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Abstract Glass lead free sample of composition 10BaTiO3–60V2O5–30B2O3 in

mol% was prepared by conventional melt quenching technique. The as-prepared

sample shows relaxor ferroelectric-like behavior which is a novel phenomenon in

the field of glass science. XRD and DSC were used to emphasize the glassy nature

of the present sample. Diffraction spots from clusters are clearly observed using

HRTEM, which is presumably from polar clusters (PCs). The sample shows a broad

and diffuse peak in the temperature dependence of dielectric permittivity e‘ (T) and

tangent loss, the temperature of which increases with increasing measuring fre-

quency, denoting the typical relaxor behavior. The existence of distorted BaTiO3

PCs embedded in the glass matrix is responsible for the appearance of this behavior.

The present glass sample shows energy storage density of about 0.11 J/cm3 at room

temperature and 0.44 J/cm3 at 120 �C, which is reasonably good for bulk polar

material. The results obtained in this work could lay the basis for the development

of lead free materials to meet the energy storage and Eco-friendly applications.
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Introduction

Since the discovery of relaxor ferroelectrics in the 1950s, these new materials have

shown unique properties, many of which are not yet understood. In the last few

years scientists have developed this field by introducing new relaxor ferroelectric

materials [1, 2]. Ceramics, solid solutions of complex perovskite and polymers are

common examples of such materials accompanied by amazing dielectric and

piezoelectric properties. To date, any material for which the real part of the

dielectric constant shows a broad peak at a temperature Tm that depends strongly on

the measuring frequency, f, is classified as a relaxor [3]. This behavior is associated

with the relaxation of special type of dipoles arising from compositional

inhomogeneity. Due to the compositional disorder, long-range polar ordering is

prevented, and instead, polar nanoregions (PNRs) and nano-domains appear in

relaxor ferroelectrics [4, 5]. Generally, relaxor ferroelectrics exhibits diffusive and

frequency dependent dielectric anomalous their specific properties are associated

with the presence of PNRs [6].

Glass of relaxor ferroelectric properties is considered as an anomalous

phenomenon in the field of glass science. Glasses are amorphous solids exhibit

transition temperature Tg which is obtained after solidification of a supercooled

liquid. Glasses are characterized by the existence of short and intermediate range

order in the atomic scale. Their structural network is divided into nanometer regions

(clusters). The crystal ordered region is estimated to cover several tens to a hundred

of atoms and to have a diameter of *(1.0–1.5) nm [7]. Such a very small size the

substance remains X-ray amorphous. It is supposed that nano-clusters in glasses

arise at the transition from the low-viscosity state of the liquid (melt) to the high-

viscosity state. The temperature of such transition depends on the complexity of the

architecture of molecules that compose the liquid [7]. The formation process of

PNRs in relaxors is similar to that of glass formation. It was found that the similarity

of the structure of glasses and relaxors at the nanoscale is related to the process of

their growth from the high-temperature phase of the original products [7–10].

Glasses in general show linear dielectric response, small polarization and low

permittivity besides high breakdown strength. However, relaxor ferroelectrics via

formation of PCs embedded in glass matrix have an enormous potential in designing

new polar dielectrics for energy storage applications due to high dielectric constant

and high energy storage capacity.

In this work, we discuss a novel phenomenon, the existence of PCs and the

appearance of relaxor ferroelectric behavior in 10BaTiO3–60V2O5–30B2O3 glass

sample. The glass was characterized using X-ray diffraction (XRD), differential

scanning calorimetry (DSC), High resolution transmission electron microscope

(HRTEM), Raman scattering, dielectric spectroscopy as well as measuring

ferroelectric hysteresis loops. The relaxor ferroelectric and nanostructure properties

of this lead free glass sample are discussed in the situation of its capability to Eco-

friendly and energy storage applications.
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Synthesis of Glass and Materials Characterization

Glass lead free sample of composition 10BaTiO3–60V2O5–30B2O3 in mol % was

prepared by conventional melt quenching technique following the same procedures

illustrated in Ref. [11]. To confirm the glass nature of the sample a room temperature

X-ray (PANalytical Empyrean diffractometer) diffraction pattern was taken using Cu

ka radiation over a wide range of Brag angel 2h (10–100�) and a scan rate of 0.02�/s.

The heat flow of the sample was measured by differential scanning calorimeter

(Shimatzou DSC 50 instrument). DSC data collected up to (500 �C) employing a

heating rate of 10 �C/min. High resolution transmission electron microscope

(HRTEM) model (JEOL 2100) was used to verify the existence of nano-clusters

embedded in the glass matrix. Room temperature Raman studies were carried out

using LabRAM-HR (Horiba Jobin-Yvon) in the spectral range from 1000 to 50 cm-1.

As excitation source we used the 632.8 nm line of a He–Ne Laser. Dielectric

measurements were carried out at various frequencies as a function of temperature

using LCR meter at oscillating amplitude of 1 V. The polarization– electric field (P–

E) hysteresis loops of the sample were measured using a Sawyer–Tower circuit.

Results and Discussion

DSC thermogram for the glass sample is shown in Fig. 1a. The present glass sample

exhibits endothermic minimum which is corresponding to the glass transition

temperature Tg (320 �C) confirming the glass nature of the sample. At this

Fig. 1 a The DCS pattern and b XRD of 10BaTiO3–60V2O5–30B2O3 glass
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temperature the atoms begin to arrange themselves in precursory structure elements

preceding the nucleation. This sample also exhibits an exothermic peak Tc (347 �C)

corresponding to crystallization temperature. The appearance of a single peak due to

the glass transition temperature in DSC pattern of glass sample denotes the

existence of high homogeneity in the present glass [12]. XRD pattern of the

prepared sample is shown in Fig. 1b. From this figure, it is observed that a

homogenous glass is formed. This glassy behavior shows a broad hump at

2h & 25o. The overall feature of this XRD pattern confirms the amorphous nature

of the present glass [13].

High resolution transmission electron microscope (HRTEM) was used to verify

the existence of nano-clusters embedded in the glass matrix. HRTEM along with the

selective area electron diffraction pattern (SAED) of the as-quenched 10BaTiO3–

60V2O5–30B2O3 glass is shown in Fig. 2. Figure 2 shows the existence of V2O5

nano-clusters and distorted BaTiO3 polar clusters (PCs) in the glass matrix; which

may responsible for large dielectric dispersion and relaxor ferroelectric. The values

of d spacing calculated from HRTEM are 0.234 and 0.285 nm which is very close to

d spacing values of the planes 111 and 101 of BaTiO3, respectively. However, the

other d spacing value is 0.339 nm represent V2O5 nano-clusters for 101 planes. It is

found from HRTEM observations that the crystalline phases inside the glass matrix

have some disordering. The crystal defects appears as; discontinuity, and a mixture

of long and short range ordering as well as the presence of a large number of twin

boundaries. These observations support the relaxor character of the sample. The

SAED pattern that is shown in the inset of Fig. 2 confirms the amorphous state.

However, a diffraction spots from clusters is clearly observed, which is presumably

from PCs.

Fig. 2 HRTEM of 10BaTiO3–60V2O5–30B2O3 glass. The inset represents SAED of the sample
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Room temperature Raman scattering measurement has been carried out on

10BaTiO3–60V2O5–30B2O3 glass (Fig. 3). The following peaks are present in this

figure: 92, 157, 254, 404, 500, 690 and 920 cm-1. The low frequency Raman

spectra shows a peak (Boson peak) at 92 cm-1. However, it is not completed due to

the experimental limitations of the Raman spectrometer. This Boson peak is

associated with the existence of intermediate range order in glass. The intermediate

range order denotes that the arrangements of structural units in a glass are not

completely random but have some correlations on a nanometer scale varying

slightly between different glasses [14]. According to Freire and Katiyar [15], the

low frequency peak observed at 157 cm-1 corresponds to a motion of the barium

ions against the BO6 octahedra. The peak around at 254 cm-1 represents the oxygen

ion vibration with different positions inside the clusters. Glasses with high V2O5

content shows peak around 404 cm-1 from crystalline V2O5 nano-clusters, this peak

overlapped with the peak observed at 500 cm-1, which is due to O–Ti–O symmetric

stretching vibrations [16]. Polar [VO6] and especially [TiO6] clusters are responsible

for the peak observed at around 690 cm-1 [17]. The peak observed at the high

frequency range 920 cm-1 is attributed to the stretching vibrations of B–O bonds in

orthoborate formed by pyramidal BO3 unit.

Figure 4a and b shows the real part of the dielectric constant (e0) and tangent loss

(tand) data as a function of temperature at increasing frequencies from 0.5 to

100 kHz. High and diffusive dielectric constant was shown in Fig. 4a and b, shifting

of the dielectric maximum temperature (Tm) towards higher temperature with

increasing frequency which represents the relaxor behavior. The existence of

distorted BaTiO3 PCs embedded in the glass matrix is responsible for the

appearance of this behavior. The degree of relaxation behavior, obtained by

DTrelaxor ¼ Tm 100kHzð Þ � Tm 0:5kHzð Þ is found to be 56 K [18, 19]. The relaxation of

relaxor ferroelectrics is considered as a thermally activated process which is

commonly believed to be similar to a spin or dipole glass that the dynamics are only

Fig. 3 Raman spectroscopy of 10BaTiO3–60V2O5–30B2O3 glass
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activated above a finite freezing temperature [20, 21]. The Tm values of the

dielectric spectra were fitted using a nonlinear Vogel–Fulcher (VF) relation as

shown in the inset of Fig. 4a [22, 23].

f ¼ f0 exp
�Ea

kB Tm � Tf
� �

 !

where f is the experimental frequency, f0 the pre-exponential factor, Ea the acti-

vation energy, kB the Boltzmann constant; and Tf, the freezing temperature (i.e. the

temperature below which the relaxation time becomes infinite). The fitted param-

eters Ea = 0.03 eV, f0 = 3 9 106 Hz, and Tf = 333 K.

Similar frequency dependent was observed in the loss tangent as shown in

Fig. 4b. It follows the same behavior of frequency response as that of the dielectric

constant. Obviously, the dielectric loss data and their dispersion with frequency and

temperature provide additional confirmation of the relaxation behavior than the

dielectric constant values alone. Also, the tangent loss data exhibits high dielectric

loss that release to the high conductivity already known for such vanadate glasses

[11].

The identification of the nature of such dielectric response still remains open and

requires more theoretical and experimental information, which can be very

interesting to contribute to the investigation of this field especially by introducing

Fig. 4 Temperatures and frequency dependent (a) dielectric constant (b) loss tangent of 10BaTiO3–
60V2O5–30B2O3 glass the inset of (a) shows the non-linear Vogel-Fulcher fit of the dielectric data
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a new system. However, the mechanism of this behavior is still under intensive

investigation, it is supposed to be related to the relaxation of dipoles arising from

chemical order/disorder and short range polar order [24]. Due to the compositional

disorder, long range polar ordering is prevented and PCs form instead of

macroscopic domains which occur in normal ferroelectrics. At high enough

temperatures it is assumed that the dipolar moments of PCs change in direction due

to thermal motion. Upon cooling, the PCs increase in number and size, causing the

permittivity to increase, while simultaneously, the PCs dynamics slows down, until

at some point, the moments can no longer keep up with the oscillating measuring

voltage, resulting in a maximum of dielectric permittivity occurring at different Tm
for different frequencies [24].

The energy storage behavior of the present glass sample was investigated by the

P–E hysteresis loop. Figure 5 shows the P–E loops of the sample measured at room

temperature and 50 Hz at different applied electric fields. The loop reveals a

remnant polarization (PR) of about 2.53 lC/cm2 and coercive field (EC) of about

198 kV/cm. The energy storage density (J) is obtained by integrating the area

between the polarization axis and the discharge curve (yellow shaded region) of the

loop according to the equation [25]:

J ¼
Z

EdP

where E is the applied electric field and P is polarization. The sample shows energy

density of about 0.11 J/cm3 at 600 kV/cm, the inset of Fig. 5 shows the charge and

discharge energy densities:

Ud ¼ area II

Fig. 5 The P–E loop of the glass sample at different electric fields. The inset shows the charge–discharge
cycle of 10BaTiO3–60V2O5–30B2O3 glass
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Uc ¼ area I þ II

The charge–discharge efficiency (g) of the capacitors was calculated using the

relation:

g ¼ Ud

Uc

� 100%

The efficiency of the glass sample at 600 kV/cm varied from 13.5 to 71% at room

temperature and 120 �C, respectively.

Figure 6 shows the temperature dependent P–E hysteresis loops for the present

glass sample. At room temperature the glass exhibits typical ferroelectric- like

shaped loop with large PR and EC. A relaxor, on the other hand, displays a so-called

slim loop. For sufficiently high electric fields the nanodomains of the relaxor can be

oriented with the field leading to large polarization; however, on removing the field

most of these domains iterate their random orientations resulting in a small PR [26].

We can assume that, the presence of large PR in this work is attributed to the

complexity in the structure of the glass sample. With further increasing temperature

the EC and PR values decrease dramatically and the loop becomes slimmer

suggesting a high potential to store energy up to 0.44 J/cm3 at 120 �C. It is

interesting to note that the maximum polarization does not change with the increase

Fig. 6 The P–E loops of
10BaTiO3–60V2O5–30B2O3

glass as a function of
temperature
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in temperature. These features suggest that lead-free glass sample can be considered

as a promising candidate for large variety of applications [27, 28].

Conclusion

We have found for the first time a relaxor ferroelectric-like behavior in 10BaTiO3–

60V2O5–30B2O3 glass sample. The present glass sample shows amazing properties,

the existence of distorted BaTiO3 PCs inside the glass matrix which is responsible

for the appearance of the relaxor ferroelectric-like behavior. Also, P–E hysteresis

loop for the present lead free glass sample at room temperature exhibits

ferroelectric-like shape loop with large values of EC and PR, possessing an energy

density of about 0.11 J/cm3 at room temperature and 0.44 J/cm3 at 120 �C,

which can be considered as a promising candidate for energy storage and Eco-

friendly applications especially at high temperatures.
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