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Supplementary Discussion

From the XRD (Supplementary Fig. 15) and SEM (Supplementary Fig. 14C) results, BNT
and TiO2 are well combined. The addition of TiO2 does not affect the symmetry of BNT with
temperature shown as the dielectric temperature curve, but the corresponding temperature of loss
sudden increase move to low-temperature obviously (Supplementary Fig. 27), which is due to the
lower activation energy of oxygen vacancy at high temperature. The morphology of the domain
was observed by TEM (Supplementary Fig. 26). It was found that the radially shaped domains
centered on the TiOz2 grain, and the domain size at the grain boundary was small. Moreover, the
domain was also interwoven like that in BNT-2. It indicates that the existence of TiOz2 influences
the local electric fields at the interface between titanium oxide and BNT, and further influences
the domain distributions near the TiO2 grains. The asymmetric strain curve can be seen in
(Supplementary Fig. 28). The strain of BNT-TiOz is between BNT-1 and BNT-2. Compared with
BNT-2, the decrease of strain may be related to the distribution of TiOz in the ceramics, which
depends on whether the grains of TiO2 and BNT can be well sintered together. Moreover, the low
compact ceramics will also lead to leakage conduction and electric breakdown, and a decrease of
strain. The results of this control experiment show that the appropriate defects in BNT-2 will lead
to more obvious structural disorders and affect the growth of domains. Excessive defects will lead
to the formation of TiO2. The large electrostrain of BNT-2 is not caused by TiO2 due to excessive
volatilization of elements but the structural disorder caused by the formation of appropriate defects

in BNT.
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Supplementary Fig. 1. Scheme of experimental sintering setups. To inhibit the volatilization
of Bi and Na, and thus to reduce the A-site vacancy and oxygen vacancy defects, the green bodies
of BNT-1 are embedded in the mother powder and sintered in an alumina crucible with an alumina

lid. In the case of the BNT-2, the Al2Os lid is replaced by a ZrOz lid with a porosity of 20%.



A 03 175°C 45 78T~ 175°C
£
150°C 150°C = 150°C
£
S 25C L125°C = 25°C
< Z
5 100°C 100°C 2 100°C
= 3
e 75°C 75°C = 75°C
e
50°C 50°C s - 50°C
[v]
25C 25°C 25°C
04 : . = .
275°C 45 275°C i 275°C
03 ] 0 S
7 L250C 250°C < 250°C
c =t é
% 02{ s i é >
© S / 2sc g O wsc 2 225°C
5 014 / = 3
A NN S 2 -
. 7 c 7
o 200°C 0] 200°C g 200°C
3
-45] = 06
Q1 T T T T T T T T 175°C 175°C . 175°C
8 6 -4 -2 2 4 6 & 8 6 -4 -2 2 4 6 8 8 6 -4 -2 2 4 6 8
E (kV/mm) E (kV/mm) E (kV/mm)

Supplementary Fig. 2. Piezoelectric performances. (A) and (D) Bipolar strain curves, (B) and

(E) P-E hysteresis loops, (C), and (F) I-E curves of BNT-1 at different temperatures.
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Supplementary Fig. 3. Piezoelectric performances. (A) and (D) Bipolar strain curves, (B) and

(E) P-E hysteresis loops, (C), and (F) I-E curves of BNT-2 at different temperatures.
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Supplementary Fig. 4. Temperature dependence of dielectric constant (¢r) and loss (tan §)
of BNT samples under different frequency. (A) BNT-1, (B) BNT-2, (C) polarized BNT-1, and

(D) polarized BNT-2 samples
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Supplementary Fig. 5. Ab initio MD simulation of A-O and B-O bond of BNT-1 and BNT-2.
The pair correlation function of (A) Bi-O bond, (B) Na-O bond, (C) Ti-O bond at the temperature
of 100 K, 300 K, and 600 K. Ti-O distance remains almost unchanged, indicating the oxygen
octahedra maintains stable during the increasing temperature process. The Bi-O distance and Na-
O distance show an obvious increase with increasing temperature, indicating the large ionic
diffusion of Bi and Na among the neighboring octahedra gaps. The Na-O distance is larger than
that of Bi-O distance, revealing the larger free degree of ionic diffusion of Na than that of Bi. This

is originated from the hybridization of Bi 6p and O 2p states.
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Supplementary Fig. 6. Bipolar strain curves of BNT-2 under continuously different
waveform electric field. A high and a low strain state are observed, which can be switched by

controlling the direction of the electric field.
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Supplementary Fig. 7. Bipolar strain curves of BNT-1 under continuously different

waveform electric field. The waveform is the same as that in Supplementary Fig. 6.
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Supplementary Fig. 8. Phase signal ¢33 and small-signal d33 of BNT-2 under continuously

different waveform electric field. The waveform is the same as that in Supplementary Fig. 6.

10



100
270 270
* 180 50 180
< N > -
& 0
S % g IS - %0 9_(;
< o S & w 0o 3
R ke A oo o
T -100 -90 am G 00 -90 EE
-150 -180 50 ey 180
-270 s -270
-200 -200
6 9 9 6 -3 3 6 9
E (kV/mm)
e 270 o
" W - _w
2 o = o) >
0 © <
IS - IS
a ] o =
& =50 [roopmanceinet 0D S 50
™ o =
< 00 0 & < 00
-150 -180 -
-270
-200 -200
9 6 -3 3 6 9 9 6 -3 3 6 9
E (kV/mm) E (kV/mm)

Supplementary Fig. 9. Phase signal ¢33 and small-signal d33 of BNT-1 under continuously

different waveform electric field. The waveform is the same as that in Supplementary Fig. 6.

11



Supplementary Fig. 10 Schematic diagram of dynamic response of poling in Pb(Zr,Ti)O3
polycrystalline ferroelectric materials. The three distinguishable regimes of the dynamic
response are highlighted: 0) poled state, 1) initial non-180<domain wall movement, 2) main-
switching phase by a) nucleation and sidewise growth of 180=domains and b) 180 “polarization
reversal by a nucleated non-180“domain occurring by synchronized non-180“reversal in grain,
and 3) creep-like domain wall movement. The BNT-2 sample owns two stable polarization

intensities, like in (a) or (b) and 3. (Referred to Acta Materialia, 2018, 157, 355-363)
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Supplementary Fig. 11. Cyclic stability from fatigue tests of BNT-2. Measurements are

performed at the electric field of 5 kV/mm (1 Hz) and 150°C.
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Supplementary Fig. 12. TEM electron diffraction patterns of BNT-1 along different
directions. (a) [001], (b) [110], (c) [111], (d) [112]. In BNT-1, only a rhombohedral structure is

observed along all the [001],[110], [111], and [112] zone axes.
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Supplementary Fig. 13. TEM images of BNT-2 ceramics. (a) nano-sized ferroelectric domains
in BNT-2 ceramics, (b) enlarged view of the circle region in Fig. (a), (c) bright-field image of the

[110] spatial axis, (d) FFT of Fig. (c)
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Supplementary Fig. 14. Surface SEM images of BNT samples. (A) BNT-1, (B) BNT-2, and
(C) BNT-TiO2. SEM-EDS elemental mapping of (D) O, (E) Na, (F) Bi, and (G) Ti of BNT-

TiO2.
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Supplementary Fig. 15. X-ray diffraction patterns of the BNT-1, BNT-2, and BNT-TiO2.
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Supplementary Fig. 16. In-situ temperature-dependent XRD of BNT-1 (A) and BNT-2 (B) at
20-300°C. Both two samples have the same phase transition process with increasing temperature.
With increasing temperature, only the peak shift occurs, and the (002) peak splitting begins near
300°C, which proves that the samples enter into tetragonal phase. With the increase of temperature
and the decrease of remnant polarization, the electrostrain contribution of the reversible phase
transition will increase, so the maximum electric strain will be obtained at a higher temperature of

220°C, which comes from the synergistic effect of defect bias field and reversible phase transition.
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Supplementary Fig. 17. XPS spectra BNT samples. (A) Ti 2p, (B) O 1s, (C) Bi 4f and (D) Na
1s.
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Supplementary Fig. 18. Raman spectra of BNT samples. (a) BNT-powder, (b) unpoled BNT-
1, (c) unpoled BNT-2, (d) poled BNT-1, (e) poled BNT-2. Peaks are fitted for Ti-O, Bi-O, and Na-

O vibration modes. (f) Comparison of Ti-O vibration mode for different BNT samples.
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Supplementary Fig. 19. Relaxed geometry-lattice model of BNT. (A, G) Bi/Na order
distribution, (B, H) Bi/Na disorder distribution, (C) BNT with 1/16 Bi vacancy, (D) BNT with
1/48 oxygen vacancy, (E) BNT with 2/48 oxygen vacancy, (F, 1) BNT with 3/48 oxygen vacancy,
(G) BNT with Bi/Na order distribution. (A-F) in the view of (001) plane, (G-1) in the view of (100)

plane
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Supplementary Fig. 20. Relative ionic displacement of BNT with various amounts of oxygen
vacancy in reference with that of BNT with zero vacancies in the fractional coordinate. (A)
Bi ions, (B) Naions, (C) Tiions, (D) O ions. X, y, z represent the orientation of the coordinate axis
in the crystal lattice. O1, 02, O3 represent 1/48, 2/48, and 3/48 oxygen vacancy. Yellow shades

represent the large ratio corresponding to the inset geometry model.
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Supplementary Fig. 21. Relaxed geometry structure of BNT (001) surface with 1/48 oxygen
vacancy in the view of (A) (001) plane and (B) (110) plane. The (001) surface is modeled based

on the BNT (001) plane in Figure 5D.

23



(a) 40 (b 506 (©) 506
[100] [010]
0.04 1 0.041 0.04
£ £ £
[ Q Q
£ 0.02] £ 0.021 _ £ 002
[<7] <5} . a
% }\(‘ E v, /"' ‘\: %
3 0.004 -a_\\ e - = 0.00 -%g AN/ LhiAatet |3 0.00
L] R & N o]
fa A . |B
0.02] 0.02 0.021
—'—OK ——100K
-0.04 ‘ . . . . . . ‘ . -0.04 . . . . . . . . . -0.04 —‘—BOOK—"—&OOK
0 2 4 6 8 10 12 14 16 18 0O 2 4 6 8 10 12 14 16 18 O 2 4 6 8 10 12 '\4 '\6 18
Tiion Tiion Tiion

Supplementary Fig. 22. Temperature effects of ferroelectric ionic displacement of BNT. It

is performed at 0, 100, 300 and 600K along [100], [010] and [001] direction.
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Supplementary Fig. 23. Total and partial density of states of BNT with (1/48, 2/48, 3/48)

oxygen and 1/16 bismuth vacancies. Fermi level is at 0 eV.
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Supplementary Fig. 24. ELF of BNT. (A) BNT with 1/48 oxygen vacancy, (B) BNT with 2/48

oxygen vacancy, (C) BNT with 3/48 oxygen vacancy.
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Supplementary Fig. 25. Gibbs free energy of BNT with disorder Bi/Na distribution at 1400K

from MD simulation.
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Supplementary Fig. 26. TEM images of the domains of BNT-TiO2 ceramics.
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Supplementary Fig. 27. (A) Temperature dependence of dielectric constant (¢r) and loss
(tan ). (A) BNT-TiO2, (B) polarized BNT-TiO2, and (C) a comparison of polarized BNT-1,

BNT-2 and BNT-TiO2.
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Supplementary Fig. 28. Piezoelectric performances of BNT-TiO2 ceramics. (A) P-E hysteresis

loops and (B) Bipolar strain curves of BNT-TiO: at different temperatures. (C) The maximum

strain of BNT-TiO2 at different temperatures.
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Supplementary Fig. 29. Strain memory effects of BNT-2 ceramics. (a) Schematic diagram of
strain memory effect of BNT-2 ceramics. (b) Hysteresis curves at the different electric fields. (c)

Bipolar strain curves at the different electric fields.
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Supplementary Fig. 30. Strain memory effects of BNT-2 ceramics under different

electric fields.
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Supplementary Table 1. Element content testing by ICP-OES.

BNT-1 BNT-2 unit

Bi 49.73 50.06 wt%
Na 5.203 5.193 wt%
Ti 22.86  23.12 wt%
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Supplementary Table 2. Maximum electrostrain of state-of-the-art lead-based and lead-free
polycrystalline piezoelectric. The present work shows the highest values in both room
temperature and high-temperature regions. The electrostrain of present lead-free polycrystalline

piezoelectric is higher than lead-based piezoelectric ceramics.

. Smax Temp. Lead-
Materials (%) ©C) Structure free Ref.

BMT-PMN-PT 0.39 25 Textured ceramic No !

PYN-PMN-PT 0.18 25 Textured ceramic No 2

BMT-PMN-PT 0.42 25 Textured ceramic No 3

PSN-PMN-PT 0.13 25 Polycrystalline No 4
ceramic

PZN-8% PT 1.7 25 Single crystal No ’

PMN-PT 0.28 25 Textured ceramic No 6

PMN-PT 0.14 25 Polycrystalline No 7
ceramic

PMN-PT 0.23 25 Polycrystalline No 8
ceramic

PMN-PT 0.52 55 Single crystal No ?

BFO-PT-La 13 25 Polycrystalline No 10
ceramic

BCZT 0.48 25 Polycrystalline Yes n
ceramic

Fe-BT 0.75 25 Single crystal Yes 12

KNN 0.9 25 Single crystal Yes 13

BNKT-SBTZ6 0.72 25 Polycrystalline Yes 14
ceramic
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Supplementary Table 3. Raman fitting parameters of BNT ceramics. xc is the center of

peaks, w is the full width at half maxima(FWHM)

Bi-O Na-O Ti-O [TiO6] octahedra
Peak 1 | Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
Samples

XC W | XC W |[XC W |XC W |XC W |[XC W

BNT-powder 82 9 [135 39 (281 97 519 83 | 585 83
BNT-1unpoled 83 11137 51 [283 96 [390 62 |[494 69 |564 131
BNT-2unpoled 82 12137 52 | 284 97 |389 64 [495 54 |561 138
BNT-1poled 83 15|138 71 | 255 76 |315 136|525 77 |563 173
BNT-2poled 81 19|130 100|260 107 | 361 135|528 154|653 286
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Supplementary Table 4. Relative ionic displacement of Ti ions of BNT. Various amounts of
oxygen vacancies in reference with that of pure BNT in the fractional coordinates are listed. x, y,

z represent the orientation of the coordinate axis in the crystal lattice.

Atom 1/48 vacancy 2/48 vacancy 3/48 vacancy
X y z X y z X y V4

Til 0% 0% 0% 3% -4% 0% 3% -7% -1%
Ti2 -1% 0% 0% -3% -1% 0% -6% -1% 0%
Ti3 0% 0% 0% 0% 0% 0% 0% -4% 1%
Ti4 1% 1% 0% 0% 2% -1% 0% 1% 0%
Ti5 9% 7% 0% 5% 9% 0% -4% 8% 1%
Ti6 -20% 0% 0% 10% 1% -1% -89% 2% 2%
Ti7 1% -17% -1% 1% -25% 0% 1% -6% 3%
Ti8 0% 0% -1% 0% 0% 3% -4% 1% 2%
Ti9 1% 0% -1% 2% 0% 1% 2% 0% 0%
Til0 1% 0% -1% 1% 0% 0% 2% -1% 2%
Till 0% 1% -2% 0% -1% -1% 0% 2% 1%
Til2 -1% 0% 3% -1% 0% 3% 0% -1% 2%
Til3 21% 15% 0% 50% 21% 0% 142% 9% -1%
Til4 -26% 0% 0% 147% 2% 1% 175% 1% 1%
Til5 1% -6% 0% 1% -24% 0% 2% 8% -1%
Til6 -2% -3% -1% -1% -3% -1% -7% 1% 0%
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Supplementary Table 5. Relative ionic displacement of Bi and Na ions of BNT. Various
amounts of oxygen vacancies in reference with that of pure BNT in the fractional coordinates are

listed. X, y, z represent the orientation of the coordinate axis in the crystal lattice.

Atom 1/48 vacancy 2/48 vacancy 3/48 vacancy
X y z X y z X y V4

Bil 2% 9% 0% 2% -96% 0% 6% -62% 2%
Bi2 -3% 1% -1% -16% -5% 8% -21% -6% 6%
Bi3 -11% 0% 13% -12% 1% 23% -17% 2% 47%
Bi4 0% 0% -7% 0% -1% 1% -1% 1% 33%
BiS -2% 1% 7% -1% -1% 28% -17% -4% 9%
Bi6 0% 1% -2% -2% 0% 64% -6% -1% 99%
Bi7 1% -2% -2% 0% -5% -1% 3% 15% 4%
Bi8 -1% -3% 8% -1% -4% 7% 0% -3% 7%
Nal 0% 8% 0% 0% 12% -1% -1% 2% -1%
Na2 0% 0% 0% -2% -1% 2% -1% 0% -4%
Na3 15% 1% 12% 8% 1% 17% -11% -1% -2%
Na4 0% -1% 9% -1% 0% 10% -1% 2% 55%
Na$S 2% 1% 9% 1% -24% 29% 1% -28% 64%
Na6 0% -9% 12% 0% -13% 14% -1% -28% 36%
Na7 13% 1% 0% -30% -2% 2% -67% 2% -3%
Na8 8% 0% -1% -3% 1% -2% -8% 1% -2%
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Supplementary Table 6. Relative ionic displacement of O ions of BNT. Various amounts of
oxygen vacancies in reference with that of pure BNT in the fractional coordinates are listed. x, y,

z represent the orientation of the coordinate axis in the crystal lattice.

Atom 1/48 vacancy 2/48 vacancy 3/48 vacancy
X y z X y z X y V4
01 0% -1% 0% 1% -2% 2% 1% 2% 6%
02 1% 0% 1% 1% 0% 1% 2% 0% 1%
03 0% 0% 0% 1% -1% -1% 0% -1% 1%
04 1% 0% 0% 1% 0% 0% 1% 0% 2%
05 0% 0% 0% 0% 3% 2% -4% 8% 13%
06 0% 0% 1% 0% 1% 1% -2% 2% 5%
o7 0% 1% 2% 0% 1% -1% 0% 7% 2%
08 0% 0% 1% 1% 0% 0% 0% 2% 6%
09 -1% 0% -2% 3% -1% -7% 6% -3% -18%
010 0% 0% -2% 1% 1% -5% 3% -1% -10%
o11 0% 0% 0% 0% 1% -1% 2% -3% -4%
012 0% 0% 0% 0% 0% -1% 1% -1% -8%
013 2% 2% 0% -6% 7% 0% -4% 5% -3%
014 -1% 0% 0% -3% 0% 2% -3% 1% -3%
015 0% 1% 0% 0% 3% -1% 1% 2% -1%
016
017 -17% 5% 0% 3% -4% 0% -10% -10% 0%
018 -12% 0% 0% 351% -1% 0% 284% -3% 0%
019 0% 2% 0% 2% 0% 0% 1% -30% -1%
020 -1% -1% 0% 5% -2% 1% 1% -3% 1%
021 -1% 0% 0% 0% 0% 0% -7% -3% 0%
022 -2% 0% 0% 0% 0% 0% -3% 0% 0%
023 0% 0% 0% 1% -1% 0% -1% 1% -1%
024 0% -1% -1% 1% -1% -1% 0% 2% -1%
025 32% 0% 0% -93% 1% 0% 690% 1% 0%
026 0% 0% 0% 0% 2% -1% -99% 1% -1%
027 0% 0% 0% 0% 1% 0% 2% -100% -1%
028 1% 1% 0% 1% 4% -1% 11% 4% 2%
029 0% 0% 0% 2% 9% 1% -1% 16% 1%
030 0% 0% 0% -1% 4% 0% 3% 3% -1%
031 0% 0% 0% 0% 2% -1% 2% 1% 0%
032 0% 0% 1% 0% 0% 1% 1% 1% 1%
033 0% 0% 0% 0% -2% -1% 0% -5% -1%
034 0% 0% -1% -1% 0% 2% -1% 0% 0%
035 0% -1% 0% -1% -1% -1% 0% -4% 2%
036 0% 0% 0% -1% -1% 2% -1% -1% 2%
037 -1% 0% 0% 3% 2% -7% 14% 5% -7%
038 -1% 0% 0% 0% 1% -3% 7% 1% 1%
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039 0% 0% -2% 1% 1% -8% 4% 7% -4%
040 1% 0% -5% 1% 0% -7% 3% 2% -8%
041 0% 1% 1% 0% 1% 6% -2% -6% 3%
042 0% 0% -2% 1% 0% 5% 1% -1% -2%
043 0% 0% -2% 0% 1% 2% -1% -4% -5%
044 0% 0% 1% 0% 0% 3% 0% -2% 9%
045

046 2% 0% 0% 3% 1% 2% 3% 1% -1%
047

048 1% 0% 1% 2% 0% 2% 2% 0% 1%
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Supplementary Table 7. Relative ionic displacement of O ions of BNT (001) surface with 1/48
oxygen vacancy. It is performed under the electric field of 0.01 /A in reference with that under
zero field in the fractional coordinates. X, y, z represent the orientation of the coordinate axis in

the crystal lattice.

Atom label X y z
1 0% 0% 1%
2 0% 4% 4%
3 0% 0% 0%
4 5% -3% 5%
5 0% 0% 0%
6 0% 2% -2%
7 -3% 4% 2%
8 16% -10% -1%
9 0% 0% 0%

10 -152% -92% 1%
11 0% 0% 0%
12 0% -7% 1%
13 0% 0% 0%
14 3006% 267% 0%
15 0% 0% 0%
16 7% 15% 1%
17 -1% -3% -1%
18 6% 13% 1%
19 0% 0% 0%
20 5% 0% 0%
21 0% 0% 0%
22 2% 2% 2%
23 -3% -1% 3%
24 -3% -3% 3%
25 1% 0% 0%
26 -1% 2% 2%
27 0% 0% 0%
28 9% -1% 0%
29 0% 0% 0%
30 -1% 1% 0%
31 1% 0% 0%
32 25% -2% 1%
33 0% 0% 0%
34 382% -2% 1%
35 0% 0% 0%
36 3% 0% 0%
37 0% 0% 0%
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Supplementary Table 8. Relative ionic displacement of Bi and Na ions of BNT (001) surface
with 1/48 oxygen vacancy. It is performed under the electric field of 0.01 /A in reference with
that under zero field in the fractional coordinates. X, y, z represent the orientation of the coordinate

axis in the crystal lattice.

Na X y y/ Bi X y y/
1 0% 0% 0% 1 1% 107% 3%
2 0% 0% 0% 2 1% 5% -3%
3 0% 0% 0% 3 0% 0% 0%
4 2% 36% 1% 4 0% 0% 0%
5 0% 0% 0% 5 2% 0% 3%
6 -100% 1% 1% 6 0% 0% 0%
7 0% 0% 0% 7 58% 0% 0%
8 6% 1% -1% 8 3% 25% -2%
9 93% 1% 1% 9 1% 1% 2%

10 0% 0% 0% 10 0% 0% 0%
11 0% 0% 0% 11 0% 0% 0%
12 0% -10% 1% 12 3% -5% 2%
13 2% 4% 1% 13 0% 0% 0%
14 0% 0% 0% 14 0% 0% 0%
15 0% 0% 0% 15 2% 1% 2%
16 0% 0% 0% 16 4% 0% 1%
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Supplementary Table 9. Relative ionic displacement of Ti ions of BNT (001) surface with
1/48 oxygen vacancy. It is performed under the electric field of 0.01 /A in reference with that
under zero field in the fractional coordinates. X, y, z represent the orientation of the coordinate axis

in the crystal lattice.

Ti X y z
1 1% 0% 0%
2 5% 4% 1%
3 0% 0% 0%
4 50% 16% 0%
5 0% 0% 0%
6 2% 0% 1%
7 52% 2% 0%
8 -100% -23% 2%
9 1% 0% 0%

10 5% 0% 1%

11 0% 0% 0%

12 11% 0% 0%

13 0% 0% 0%

14 3% 0% 0%

15 14% 1% 0%

16 -98% 0% 1%

17 0% -2% 0%

18 1% 2% 1%

19 0% 0% 0%

20 0% -14% 1%

21 0% 0% 0%

22 1% 3% 1%

23 0% 11% 0%

24 3% -8% 1%

25 0% 0% -1%

26 3% 4% 2%

27 0% 0% 0%

28 2% 0% 1%

29 0% 0% 0%

30 1% 0% 0%

31 -1% 0% 0%

32 1% 0% 1%
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