25 mol%) has been transformed into glass–ceramic (GC) 
nanocrystals. The current system’s dielectric constant value 
does not exhibit any ferroelectric behaviour. On the other 
hand, by annealing the current glass system at TP for 1 h, 
the ε increases with the temperature rise exhibit a definite 
broad peak at roughly 338 K. No obvious change in the 
peak location has been revealed by increasing the measure-
ment frequency. The anomaly showed at Tc is supposed to 
be accompanying the phase transition (Curie) temperature 
of BaTiO3 doped GC nanocrystals. The Curie temperature 
Tc was enhanced by raising the BaTiO3 content. The aver-
age parameter n = − 2.2 value displayed a practically sec-
ond-order phase transition. The average value of the Curie 
constant, C = 1.8 × 106 K, is evidence of displacive ferro-
electric nanomaterial. At ambient temperature, the polariza-
tion–electric field (P–E) hysteresis loop for the glass sample 
under study shows a ferroelectric-like shape loop, owning a 
104.9 mJ cm−3 energy density. Nonetheless, for the material 
to be used in any energy storage device, the values of these 
characteristics are crucial.
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