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ABSTRACT. Lead-free piezoelectric 0.9(Nag 97Ko.03NbO3)-0.1BaTiOs ceramic has been synthesized using conventional
solid-state reaction method. The results of X-ray diffraction analysis (XRD) show that the prepared sample displays
typical perovskite structure with tetragonal space group P4mm. The crystal structure of 0.9(Nag 97K003NbO3)-0.1BaTiO;
powder was determined by Rietveld refinement analysis. The charge density distribution of the prepared sample has been
investigated by using maximum entropy method. The optical band gap of the solid solution has been investigated using
UV-visible spectroscopy (UV-Vis). Scanning electron microscopic (SEM) measurements were performed to study the
surface morphology. The elemental composition of the 0.9(Nag 97K0.03NbO3)-0.1BaTiOs sample was analyzed by energy-
dispersive X-ray (EDS) spectrometer. The ferroelectric nature of the sample has been determined through polarization
and electric field hysteresis measurements.

Introduction. Lead-based piezoelectric materials like PZT (lead zirconate titanate) are the most
widely used piezoelectric materials for its superior piezoelectric properties, but these Pb-based
systems are highly toxic and volatile causing serious environmental hazards [1,2]. Recently,
considerable research has been intensified on lead-free based piezoelectric materials [3]. In this
context, (Na, K) NbOs based ceramic systems are emerging as promising candidates for replacement
of lead-based ceramics due to their excellent piezoelectric properties, high Curie temperature and
environmental friendliness. Pure NKN ceramics are difficult to synthesize using the solid state
reaction method due to the evaporation of K,O and Na,O at high temperatures and degradation of
resistivity and the piezoelectric properties. It is also very difficult to control the evaporation of Na,O
and K>O by muffling. So, to synthesize the pure NKN samples and optimizations have been adapted
by adjusting the Na/K ratio in A site of perovskite structure [4]. Several research works have been
carried out by doping the extrinsic materials to increase the piezoelectric properties of NKN-based
ceramic materials. Dopants such as LiTaOs [5], CuO [6], ZnO, LiSbOs3 [7], LiNbOs [8], BaTiO3[9],
SrTiOs3 [10], CaTiOs [11], AgTaOs [12], FeO5 [13], and SboOs [14] have been added to NKN-based
ceramics to form new NKN-based ceramic systems. In the present work, we report
0.9(Na.97K0.03NbO3)-0.1BaTiO3 ceramic was synthesized by solid-state reaction method. The
ferroelectric and piezoelectric properties of 0.9(Nao.97K0.03NbO3)-0.1BaTiO3 ceramic were analyzed
through charge density studies.

Experimental. Solid solution sample of 0.9(Nao97K0.03NbO3)-0.1BaTiO3 was prepared by
conventional solid-state reaction method. Na;CO;3; (99.99%), K2COs (99.99%), Nb2Os (99.99%),
BaCO3 (9.99%) and TiO; (99.99%) were used as starting materials. The raw powders were weighed
in the stoichiometric ratio of 0.9(Na.97K0.03NbO3)-0.1BaTiO3; and mixed through ball milling using
agate balls for 2 h. Then, the powder was calcined at 950 °C for 4 h. The powder was then pressed
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into discs (pellets) using a hydraulic press with 12 mm diameter and 1 mm thickness. These pellets
were then finally sintered at 1250 °C for 2 h. The prepared solid solution was characterized using
various techniques. The crystal structure and phase formation were confirmed by analyzing X-ray
diffraction pattern of the sample obtained by X-ray diffractometer (Bruker AXS D8 Advance) in a
wide range of angles (10° to 120°) with a scanning step size 0.02° at room temperature using CuKa
radiation (A = 1.54056 A). Surface morphological and the compositional study was carried out using
a scanning electron microscope (SEM) (JEOL JSM-6390LV) equipped with energy dispersive X-ray
spectrometer (EDS) (JEOL JED-2300). Optical band gap analysis was carried out using Varian, Cary
5000 spectrophotometer in the wavelength range of 200-2000 nm. Piezoelectric constant (ds3) of the
sample was measured using a Piezo-dss meter (SINOCERA, YE2730A ds3 meter), after poling the
pellet of the prepared ceramic sample in silicone oil at temperature 80 °C under 3-4 kV/mm for 30
min with no leakage current. P-E hysteresis loop was obtained by Radiant Precision Workstation
ferroelectric testing system at room temperature.

Results and discussion.
Structural analysis

Fig. 1(a) shows the powder X-ray diffraction pattern of the 0.9(Nao.97K0.03NbO3)-0.1BaTiO; solid
solution. No peak corresponding to any secondary phase was observed in the X-ray diffraction
pattern. It can be concluded that the Nao.97Ko.03NbO3; and BaTiOs; ceramics form a homogeneous
perovskite ABOs structure. The crystal structure of 0.9(Nao.97K0.03NbO3)-0.1BaTiO; ceramic possess
tetragonal with P4mm symmetry. The inset of fig. 1(a) shows the splitting of the 46° diffraction peak
(200) into (200) and (002) indicates tetragonal symmetry. In our work, the Rietveld refinement [15]
was performed through the JANA 2006 program [16]. The fitted profile is shown in fig. 1(b). The
lattice parameters and unit cell volume were calculated through of Rietveld refinement and are as
presented in table 1.

Table 1. Structural parameters.

Parameters Values
a=b (A) 3.9471(8)
c(A) 3.9283(7)
Space group Pdmm
Volume (A%) 61.30(2)
Density (gm/cc) 4.45(1)
Rp (%) 6.30
Robs (%) 2.13
*F(000) 79

*Number of electrons in the unit cell
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Fig. 1. a) X-ray diffraction pattern of Fig. 1. b) Fitted powder XRD profile.

0.9(Nao.97K0.03NbO3)-0.1BaTiOs,

Microstructural properties. To study the influence of BaTiOs content on the microstructure of
Nao.97K0.03NbO3 ceramics, their surface morphology was characterized by the scanning electron
microscopy. Fig. 2 shows the corresponding SEM pattern of0.9(Nao.97K0.03NbO3)-0.1BaTiO3; sample.
It can be seen that the SEM particles are finely distributed without much agglomeration. Fig. 3 show
the EDS spectra for the prepared samples. The result indicates that the constituent ions are present in
the respective samples in expected proportion. No additional impurities are detected in the EDS
spectrum. The numerical values of the percentages of atom and weight are given in table 2. It is
interesting to note that the preparation condition completely favors the formation of mixed BaTiOs
and allow us to study the effect of the properties of the Nao.97Ko.03NbO3.

20kV  X5,000 5um 0000 1142 SEI

Fig. 2. SEM image.
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Fig. 3. EDS spectra.
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Fig. 4. UV-Visible plot.

Table 2. EDS elemental composition for 0.9(Nao.o7K0.03NbO3)-0.1BaTiOs.
Weight (Wt %) Atomic (At %)
Na K Nb Ba Ti O Na K Nb Ba Ti O
13.06 | 0.77 | 47.79 | 9.37 | 1.51 | 28.51 | 1887 | 1.36 | 17.41 | 2.31 | 1.07 | 60.33

Optical properties. The band gap energy of the prepared sample 0.9(Nao.97K0.03NbO3)-0.1BaTiOs3,
ceramic was evaluated using UV-visible spectra. Optical band gap was determined using the equation
proposed by Wood and Tauc [17], ahv=A(hv-E¢)" where A is a constant, a is the absorbance, hv is
photon energy, E; is energy band gap, n=1/2 for direct band gap materials and n=2 for indirect band
gap materials. Using Tauc’s relation, a graph is drawn with the energy value in X-axis and (ahv)? in
Y-axis. By extrapolating the linear portion of the curve as shown in fig. 4, the band gap values are
estimated to be 3.40 eV.
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Fig.5. Ferroelectric P-E hysteresis loops of 0.9(Nao.o7Ko.03NbO3)-0.1BaTiOs ceramics at room
temperature

Ferroelectric and piezoelectric properties. The ferroelectric properties of the 0.9(Nao.97K0.03NbO3)-
0.1BaTiO3 ceramic was investigated in terms of their P-E hysteresis loop at room temperature as
shown in fig. 5. The maximum polarization (Pmax), remnant polarization (P;) and coercive field (Ec)
values observed for the sample are 23.83 uC/cm?, 20.12 uC/cm?, 1.3 kV/mm, respectively. The
piezoelectric coefficient (d33) of polarized 0.9(Nao.97K0.03NbO3)-0.1BaTi0O3 ceramic proves strong
piezoelectric responses of the prepared ceramics. The polarized ceramic 0.9(Nag.97Ko0.03NbO3)-
0.1BaTiOs have piezoelectric ds3 value of 110 pC/N. This implies an essential relation between the
piezoelectric property and the ferroelectric nature of the 0.9(Nao.97K0.03NbO3)-0.1BaTiO3 ceramic.

Charge density analysis from maximum entropy method. Maximum entropy method (MEM) [18]
1s an important and accurate technique to deal the electron density distribution in the unit cell because
of their probabilistic approach. Also, it only needs a minimum amount of information from the
observed XRD spectra and it yields least biased information. This method is packaged by the software
PRactice Iterative MEM Analyses (PRIMA) [19]. The structure factors extracted from Rietveld
refinement technique [15] were used for this study. The electron density distribution in the unit cell
was constructed through the PRIMA [19] software. The MEM calculation for 0.9(Nao.97K0.03NbO3)-
0.1BaTiOs ceramic was carried out using 64x64x64 pixels along a, b and ¢ axes of the tetragonal
lattice. The results are visualized using visualization software VESTA (Visualization for Electronic
and Structural Analysis) [19]. Three-dimensional charge density distributions in the unit cell of
0.9(Nao.97K0.03NbO3)-0.1BaTiOs is constructed with similar iso-surface levels of 1 e/A’ and are
presented in fig. 6 (a) and (c) with (001) and (002) planes shaded which gives a better view of how
the charges are spatially distributed between constituent atoms inside the unit cell. Fig. 6 (b) and (d)
shows that the two-dimensional charge density distributions on (001) and (002) planes with the
enlarged view of electron density distribution around Na, Nb and O atoms. It is evident that the
contour lines are faded away from the boundary of the Na and O atoms (fig. 6(b)) which reveal that
there is no charge accumulation at the middle of the bond. This qualitatively confirms that between
the Na and O atoms, the bond is ionic in nature. But, as far as the two-dimensional electron density
map for the Nb-O bond in the (002) plane is concerned, it is clear from the fig. 6(d) that there is an
increase of charges in the bonding region between the two atoms which authenticate that Nb-O bond
is covalent in nature. These results are quantitatively analyzed by plotting one-dimensional charge
density profile along Na-O and Nb-O, which are shown in fig. 7 (a) and (b). The mid bond electron
density values are tabulated in table 3. We have attempted to correlate the piezoelectric response of
0.9(Nao.97K0.03NbO3)-0.1BaTiO3 with charge density distributions in the host lattice. Then Nb-O bond
is facilitating the vibrations in the NbOs octahedrons. The mid bond electron density value between
Nb and O atoms is 1.0445 ¢/A> (table 3). The higher value of mid-bond electron density confirms
covalent character between Nb and O atoms. The presence of more charges in the mid-bond region
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of Nb-O atoms may be attributed to the enhanced ferroelectric and piezoelectric properties. The
maximum polarization and ds3 values for prepared sample are 23.83 pC cm™ and 110 pC N''. XRD
results show that the prepared sample possesses tetragonal structure that might be due to the increase

of off-centered octahedral Nb ion displacement. This may lead to enhanced ferroelectric and
piezoelectric properties of the composition.

Fig. 6. a) 3D unit cells of 0.9(Nao.o7K0.03NbO3)-0.1BaTiOs with a) (001) and c) (002) planes shaded.

Two dimensional electron density distribution on b) (001) and d) (002) planes for
0.9(Nao.97K0.03NbO3)-0.1BaTiOs,
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Fig. 7. One dimensional electron density profiles along a) Na and O b) Nb and O atoms.

Table 3. Bond lengths and mid bond electron densities for Na-O, Nb-O bonds.

Bonding
Na-O Nb-O
Bond Mid bond electron Bond length Mid bond electron
length (A) density (e/A%) (A) density (e/A%)
2.7901 0.0695 1.9741 1.0445

Summary. 0.9(Nap97K0.03NbO3)-0.1BaTiO3; ceramic has been prepared by solid state reaction
method. The phase and structural properties have been analyzed by X-ray diffraction in the
Nao.97K0.03NbO3 ceramic by doping BaTiOs. Piezoelectric, ferroelectric and charge derived properties
of the grown sample have been correlated. The covalent nature between Nb and O ions was revealed
from charge density studies, which are responsible for the piezoelectric properties of
0.9(Nao.97K0.03NbO3)-0.1BaTiOs. The band gap for the prepared sample was estimated by UV-visible
spectra and it found to be 3.40 eV. The morphological study was performed by scanning electron

microscopy. The elemental composition of the grown sample was also analyzed by using EDS
spectrum.
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