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Abstract
A comparison between the in uence of concurrent A and B-site acceptor-donor (Li,Nb) and donor-donor
(La,Nb) doping in Pb-free Bi 0.5 (Na 0.84 K 0.16 ) 0.5 TiO 3 –SrTiO 3 piezoelectrics on structure,
ferroelectric and high voltage induced strain were made. In this work, Lithium was chosen as acceptor
and Lanthanum was chosen as donor dopant on A-site and Nb 5+ as a B-site donor. Both modi er
impurities promoted a phase evolution from the coexistent of two phase structures (rhombohedraltetragonal) into a more symmetric single pseudocubic structure. Nonetheless, (La,Nb) donor-donor
doping induced the phase transition at 1 mol%, while (Li,Nb) acceptor-donor doping at 2 mol%.
Interestingly, acceptor-donor (Li,Nb) co-substitution results in the broadening of ergodic relaxor and
ferroelectric (ER-FE) mixed phase boundary which is favourable for multidevice applications. This
comparative study show that the A-site vacancies play a substantial role to induce the phase
transformation from nonergodic-ergodic relaxor (NR-ER) and the improvement in their high voltage
induced strain.

Introduction
The emphasis of piezoelectric study during the last decade was given to expansion of lead-free
alternative piezoelectric ceramics owing to the environmental issues and laws enacted on the Pb-based
(PZT and its solid solutions) piezoceramics [1–3]. Bismuth (Bi3+)-based perovskites are the lead-free
ceramics which have drawn a huge consideration due to similarity in electronic structure with Pb2+.
Bismuth sodium titanate (BNT) ceramic has tempted special interest owing to its environmental
friendliness, and good piezoelectric performance. Nonetheless, the problematic poling, low resistivity and
high recorded coercive eld are the downsides of unmodi ed BNT [2–4]. Various elemental alterations in
pure BNT have been prepared to improve the desired electromechanical properties [5–9]. Among BNTbased binary systems, BNKT is the highly tempting system with relatively better electromechanical
performance and morphotrophic phase boundary (MPB) likewise PZT ceramics.
Previous studies on BNKT-based piezoelectric ceramics found that the cation doping induces the
hardening and softening effect which can improve the piezoelectric and ferroelectric properties [10–15].
Soft donor doping disrupts the ferroelectric (FE) order by generation of A-site vacancies and increase the
dielectric, piezoelectric and electromechanical behavior [16,17]. On the contrary, the hardening effect due
to acceptor doping may generate oxygen vacancies and decreasing dielectric constant, loss, and
enhancing coercive eld and mechanical quality factor [16,17]. Thus, from both academic and industrial
viewpoints to probe the impacts of acceptor-donor and donor-donor doping on concurrent A and B-site of
BNKT based system have great attraction.
The present work compares the outcomes of concurrent A and B-site acceptor-donor and donor-donor
modi cations on the phase evolution, ferroelectric, high voltage induced strain and ferroelectric
performance of BNKT–ST ceramics.
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Materials And Methods
Piezoelectrics Bi0.5(Na0.84K0.16)0.5TiO3–SrTiO3 (x,y = 0.00–0.030) were developed by mixed-oxide
reaction. Reagent grade carbonates and oxides (in powders form) of Nb2O5, Na2CO3, K2CO3, TiO2, La2O3,
SrCO3, Li2CO3 and Bi2O3 (~99.9% Sigma Aldrich St. Louis) were utilized. The hygroscopic Na2CO3 and
K2CO3 powders were put in oven at 100°C for 24h. The powders were weighed as per their respective
stoichiometric formulae and then put at ball-milling for 24h by utilizing ethanol and zirconia balls. The
prepared slurries were heated and calcination was carried out at 850 °C for 2 h. Then, the mixture of
powders was put at ball-milling again for 24h and completely dried in oven. Uniaxial pressing was used
to produce disc-shaped samples (diameter of 10mm) at 98 MPa. These disc samples were annealed at
the temperature of 1160°C with the dwell time of 2h.
Samples were coated by paste of silver and put in furnace at 650°C for the dwell time of 0.5h to form
permanent electrodes. Poling process was done in bath of silicon oil by applying dc eld of 3-4 kV/mm.
X-ray diffraction (XRD, X’pert MPD 3040, Philips, The Netherlands) was utilized in this study to
characterize crystal structure analysis. Polarization vs. electric eld hysteresis (P– E) was analyzed by
utilizing ferroelectric tester (Manufactured by Precision LC, Radiant Technologies Inc., Albuquerque, NM).
Piezo strain property was recorded by utilizing contact-type sensor for displacement measurement
(Millitron; Model 140).

Results And Discussion
XRD Phase analysis were conducted for all sintered specimens of different concentrations, as shown in
Figure 1. For unmodi ed BNKT–ST (x,y = 0.00), the coexistent tetragonal-rhombohedral phases, shown by
splitting of peaks at ~40° and ~46°, related to rhombohedral of (111)/(1ī1) peaks and for tetragonal
symmetry of (002)/(200) peaks, respectively [18,19]. For both La-Nb and Li-Nb co-doped BNKT–ST
piezoceramics, as the doping concentration raised, the splitting of peaks in XRD at around ~40° and ~46°
fused into single pseudocubic phase re ection of (111) and (200) peaks, respectively. In case of La-Nb
co-doping, the structural phase transition was observed at x,y = 0.010, while Li-Nb co-doped system
showed phase transition at x,y = 0.020. This kind of phenomenon was observed previously in BNKTbased piezoceramics modi ed with Hf [10], Zr [11] and Nb [13].
The comparison of high voltage polarization induced hysteresis (P–E) and related composition
dependence of remnant polarization (Pr), coercive eld (Ec) and maximum polarization (Pm ) for La,Nb
and Li, Nb co-modi ed BNKT-ST piezoceramics at ambient temperature (RT) were presented in Fig. 2 and
Fig. 3 respectively. For unmodi ed composition (x,y = 0.00), well-saturated hysteresis with large Pr ~26
μC/cm2 and Ec ~36 kV/cm values con rm the of E- eld dependent irreversible evolution to normal-FE
phase from nonergodic relaxor (NR) nano-domain state, good agreement with the relatively abrupt peak
of current density (J) displayed in the J– E graphs at E = Ec = 3.1 kV/mm. The x,y = 0.00 composition due
to its small local random elds between polar nano-regions (PNRs) is predominantly NR state and
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converted rather easily from the randomly oriented frozen nano-domain state into a ordered state of
stable long-range FE (NR-FE phase transition) by applying relatively low critical E- elds slightly less than
Ec and saturated at ~50 kV/cm.
In case of La, Nb co-modi cation, 1 mol% of La and Nb co-modi cation partially replace the cations of A
and B-site of the host BNKT– ST piezoceramics respectively, due to their comparable ionic sizes. La+3 will
act as A-site donor [20] and Nb+5 [13] as B-site donor, and likely to produce A-site vacancies. The
produced vacancies may enhance the local random eld and break down the long-range FE order by
enhancing local random elds along with four current peaks. Consequently, the reversible transition from
FE to ergodic relaxor (ER) state occurs evident by the pinching of corresponding P–E loop [21–23]. On the
other hand, 1 mol % of Li, Nb co-substitution results in increase of Pr and decrease in Ec with improved
ferroelectricity. The role of Nb as a B-site donor may produce the A-site vacancies similar to La, Nb doped
ceramic. However Li+ is expected to enter the A-site (due to its comparable ionic size to Bi, Na, K and Sr)
may generate oxygen-vacancies which can be responsible for stabilization of FE order by domain pinning
and delay the reversible FE-ER phase transition up to 2 mol% of Li,Nb, as con rmed from relatively sharp
corresponding J– E curves. The comparison shows that 1mol % Li (acceptor), Nb (donor) doping results in
improvement of FE state while 1mol% La (donor), Nb (donor) doping signi cantly disturb the FE order.
Furthermore, the compositions (Li, Nb 0.020 and 0.030), shows almost similar pinching, indicating the
broad boundary of strain-generating FE-ER phase transition which is interesting from practical
applications point of view. On the contrary, a narrow compositional FE-ER phase boundary was observed
for La, Nb 0.010 composition. From these observations, it is suggested that A and B-site concurrent donor
doping is more effective to destabilize the long-range FE order rather than the simultaneous A-site and Bsite acceptor-donor dopent.
A noticeable difference between the two modi er elements La,Nb and Li,Nb was also observed in their
effects on the bipolar strain (S–E) loops. Figure 4 displays the strain versus electric eld hysteresis curves
of La,Nb- and Li,Nb-modi ed BNKT– ST piezoceramics measured at room temperature. An un-modi ed
BNKT– ST demonstrated a typically butter y-shaped curve, which has been detected in ferroelectrics
[24,25]. The de nite value of negative strain (Sneg) at both +Ec and – Ec suggests the existence of FE
domains, whose orientations switched when the external applied eld is reversed. Similar to polarization

P–E loops, 1mol % La, Nb composition drastically affect the FE long-range order evident by vanishing of
Sneg. For this composition, the comparable free energy of ER and FE states destabilize FE state under unbiased conditions and the inter-conversion between induced FE domains and nano-domains occur with a
comparatively large electric- eld-induced strain response and almost zero Sneg. On the other hand,
1mol.% Li, Nb concurrent acceptor-donor doping maintained its FE order with the enhancement of Sneg
and maximum strain (Smax) due to the exible response of domains re-orientation to the external electric
eld. The Sneg is symbolized by the difference between lowest strain points and the zero- eld strain of the
butter y loop and the Smax corresponds to the strain from zero- eld to the maximum electric eld (Emax)
[21]. From strain measurement data, both Sneg and Smax were calculated and plotted as a function of
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dopant contents in Fig. 5. With further donor-donor (La,Nb) co-addition, system transform to a typical ER
state. On the contrary, acceptor-donor (Li,Nb) co-substitution results in the delay of onset of ER state and
broadened the ER-FE mixed phase boundary which is favourable for industrial applications.
Fig. 6 shows the comparative values of energy storage density (W), energy storage e ciency (η) and low
energy loss density (Wloss) of both compositions. These are the three important ligands of dielectrics for
energy storage applications and determined from P– E loop by using following equations (see Equations
1 and 2 in the Supplementary Files)
It can be realized from Fig. 6 that a relatively high energy storage density of 0.38 J/cm3, lower energy loss
density (0.14 J/cm3) along with good e ciency (60%) were observed for La, Nb system at x = 0.020.
While for Li, Nb system, the values of energy storage density, loss and e ciency were 0.38 J/cm3, 0.29
J/cm3 and 25% respectively. These results suggest that the La, Nb system showed greater energy density
properties. The observed energy density values obtained for La, Nb system are comparable to previous
results [26–28]. The higher energy density response could be related to the relatively higher Pmax and
small Pr and Ec values.

Conclusion
The present work methodically compared the impacts of co-doping of (La,Nb) and (Li,Nb) on the
structural and electrical performance of lead-free BNKT– ST piezoceramics. The acceptor-donor (Li,Nb)
and donor-donor (La,Nb) concurrent A and B-site doping exhibited clear differences in ferroelectric and
strain and properties. La,Nb co-doping promoted FE to ER transition more strongly with 1mol% La,Nb
substitution. On the contrary, 2 mol% Li,Nb co-doping carried a ferroelectric-relaxor crossover, where an
abnormal rise in strain property was observed. It is interesting to note that Li,Nb co-modi cation resulted
in compositional stable strain value owing to broadness of FE-ER mix-phase boundary (2– 3mol% Li,Nb
doping), which is favorable for multidevice applications. This comparative study show that the A-site
vacancies play a substantial role to induce the phase transformation from nonergodic-ergodic relaxor
(NR-ER) and the enhancement in their eld-induced strain response. Furthermore, relatively good energy
density properties were obtained for La,Nb system.
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Figures

Figure 1
XRD patterns as a function of doping level: (a) La,Nb (b) Li, Nb, for x,y = 0.00–0.030 compositions
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Figure 2
Comparison of La,Nb and Li,Nb co-doping effects on the P–E and J–E hysteresis loop of BNKT–ST
ceramics.
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Figure 3
Effect of doping level on (a) the coercive eld (Ec), (b) remnant polarization (Pr), of La,Nb and Li,Nb codoped BNKT–ST ceramics.
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Figure 4
Effect of dopant contents (La,Nb and Li,Nb) on the bipolar S–E hysteresis loops of BNKT–ST ceramics.
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Figure 5
Variation of (a) negative strains (Sneg) and (b) maximum strain (Smax) as a function of La,Nb and Li,Nb
co-dopants.
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Figure 6
Calculated energy Storage density, loss and e ciency of La,Nb and Li,Nb co-dopants.
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