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[(BiosNaos)o.94Bao.os]i-xNaxTiz-xNbxO3 (x = 0.05 and 0.10) ceramics were prepared via conventional solid-
state sintering route. X-ray diffraction analysis of the samples exhibited the formation of the cubic structure.
Similar structure was observed from the Raman spectra of the samples. The optical band gap of the samples
slightly decreased from 3.08 to 3.06 eV with increasing level of Na* and Nb%*. The addition of Na* and Nb%*
shifted Tm towards room temperature (RT). The sample x = 0.05 had a stable relative permittivity ermia) = 3914
across the temperature range 79 - 350 °C and tand < 0.025 (104 - 279 °C). The energy density of sample with
x = 0.05 was 0.4 J/cm® which decreased to 0.32 J/cm?® at an applied electric field of 50 kV/cm with further

substitution of Na* and Nb®* (i.e., x = 0.10).
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Introduction

Dielectric materials are extensively used in different
electronic applications in the form of capacitors,
resistors, nonlinear dielectric thin films, advanced pulsed
capacitors etc. [1-3]. Capacitor is an important electronic
component because it is mounted on almost every
electronic circuit. Capacitor could store electric charge
therefore, in the previous years, researchers have
investigated numerous materials for high energy-storage
applications. Among these materials, lead-based material
possess high energy-storage such as Pb(NbzsMgi3)Os
(PNM), Pb(Nb23Zn13)O3 (PNZ) [4]. The lead based film
based on 0.426PNZ-0.308PNM-0.23PbTiO3 is reported
to have a high-energy density of 15.8 J/cm?® under an
applied E = 700 kV/cm [5]. Similarly, other lead based
compositions have also high energy-density up to
65 J/cm3, which was obtained for
(Pbo.g2Lag.08)Zros2Tio.48)O3 thin film when deposited on
the substrate using lanthanum as an intermediate layer
[6]. Due to the toxic nature of lead, which is dangerous to
human-health and environment, lead-free dielectrics are
always preferred for practical applications. According to
the directives by European Union, that lead-based
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materials should not be used as a base substance. In
comparison, BigsNaosTiO3 (BNT) and BaTiOs; (BT)
based materials, which have some unique characteristics
because of its crystal structure, dielectric, ferroelectric
and piezoelectric properties, and therefore, remain a good
choice for industrial applications. Although, they have
their own limitations as well, but researchers have
reported their solid solutions with other materials to get
an optimum set of properties for specific applications
[7-10].

Among the solid solutions,
(1-x)BigsNagsTiO3-xBaTiOs (BNT-BT) system is of
great interest [11] because at the morphotropic phase
boundary (MPB), a high relative permittivity was
observed in comparison to both end members. MPB
displays a coexisting or transition region where mostly a
pseudocubic structure is formed. BNT and BT both are
ferroelectric compounds with complex crystallographic
structures and have interesting ferroelectric properties.
BNT has high Curie temperature ‘T¢’ of about 320 °C,
whereas BT has a very small ‘T¢’. Their resulting solid
solution shows high and stable permittivity, low
conduction losses or dielectric losses under a very high
temperature range [12]. Temperature dependent electrical
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properties of lead-free 0.94(BiosNagsTiO3)-0.06BaTiO3
ceramics have been investigated [13]. At temperature
below 100°C, a transition from rhombohedral to
tetragonal phase shows dominant FE order and as
temperature reaches to 100 °C, the antiferroelectric
(AFE) order prevails. The composition shows a giant
unipolar and bipolar strain near the phase transition
among FE to AFE. In BNT-BT system, MPB has been
observed for 94 mol % BNT and 6 mol.% BT i.e.
(BiosNaps)0.94BagosTiO3 when synthesized by aerosol
deposition method (ADM) at room temperature (RT)
[14]. In another study, (BiosNaos)osaBaoosTiOs with
different ratios of Na and Bi were reported to exhibit a
high remnant polarization of 28.8 to 40.4 uC/cm? [15].
Similarly, the effect of the La®* and Zr** co-doping were
observed to enhance the energy storage properties of the
La* and Zr* doped (BiosNaos)o.s3BaooerTiOs solid
solution prepared by the conventional solid-state reaction
route [16]. Their substitution reduced P, and the E. but
enhanced the energy storage of the ceramics. The optimal
energy storage density of 1.21 J/cm® were obtain at
100 kV/cm. The efficiency of the ceramics was increased
up to 77 %. Similarly, an energy storage density of
0.59 J/cm?® was reported for
(BiosNaos)0.94Bao0s TiO3-KaosNaosNbOs  ceramics — at
E = 56 kV/cm [17]. The energy storage properties of the
(1-x)(0.92Bip5Nag5Ti03-0.08BaTiO3)—xNag 73Bio.0sNbO3
ceramics were investigated [18]. Optimum properties
were obtained for the composition x = 0.20 which
exhibited Jrec = 1.36 J/cm® and n = 74 %. Similarly, there
are so many other NaNbOs—modified systems that have
been investigated for capacitors applications which
shows the shifting of Curie point towards RT and below,
and also resulted into increase the thermal stability of
dielectrics [19, 20]. Therefore, keeping in view the above

discussion, we have chosen
[(Bi0,5Nao_5)o_94Bao,oe]1.><NaxTi1.><N be3 system and
investigated  dielectric, ferroelectric and optical

properties for potential application in electronic industry.

I. Experimental technique

[(Bio,5Nao_5)o_94Bao,oe]1.xNaxTi1.bex03 (X = 0.05 and
0.10) ceramics were prepared using reagent grade
BaC03, N6.2C03, TiOZ, BizOs and Nb205. The raw
powders were dried and then weighed according to the
molar ratios. The batch compositions were mixed and
milled using mortar and pestles in acetone. The milling
was continued for an hour for homogeneous mixing. The
mixed/milled powders were dried in oven. The powders
were kept in closed alumina crucibles and calcined at
900 °C for 2 h. To dissociate agglomerations (if any) and
reduce particle size, the calcined powders were re-milled.
The calcined powders were pressed into circular pellets
of 10 mm diameter by pressing them at a pressure of
about 1/2 ton for 60 sec, using a uniaxial hydraulic pellet
press. The green pellets were sintered at temperature
ranging from 1100 to 1150 °C for 2 h.

Phase identification of the sintered pellets was
carried out using a Philips X- ray diffractometer with
Cu-Ka radiation source, having wavelength of 1.5406 A
was used. Raman spectra were collected at room
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temperature using Renishaw-Raman spectrometer using
514 nm of Ar laser. Microstructure of the samples was
examined using a JEOL-Scanning Electron Microscopy
(SEM). Dielectric properties as a function of temperature
were measured using HP-4284A LCR meter. The
polarization—electric field (P-E) hysteresis loops were
measured using Radiant Ferroelectric tester at room
temperature.

1. Results and discussion

X-ray diffraction patterns of the
[(Bi0_5Nao,5)0,94Bao_06]1.xNaxTi1.XNbx03 (X =0.05 and 0.10)
samples, sintered at 1150 °C for 2 h are shown in Fig. 1.
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Fig. 1. X-ray diffraction pattern of

[(Bi0_5Nao,5)0,94Bao_oe]1.xNaxTi1.><Nbx03 (X = 0.05 and

0.10), sintered 1150 °C for 2 h, showing the formation of
single-phase perovskite structure.

The diffraction patterns matched JCPDS # 89-3109,
for cubic structure. No evidence of secondary phase(s)
was found in the diffraction patterns of these samples
which shows the solubility of the Na* and Nb®* in the
base composition BNBT. From the X-ray diffraction
patterns, it can be observed that the peak ~ 46.5° has
been splitted and has become a single peak with the high
concentration of sodium niobate (NN). For the
composition at x = 0.05, the splitting of (002)/(200) is
also reported previously [21]. This also shows the
character of morphtrophic phase boundries of BNT-NN.
The merging of peaks can be explained on the basis of
incorporation of Na* and Nb% in BNBT. Since, Nb®* is
incorporated at the
B-Site having an ion radius of 0.64 A and has a different
valency and ionic radius than the Ti** [22]. Thus, we
conclude that at x = 0.05, the structure is psudocubic and
at x = 0.10, the structure transform to a cubic structure.

Raman spectra of the
[(Bi0_5Nao,5)0,94Bao_05]1.xNaXTi1.xNbeg, (X = 0.05, 0.10)
samples are shown in Figure 2. The Raman spectra is
similar to that of previously reported for the BNT-NN
[23]. The peak near ~114 cm™ is assigned as a A1(TO;)
mode which is due to the vibration of A-site cations [24].
The band near ~261 cm™ is dominated by Ti-O vibration
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Fig. 2. Raman spectrum
[(BigsNaos)o.94Bao.os]1-xNaxTizxNbO3 (x = 0.05 and
0.10), sintered 1150 °C for 2 h.

of

are assigned as E(TO3). The bands near 261 and 603 cm™!
were observed to shift to lower wavenumbers with
increasing concentration of the NN which may be due to
incorporation of Nb%, forming an NbOs octahedra and
increasing concentration of Na* ions [23]. The band at
~541 cm™and 603 cm™ may be due different sets of TiOs
by NbOg octahedra [25]. The broader peak at 775 cm™is
observed to be the same for all sample which are
assigned as (Ai1g) appear only when the B-Site is shared
by two are more cation [26]. The first sharp Raman band
and the weaker broader which is indicative polar nano
regions (PNRs) [27]. The Raman spectroscopy results
were in good agreement with the XRD result which
confirm the formation of the cubic/pseudocubic structure.
The Raman bands of
[(Bi0,5Nao,5)o,g4Bao,oe]1.xNaxTi1.bex03 (X = 0.05, 0.10) are
compared and in good agreement with the literature,
Table 1.

Figure 3 shows the SEM micrographs of the polished
surface and thermally etched at temperature 10 % less

Table 1
Comparison of the Raman band of [(Bio.sNao.5)0.04Bao.0s]1-xNaxTi1-xNbxO3 with the literature review
Composition Raman bands Ref.
[(Bio.sNao.s)o.94B€io.oe] 1:xNaxTiz-xNbxOs 114 261 541 603 775 863 Present
(x=0.05) work
NBT-BT 142 281 531 585 748 860 [29]
NBT 120 274 527 573 750 869 [24]
NBT 131 279 521 576 754 829 [30]
NBT 135 276 514 582 767 845 [31]
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Fig. 3. SEM micrographs of the ceramic of [(Bio.sNao.s)0.94Bao.os]1-xNaxTi1xNbxO3 (x = 0.05 and 0.10).
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than the sintering temperature at different magnifications.
The secondary electron images show polycrystalline
microstructure having almost cuboidal like grains with
dimensions ranging from ~1 to ~5 pum in length for the
sample x = 0.05. The grains are closely bound but there
were still some voids present in the microstructure with
the increasing composition of the NN. No clear grain
morphology was observed in the polished x = 0.10
sample; however, some cuboidal like grains can be seen
in void.

Figure 4 shows the relative permittivity (&) and
tangent loss (tand) as a function of temperature at
different frequencies 1 kHz to 1 MHz in the
temperature - range from 25 °C to 500 °C. For x = 0.05
sample, relative permittivity (3920) at temperature of
maximum relative permittivity (Tm) at 252 °C decreased
from ~2640 (at 94 °C) with increase in X which was less
than that of pure BNT-BT. Similarly a decreasing trends

was observed in the e&may at Tm which is due to
replacement the Bi** having larger ionic polarizability
than Na* [28]. The composition x = 0.05 has a maximum
& of 3920 with the low tand at RT i.e., < 0.025 at 1 KHz.
The ceramic had a high & value &rmidy2so = 3914 + 15 %,
stable across a wide-temperature-range 79 — 350 °C with
a minimum tand < 0.025 stable over the temperature-
range of 104 — 279 °C.

Further increasing the amount of NN to x = 0.10, the
ceramic had a high value of relative permittivity at mid
temperature i.e., & = 2643 £ 15 % (45 - 374 °C) which
showed that the lower and upper temperature stability
range was improved. Further the system had low tangent
loss < 0.025 across 94-301°C and minimum
tandrr) = 0.05 as shown in Table 2.

The energy storage properties of the dielectric
material were calculated from the hysteresis loop. The
polarization versus electrical field at RT is shown in the
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Fig. 4. Temperature versus g; and tand for [(Bio.sNaos)0.94Bao.os]1-xNaxTi1-xNbxO3 (X = 0.05 and 0.10) ceramics.

Table 2
Dielectric properties of [(Bio.sNao.s)o.94Bao.os]1-xNaxTiixNbyO3 (x = 0.05, 0.10).
- ans T-range (°C) T-range
X (°C) Er(max) & (RT) (RT) &' (mid)250°C £ £15% tand < 0.025
(1 kHz) (1 kHz)
0.05 252 3921 2097 0.052 3914 79-350 104-279
0.10 94 2643 1957 0.05 2566 45-374 94-301

610



Dielectric, Ferroelectric and Optical Properties of Na and Nb co-Doped (Bio.sNag.s)0.94Bao.osTiO3

Figure 5. The ceramics showed that the solid solution can
withstand at high voltage. Maximum polarization (Pmax)
value was observed to be increase with increasing the
voltage for both samples with x = 0.05 and 0.10 while the
value of Pmax was observed to be decrease with
increasing concentration of x. A similar trend as observed
for the relative permittivity in the upper section. For x =
0.05, the ceramics had an ED and n = 0.40 and 82 %,
respectively at 50 kV, Table 3.

Table 3
Pmax, Remnent polarization (Py), electric field (Ec),
recoverable energy (W) and efficiently (n) for
[(Bio_5Nao,5)o,94Bao_oe]1.xNa><Ti1.bexO3 (X = 0.05, 0.10)

ceramics.
c P P E, W n
ompo -2 2 rec
sition (uClem?)| (uClem?) | (kV/cm wem®) | %
0.05 24.35 4.08 6.95 0.40 82
0.10 16.16 1.61 4.40 0.32 72

While for x = 0.10, the system exhibited an ED and n
value of 0.32 and 72 %, respectively at 50 kV. Thus, it
was concluded that further introducing Na and Nb ions

x=0.05

will degrade the efficiency and ED of the system.

In term of the direct and indirect band gap material
may be characterized using UV-vis spectroscopy.
Kulbelka Munk relation is used for optical absorbance,
given by equation as:

FR)= —(1;:)2 < @

The absorption coefficient ‘a’ is directly related to
F(R), optical absorbance while in the equation s’ is the
scattering coefficient and ‘R’ is the relative reflectance.
The Tauc equation is used for the band gap, given as:

(F(R).hu)%= B(E, —hv) > (2

Figure 6 shows the plots between (cthv)? versus hv
for [(Bio.sNao.s)0.94Bao.os]1xNaxTi1-«NbxO3 (x = 0.05, 0.10)
ceramics. The band gap calculated from these plots were
3.08 eV for sample with x = 0.05 which decreased to
3.06 eV with further increase in x up to 0.10. The
substitution of Na Nb has modified the band gap values.
Band gap is also influenced by oxygen vacancies but in
the present case, the change is due to modification in
lattice via Na and Nb doping.

- 10 kV 304 x=0.10
E 30 kV| | g
o 50 kV 204 S
2 + 80KV {g
e 10{c
E (Kv/icm) » E (Kv/cm)
20 40 60 -80 20 40 60 80

Fig. 5. PE-hysteresis Loop of [(Bio.sNaos)0.94Bao.os]1-xNaxTi1xNbxO3z (x = 0.05 and 0.10) samples measured at RT.
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Fig. 6. Plots between (ahv)? versus hv for [(BiosNaos)o.94Bao.os]1-xNaxTi1-xNbxOs (x = 0.05 and 0.10) ceramics.
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Conclusion

The effect of Na* and Nb%* substitution on the
structure, microstructure, dielectric properties and energy
storage performance of (BiosNags)o94BaoosTiOs was
investigated. X-ray diffraction analysis revealed the
formation of single-phase cubic structure which was also
confirmed from the Raman spectra of the ceramics. The
optical band gap values were 3.08 and 3.07 eV for
sample with x=0.05 and 0.10, respectively. The
dielectric properties of the ceramic solid solution were
greatly affected by the addition of Na* and Nb%*. Tn
value shifted towards the low temperature from 252 °C to
94 °C with increase in X. The maximum dielectric

constant was observed for the composition with x = 0.05
i.e., 3921, which was stable across the temperature range
79-350°C with tand <0.025 (104 -279°C). The
temperature stability range of relative permittivity was
enhanced with increase in x at the cost of decrease in
relative permittivity. The energy storage calculations
showed that the restored energy and efficiency decreased
with increasing Na* and Nb® substitution in the host
lattice of BNTBT, suggesting that the addition is not
useful to enhance its energy storage characteristics.
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Acid Ani, Xaitaa 3axin

JieJleKTpU4HI, CErHeTOeJTeKTPUYHI TA ONTHYHI BJIACTUBOCTI
(BiosNaos)0,94Bao,os TiO3, 1erosanoro Na ta Nb

Dizuunuil paxyromem, Yuieepcumem A60yn Bani Xana Mapoan, Iaxucman, asif.lfmd@gmail.com

Kepamiunnit [(BiosNaos)o94Bao.os]1xNaxTizxNbxOs (x = 0.05 Ta 0.10) oTpumaHO BiZOMHM CIIOCOGOM
TBEPIOTIIBHOTO cHikaHHS. PeHTreHoaudpakuiiHuii aHami3 3pa3KiB BKa3aB Ha (OPMYBaHHS KyOidHOI CTPYKTYPH.
[NonibHa cTpyKTypa CHOCTEPIraeThCsl i3 paMaHIBCBKUX CIEKTPIB IOCTIHKYyBaHUX 3paskiB. ONTHYHA IMIKMpHUHA
3a60pOHEHOT 30HM 3paskiB Jemo 3MeHmyBanaca Big 3,08 mo 3,06 eB npu nonasanmi pisaie Na* ta Nb*.
Honasanns Na* i Nb%* smictumno Tm y 6ik kiMHAaTHOI TemmepaTypu. 3pa3ok i3 X = 0,05 MaB cTabiIbHY BiTHOCHY
MIPOHUKHICTD €x(mid) = 3914 y miamasoni Temmepatyp 79 - 350 °C i tand < 0,025 (104 - 279 °C). I'ycruna eneprii
3paska i3 X = 0,05 cranosuna 0,4 JIx/cm, sika sMenmmunach 10 0,32 x/cm® py HAKNANAHH] €MeKTPUYHOTO MOJIs
50 kB/cMm 3 moganbium 3aminterrsaM Nat i Nb°* (to6to x = 0,10).

Karouosi cioBa: BaTiOs; BiosNaosTiOs; mienekrpuuni BiIacTHBOCTI; (pepOETEKTPHUUYHI BIIACTHBOCTI;
T'yCTHHA €Hepril.
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