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ABSTRACT

Recently, demand increased for dielectric materials used in energy storage
devices at high voltage applications. Appearance of polar clusters in glass
matrix could promote its use in energy storage applications. Conventional
quenched glass sample of composition 10PbTiO3-10Fe,O3-30V,05-50B,05 were
successfully developed. The glassy nature was confirmed by XRD and DSC
measurements. Boson peak observed at low frequency from the Raman spectra
confirms polar cluster formation. Dielectric properties of prepared glass were
investigated in a wide range of frequency and temperature. Broad and diffuse
peak of dielectric permittivity shifted to the higher temperatures, denoting the
typical relaxor ferroelectrics like behavior. Sample shows energy storage density
of about 164.7 mJ/cm® at room temperature. Quenched glass sample shows
typical anti-ferromagnetic behavior.
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or more of the atoms in the unit cell. The real part of
the dielectric permittivity of these materials charac-

1 Introduction

Energy storage applications attracted considerable
attention specially with relaxor ferroelectric materi-
als. Relaxor ferroelectrics are a class of disordered
crystals possessing unique, scale-dependent symme-
try. They are distributed randomly among the
equivalent lattice sites forming quenched local
dipoles [1]. Relaxors were observed in perovskite
structure that have randomness associated with one

terized by large values with wide peak in the tem-
perature dependence. Also, they are showing a
frequency dependent behavior [2—4]. Polar nanore-
gions occurrence in paraelectric phase accepted to be
the origin of the relaxors. Also, broken bonds with
sufficient amount give rise to (weak) random dipolar
fields which act as pinning centers of the thermally
fluctuating polarization [4]. Few papers have been
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reported on physical properties of lead titanate
doped in borate glasses. They concluded that the
dielectric constant measurements with temperature
and fixed frequencies confirm ferroelectric relaxors
behavior [5, 6].

Impedance spectroscopy is a powerful technique
for electrical conductivity of complex charge trans-
port materials. To distinguish charge transport pro-
cesses in ceramics or glass-ceramics materials,
electronic, ionic and/or mixed electronic-ionic,
microstructure and impedance spectroscopy are of
great importance [7]. Currently, the requirement of
advanced materials with improved physical proper-
ties in potential applications are of great significance.
Nano-sized materials usually exhibit superior prop-
erties than bulked similar materials [8].

In the present work, high melting temperature lead
titanate and iron oxide which have a poor glass
forming ability were added to the glass former and
modifier, boron and vanadium oxides. The electrical
properties of vanadium pentoxide glass depend on
the synthesis conditions due to the changes in vty
V°* ratio. Higher temperature of nanocrystalline
vanadate glass led to higher conductivity enhance-
ment, due to higher concentration of vt hopping
centers [8-10]. Also, the same features were observed
for Fe** /Fe’* hopping [9]. The energy storage den-
sity affected by inner defects, especially oxygen
vacancies. The purpose of the present work is to
investigate the effect of frequency and temperature
on the AC conductivity and dielectric properties of
the quenched 10PbTiO5-10Fe;O3-30V,05-50B,03
glass within the frequency range 500 Hz to 1 MHz at
various temperatures within 293-473 K. Also, the
modulus behavior is investigated for the prepared
glass. The structure, relaxor/ferroelectric and ferro-
magnetic properties of the studied sample are dis-
cussed in the situation of its ability to energy storage
applications.

2 Experimental procedure

10PbTiO3-10Fe,O3-30V,05-50B,0; glass is prepared
by the conventional quenching method from high
purity oxides > 99%, PbTiO;, Fe;O5;, V5,05 and B,O3
(Aldrich and Alfa Aesar) in porcelain crucibles at
1473 K for 30 min. The melt was poured and pressed
between stainless steel plates. Dark black sample
with thickness from 1.1 to 1.3 mm was formed.
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Thermal analysis was carried out using differential
scanning calorimeter (DSC) NETZSCH DSC 204HP at
heating rates of 10 K/min. Siemens D5000 X-ray
diffractometer was used for structural analysis with
Cu ko radiation ( A = 0.154 nm) at a scan rate of 3°/
min. under accelerating voltage of 40 kV and current
of 30 mA. Silver paste electrodes were deposited on
both faces of the polished samples. The dielectric
measurement at different frequencies in the range of
500 Hz to 1 MHz using MICROTEST 6377 LCR meter
at temperatures range of 298475 K. The polariza-
tion— electric field (P-E) hysteresis loops of the
quenched glass sample were measured using a
Sawyer-Tower circuit. The magnetic properties of the
specimen were measured by a Vibrating Sample
Magnetometer (VSM) Lake Shore model 7410 (USA).
WITec confocal Raman microscope alpha 300R, Ger-
many was conducted at room temperature for glass
structure investigation in the wavelength range of 50

to 1000 cm ™! with a resolution of 2 cm™ .

3 Results and discussion
3.1 Structural analysis

The non-crystalline nature of the glass sample was
investigated by X-ray diffraction technique at room
temperature, Fig. 1. The as-quenched sample show a
broad hump indicating its amorphous nature. As-
quenched glass sample was subjected to heating and
cooling cycling test using differential scanning
calorimeter (DSC). As can be seen in the heating
mode there are two endothermic peaks at relativity
low temperature 401 and 437 K, Fig. 2. The third
endothermic was observed at 796 K which is related
to milting temperature of the glass sample. Two
exothermic peaks were observed, small broad one at
696 and large sharper one at 714 K related to crys-
tallization events. During the cooling mode, only
small broad exothermic peaks were observed at
711 K. The same feature was observed in Ref. [11].
The endothermic event at 666 K corresponding to the
glass transition temperature. The two endothermic
peaks lower than glass transition temperature are
related to relaxor ferroelectrics phase formation and/
or ferroelectric to paraelectric phase transition. It is
concluded that, as-quenched Bi,O3-Pb3;O0,4-CuO-K,O
glass shows unfamiliar ferroelectric behavior [11].
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Fig. 1 XRD pattem of 10PbT1‘O3*]OF6203*30V205*508203
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Fig. 2 DSC curves of 10PbTiO3—10Fe,03-30V,05—50B,0;
glass

According to Fig. 2 and during the cooling path the
endothermic peaks completely disappeared.

The dynamics of network glasses can be investi-
gated by relaxational or vibrational processes at short
and intermediate scales of glass. In low frequency
light scattering experiments, the relaxational and
vibrational processes often overlap depending on the
glass and temperature [12]. The glass structure was
also investigated by Raman spectroscopy, Fig. 3.
Boson peak at low frequency was observed from the
Raman spectra. This peak is associated with the
existence of intermediate range order structure in
glass systems. Small fine polar clusters could be
formed during the quenching process [13, 14]. The
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excitation exhibit at low frequency “soft mode exci-
tation” characterize the ferroelectric transition [15].
The hump occurs at low frequency range of 30 to
180 cm ™' due to Boson peak and the motion of bar-
ium and lead ions against the BOg octahedra. Also.
Broad peak from 220 to 580 cm™' is related to fine
clusters of V,0Os5 and stretching vibrations peak of
O-Ti—O. Peak observed around 690 cm ™ is related
to VOg and TiOg fine clusters. Stretching vibrations of
B—O bonds observed at 920 due to is related to
pyramidal BO; unit. The same results were observed
and confirmed by FT-IR in our previous work
[5, 6, 16]. Also, the TEM in our recent previous work
of the present sample confirms plate-like sheets of
micro-size, containing nanoclusters or polar nan-
oclusters in their structure [16].

3.2 Dielectric properties

The analysis of AC impedance spectra is of great value.
For electrical behavior of glass sample impedance
spectroscopy, the plotting of real and imaginary parts
of the complex electrical quantities as a function of
angular frequency (o = 2xf, f is the frequency) such as
complex impedance (Z*), complex permittivity (&¥)
and complex modulus (M?*) are used [17-20].

Complex real and imaginary parts of impedance
expressed as:

7" (@) = Z(0) +iZ" () (1)
whereZ' = |Z|cos QandZ" = |Z|sin 0

Intensity (a.u.)

o $ o N
® 8 A &
Raman Shift (cm™)

Fig. 3 Phonon modes of 10PbTiO;—10Fe,03-30V,05-50B,0;
glass obtained by Raman
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Complex permittivity expressed as :
& (w) =& (w) —id (w) (2)

The capacitive nature of the material ¢'(w) is the
dielectric constant or relative permittivity while
imaginary part ¢’(w) represents the loss factor, the
energy required for molecular motion.

Complex real and imaginary parts of dielectric
modulus expressed as:

M (@) = M () + iM"(0) G)
_ &(w)
&2(w) + &2 (w)

M) =+ 7

M'(w)

M"(®) is the imaginary part of the electrical mod-
ulus, which reveals the maximum asymmetric at
frequency disclosing maximum loss of conduction.

The three complex dielectric electrical quantities
related to each other by:

1

M (w) = o iwCoZ* (6)
Z/ M/ 8//

tanéz—ﬁzng (7)

To investigate the mechanism of charge transport
in materials the electrical conductivity dependence
on temperature is carried out. The AC conductivity
oaclw, T) dependence on frequency at fixed temper-
ature can be expressed by universal power law
behavior called Jonscher’s law [21-23]:

Oac(®) = A’ (8)
o(w,T) =04(T)+ A(T)(DS(T) 9)

where o(w, T) is the total measured conductivity, and o4,
is the direct current conductivity. The frequency exponent
S(T) is temperature dependent and varies from 0 to 1.

Using the dielectric loss values, the ac conductivity
of all samples can be calculated according to the
following relation [24]:

o*(w) = d'(w) +id" (w) (10)
o (w) = ie,we' (w) = ie,w(e —ie”) (11)

From the real part (loss factor), the ac conductivity
can be expressed as:

Oac(®) = €owe” (12)
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The diffusivity degree can be quantified by the
modified Curie-Weiss law as:

1 1 (T-Tu)
1 :ﬂ’1§y§2andT>Tm (13)
€ € C

max

where C is the Curie constant and v is the diffuseness
degree.

Under applying AC field, the relaxation in dielec-
tric spectroscopy is related to dipole moment orien-
tation in materials. The materials behavior depending
on the frequency and temperatures. The dielectric
constant ¢'(w), the capacitive nature of the material,
behavior is different for polar and non-polar materi-
als. For non-polar materials ¢ () is independent on
temperature while it increases with temperature for
polar one. The dielectric constant of the quenched
10PbTiO3-10Fe;O5-30V,05-50B,05 glass is investi-
gated with increasing temperature and fixed fre-
quencies, Fig. 4. The values of dielectric constant &'(w)
decrease with increasing frequency while broad peak
observed with temperature increasing. As the fre-
quency increases the ¢'(w) peak shifted to the higher
temperatures and the broadening decreases.

The origin of this peak is related to the relaxor
behavior due to the existence of distorted perovskite
lead titanate and/or fine polar nanoclusters in glass
matrix, as explained using DSC, TEM [24] and Raman
results. The dielectric loss tangent (tand) also, con-
firms the similar frequency dependent behavior of
relaxor, Fig. 5. The same behavior was observed in
barium titanate-doped glass [5, 6], Pb(Scq,2Nby,2)O3
ceramic system [25]. At low temperatures, the dipole
molecules cannot orient themselves, whereas higher
temperatures facilitating dipole orientation. At lower
frequencies of Fig. 5, the higher values of dielectric
constant could be related to space charge relaxation
due to charge carriers at the interface between the
samples and electrodes, interfacial polarization. The
DSC curve shows two endothermic peaks nearly at
the same temperature, Curie’s temperature (T.) (401
and 437 K) as of the dielectric constant peaks which
support the idea of relaxor ferroelectrics phase for-
mation and/or ferroelectric to paraelectric phase
transition.

The complex dielectric modulus, M*, is given by
the inverse of complex dielectric constant &* where
the dielectric modulus represents the real dielectric
relaxation process [24]. M‘(w) and M’/(®) can be cal-
culated from Egs.4, 5, 6. Figure 6 displays the
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Fig. 4 Dielectric constant &'(w) as a function of temperatures at
fixed frequencies of 10PbTiO3—10Fe,03;-30V,05—50B,0; glass

variation of M'(w) and M"(w) as a function of fre-
quencies at different temperature. Generally, M'(w)
and M"(w) decreases with increasing temperature
while increases with frequency increases. At higher
temperature M'(w) and M"(w) tends to have a con-
stant value. The real and imaginary parts of dielectric
modulus position shift towards the higher frequency.
This indicating the presence of dielectric relaxation,
which is thermally activated, in which the hopping
process of charge carriers is predominant. Figure 7
shows dependence of imaginary part of electric
modulus M”(w) on the real part M'(w) at fixed tem-

perature, Cole—Cole diagram.

With increasing frequency, the maximum of
dielectric constant and corresponding temperature
shifts to the higher values which indicating a typical
dielectric relaxor behavior. Modified Curie-Weiss law
describe the dielectric constant of relaxor ferro-
electrics with respect to temperature. Using Eq. (13),
the diffusion coefficient “y” can be calculated from
the linear relationship obtained by plotting
In(T—Tpa) versus In(1/¢—1/¢ max) at 100 kHz is
shown in Fig. 8. The value obtained for the diffusion
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Fig. 5 Dielectric loss tangent (tan 8) as a function of temperatures
at fixed frequencies of 10PbTiO3—10Fe,03;—-30V,05—50B,0;
glass

coefficient is 1.34 at 100 kHz, which reflect the
relaxation degree of ferroelectric materials. Normal
ferroelectrics shows a diffusion coefficient value
equal one, while in an ideal relaxor ferroelectric it is
equal two [26].

3.3 Ferroelectric and ferromagnetism
properties

Dielectric materials recoverable energy storage den-
sity (W,) under applied electric field (E) can be cal-
culated from the maximum (Pp,,,) and remnant (P,)
polarization according to the following equation [27]:

P"lax
W, = / EdP (14)
P,

Also, from the P-E curves, energy storage effi-
ciency can be calculated as:

W,

= 15
Wr + Wloss ( )

n
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Fig. 6 Electric modulus M'(w) and M”(w) versus frequency at
fixed temperatures of 10PbTiO3—10Fe,05-30V,05—50B,0; glass
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Fig. 7 Real M'(w) and imaginary M”(w) parts dependance of
electric modulus at fixed temperatures of 10PbTiOz—10Fe,O5—
30V205—50B203 glass
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The ferroelectric properties of 10PbTiO3;-10Fe,O5—
30V,05-50B,0; glass were revealed by polarization—
electric field hysteresis loop measured at different
temperature as displayed in Fig. 9. Ferroelectric like
shaped hysteresis loop was observed at 303 K, which
is related to relaxors ferroelectric nanoregions. With
increasing temperature, the hysteresis loop become
narrower and centered due to intermediate range
polar phase decreases, slim loop. According to
Egs. (14 and 15), recoverable energy storage density
(W,) can be calculated values from the integrated area
within the P-E loops. With increasing temperature
remnant polarization (P,) and coercive field (E.)
decreases while recoverable energy storage density
and energy storage efficiency () increases, Fig. 10.
The related ferroelectric parameters are summarized
in Table 1. The higher values of W, and n were
observed with higher values of AP (difference
between maximum polarization and remnant polar-
ization). Its concluded that [6, 27], polar clusters of
distorted lead titanate existence in glass matrix can be
used for energy storage applications due to high
dielectric constant and high energy storage density.
As a weak polar structure, relaxor ferroelectrics in
polar nanoregions is more sensitive to the external
electric field. Often small values of P, and significant
increase in P... which is consistent with their
dielectric constant. This phenomenon is related to the
distortion of the octahedral [TiO¢] [5, 6]. Figure 11
shows the as—quenched glass magnetization curve.
Linear trend as for typical anti-ferromagnetic state,
no hysteresis was found. As it is known, Hematite
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Fig. 10 Temperature dependence of energy storage properties
for10PbTiO3—10Fe,03-30V,05-50B,05 glass

has anti-ferromagnetic below its Néel temperature ~
955 K [28, 29]. The magnetic properties of the present
system required more investigation in separate work.
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4 Conclusion

(1)

()

3)

4

%)

(6)

10PbTiO5-10Fe,0O3-30V,05-50B,05 glass was
successfully prepared by the conventional
quenching method.

The glassy nature was confirmed by XRD and
DSC measurements.

Relaxor/ferroelectric behavior appeared in
quenched glass system due to polar clusters
embedded in the glass matrix.

DSC, Raman and frequency dependent dielec-
tric measurements confirm Relaxor/ferroelec-
tric formation.

Recoverable energy storage density increased
from 164.7 to 230.8 mJ/cm® with increasing
temperature from 303 to 393 K which could be
considered for energy storage applications.
Quenched glass system obtained, exhibit anti-
ferromagnetic behavior at room temperature.



Table 1 Ferroelectric
parameters of 10PbTiO;— Temperature (K) 293 303 333 363 393 423
10Fe;05-30V205-50B,05 E. (kV/em) 1.73 1.42 1.01 0.75 0.56 0.48
glass with temperature P, (uC/em?) 15.84 13.79 8.89 442 3.11 2.26
P./Poax 0.174 0.151 0.098 0.049 0.034 0.025
AP = P, —P, 75.1 772 82.1 86.5 87.8 88.7
W, (mJ/em®) 161.1 165.5 175.8 184.7 187.8 190.2
Wioss (m)/em?) 112.6 94.1 65.2 42.6 32.7 27.5
n (%) 58.9 63.8 72.9 81.3 85.2 87.4
0.3 2. R.A. Cowley, S.N. Gvasaliya, S.G. Lushnikov, B. Roessli,
G.M. Rotaru, Relaxing with relaxors: a review of relaxor
0.2 4 ferroelectrics. Adv. Phys. 60(2), 229-327 (2011)
5 3. L.E. Cross, Relaxor ferroelectrics. Ferroelectrics 76(1),
£ 0411 241-267 (1987)
;’ 4. W. Kleemann, S. Miga, J. Dec, J. Zhai, Crossover from fer-
% 0.0 roelectric to relaxor and cluster glass in BaTi; — xZrxO3 (x =
S 0.25-0.35) studied by non-linear permittivity. Appl. Phys.
§-0.1 4 Lett. 102(23), 232907 (2013)
5. M.M. El-Desoky, A.E. Harby, A.E. Hannora, M.S. Al-Assiri,
0.24 Relaxor Ferroelectric-Like Behavior in Barium Titanate-
Doped Glass via Formation of Polar Clusters. J. Cluster Sci.
034 . : : : . . . 28(4), 2147-2156 (2017)
:&QQQ "@@Q ‘\@@ v;°§ ° ¢§s°° \Q@Q \@@ @@Q 6. A.E. Harby, A.E. Hannora, M.M. El-Desoky, Observation of
Field (G) relaxor-like behavior in BT and PT doped glasses for energy

Fig. 11 Magnetization curve of 10PbTiO3—10Fe,03;—30V,05—
50B,0; glass
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