Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2023

Electronic Supplementary Information

Enhancing energy storage performance in Na,sBiysTiOz;-based lead-free

relaxor ferroelectrics ceramics along stepwise optimization route

Wen Wang 2, Leiyang Zhang 2, Yule Yang ?, Wenjing Shi 2, Yunyao Huang 2, D. O. Alikin ®,
V. Ya. Shur b, Zhihao Lou ¢, Amei Zhang 9, Xiaoyong Wei 2, Dong Wang ¢, Feng Gao &,

Hongliang Du ¢***, Li Jin®"

a Electronic Materials Research Laboratory, Key Laboratory of the Ministry of Education,
School of Electronic Science and Engineering, Xi'an Jiaotong University, Xi'an, 710049,
China

b School of Natural Sciences and Mathematics, Ural Federal University, Ekaterinburg,
620000, Russia

¢ State Key Laboratory of Solidification Processing, MIIT Key Laboratory of Radiation
Detection Materials and Devices, USI Institute of Intelligence Materials and Structure,
School of Materials Science and Engineering, Northwestern Polytechnical University, Xi'an
710072, China

4 Multifunctional Electronic Ceramics Laboratory, College of Engineering, Xi'an
International University, Xi'an 710077, China

¢ Frontier Institute of Science and Technology and State Key Laboratory for Mechanical

Behaviour of Materials, Xi’an Jiaotong University Xi’an 710049, China

S1



* Corresponding author.
** Corresponding author.
**% Corresponding author.

E-mail addresses: ljin@mail.xjtu.edu.cn (L. Jin), gaofeng@nwpu.edu.cn (F. Gao),

duhongliang@126.com (H. Du)

1. Material and methods

1.1 Materials preparation

High purity (AR-grade) oxide powders of MgO, Na,CO;, SrCOs3, Ti0,, Bi,05; and SnO,
were regarded as raw materials and weighted in stoichiometric. These powders were milled
for 6 h and calcined at 900 °C for 3 h. Meanwhile, some calcined powders of all components
were uniaxially pressed into disc-shaped blocks (P=100 MPa, ¢=12 mm), which were
sintered at 1120-1150 °C for 3 h to form NBT-SBT-xBMS ceramics. Other calcined powders
of x=0.08 (VPP) were mixed with PVA (5%), regrind for 1 h, dried to a sticky status, and
then rolled repeatedly to form a green body (6~70 pum), which was then punched into a disc
sample (¢=10 mm). They were heated to 750 °C for 2 h to eliminate PVA and sintered about

1100 °C for 2 h to obtain x=0.08 (VPP) ceramics.

1.2 Characterization of materials

X-ray diffraction (XRD, SmartLab, Rigaku, Japan) and transmission electron
microscope (TEM, Talos F200X, FEI, USA) were used to analyze the crystal structure. The

phase structure refinement was carried out by the FULLPROF software package (version
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2000). The location of the atom and the calculation of the dipole vector were carried out by
MATLAB (version R2020a) based on the brightness of the high-resolution atomic image.
Scanning electron microscopy (SEM, Quanta FEG 250, FEI, USA) was used to reveal
surfaces morphologies and elements distribution of thermally etched ceramic samples.
Meanwhile, the grain size distributions were gained by Nano Measure software. Dielectric
properties were measured by a multi-frequency LCR meter (E4980A, Agilent, USA). For the
test of dielectric properties, the silver paste was coated on both sides of polished ceramics
samples and sintered at 600 °C for 30 min. Polarization/current-electric field (P/I-E) curves
were measured using an aixACCT TF analyzer 2000 (Aachen, Germany). The pulsed
behavior was collected through a charge-discharge instrument (CFD-003, Gogo Instruments
Technology, China). For the test of P-E hysteresis loops, FROC and charge-discharge curves,
the gold electrode was coated on both sides of x=0.08 (VPP) ceramic samples, the thickness

and electrode area were ~0.05-0.2 mm and 3.14 mm?.

The first-order reversal curve (FORC) was measured using modulated triangle waves on
a standard ferroelectric testing device (TF Analyzer 2000, aixACCT, Aachen, Germany). The
Preisach density of FORC distribution was calculated from the descending branch of the
main hysteresis loop of FORC through a differential method, described by the following

Equation:

o°P rorc(EE})
oF,ok (M)

2

pFO_RC(E'Er) =

where the Prorc is the polarization of FORC, the E; is the reversal electric field, the £ is the
real testing electric field, the PFORC is the Preisach density of FORC distribution, and the
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minus sign suggests that the FORC starts on the descending branch of the main hysteresis

loop.

Tables
Table S1. The parameters and results of Rietveld crystal structure refinement for

NBT-SBT-xBMS ceramics.

x=0.02 x=0.04 x=0.08 x=0.12

Space group Pm3m  Pm3m  Pm3m  Pm3m

alb (A) 3.90490 3.90793 3.91312 3.91817

V(A3) 59.543  59.682 59920 60.152

R,, 6.99%  6.73%  7.97%  7.24%
R, 490% 4.71%  4.95% 4.73%
7 1.76 1.76 1.81 1.83

S4



Table S2. Comparison of W, Ey, and 77 between this work and other bulk ceramics.

Ref. Compositions Wree B 7
J/em®)  (kV/em)  (100%)
! 0.85BaTi0;-0.15Bi(Zn;,Sn;,,)0; 241 230 91.6
2 0.88BaTi03-0.12Bi(Lig5sNby 5)O3 2.032 270 88
3 0.88BaTi0;-0.12Bi(Niy;3Nb; )O3 2.09 200 95.9
4 0.85BaTi0;-0.15Bi(Mg;,,Zr1,,)O; 1.25 185 95
3 0.9BaTi0O5-0.1Bi(Ni;,Sn;,)0; 2.526 240 93.89
6 0.6BaTiO5-0.4Bi(Mg;,Ti,,)O3 4.49 340 93
7 0.88(Bag 3Sr,)Ti03-0.12Bi(Zn,3Nb;3)0; 1.62 225 99.8
8 0.9Bay 45510 35T105-0.1Bi(Mg,/3Nb;,3)O; 3.34 400 85.71
? 0.94 BaTi0;-0.06Biy3(Mg;5Nby;3)05 4.55 520 90
10 0.93Bay 55519 45T105-0.07BiMg,3Nb, 50; 4.55 450 81.8
1 0.56BiFe03-0.3BaTi0;-0.14AgNbO5+5 mol%eCuO 2.1 195 84
12 (Big.osLag 0pFe03-0.48BaTiO;3+0.3%MnO, 1.22 140 58
13 0.61BiFe03-0.33(Bag §Sr ) TiOs- 3.38 230 59
0.06La(Mgy3Nb;3)03+0.1 w% MnO,+2 wi%
BaCu(B,0s)

14 0.62BiFe03-0.3BaTi0;-0.08Nd(Zry 5Zn¢ 5)O; 2.45 240 72
15 0.54BiFe03-0.34BaTi03-0.12(Sr 7Big ) TiOs 1.74 150 74
16 Big g35my 17F€0.955¢0.0503 2.21 230 76
17 0.75(Bigg5sNdg.15)Fe03-0.25BaTiOs+0.1 wi% MnO, 1.82 170 413
18 0.6BiFe03-0.34BaTi03-0.06Sr(Alg sNbg 5)O3 1.75 155 65
19 Sry3(Big7Nag 7L10,03)0.5TiO3 1.7 130 87.2
20 (Nayg sBig 5)0.7S10 3 Ti03-Sr(Tig g5Zr0,15)O3 3.13 262 91.14
21 0.65(0.84Bi( 5sNay sTi05-0.16Bij 5K sTiO;)- 4.06 350 87.3

035(STO7B102)T103
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0.96(0.65Bi, 5sNay sTi03-0.35Sr( 3sBig 1 TiO;3)-
0.04NaNbO3
0.95(0.6Big sNay sTi03-0.4Sr, ;Big , T103)-
0.05AgNbO;
0.75Biy 58Nag 4, T105-0.25SrTiO4
0.9(K.sNag s)NbO;-0.1BiFeO;
0.8(Kg.sNagy s)NbO3-0.2Sr(Scy sNbg 5)O3
0.85K 5sNag sNbO;-0.15Bi(Zng 571, 5)O;3
0.91K¢ sNay sNbO3-0.09SrZrO;
0.9(K¢.sNag s)NbO;-0.1Bi(Mgy3Nby3)O5
0.8(Ky.sNag s)NbO3-0.2SrTiO;
0.85K.sNay sNbO;-0.15(Kg ;Big3)NbO;
0.825(K.sNag s)NbO;3-0.175S1(Sco sNbg 5)O;

Gdo 04Ag 5sNDO3

Ago91Big03NbO;

AgooalagpoNbO;

AgTag 15Nby 5505

Mn-Lag 01Ag0.97NbO5
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Table S3. Comparison of temperature stability between this work and other bulk ceramic

capacitors.
Temperature
Num. Compositions Wiee (J/cm3)  Ref.
°C)
O65(084B105N305T103-0 1 6K0}5Bi0‘5TiO3)-
1 30-160 1.71-1.98 2
0.35Bi0,28r0'7TiO3
0.61 BiFeO3-O.33(Ba0,8Sr0.2)TiO3-
2 0.06La(Mg2/3Nb1/3)03+0.1 wit% MnO,+2 wit% 30-170 1.16-1.29 13
BaCll(Bzos)
3 Ag0'76L30‘08NbO3 20-120 2.46-2.7 51
4 (O.SSBaTiO3—O.15Bi(Zn1/ZSn1/2)O3 20-160 0.99-1.13 1
5 0.9Sr1,7Bi(,Ti0;3-0.1Bi(Niy;3Nb,3)O; 30-120 2.06-2.22 32
6 Nay7Big 1 NbOs 20-120 2.38-2.48 3
7 0.825(K, sNag s)NbO3-0.175S1(Sco sNby 5)Os 30-150 0.77-0.86 3

092(065 Bio,sNa0.5TiO3-0.3SSr0.85BiO,lTiO3)—
This work 30-120 3.6-3.9
OOSBI(MgOSSn05)03-VPP
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