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Research on Energy Storage Characteristics of
BaTiO;-xBi(Mg, ;Sb, ;) O; Ceramics
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(School of Materials Science and Engineering, Laboratory of Sensitive Materials and Devices Shandong

Department of Education, Liaocheng University, Liaocheng 252059, China)

Abstract (1-x)BaTiO;-xBi(Mg,/3Sb, ;) O, (x =0, 0. 08, 0.12, 0.16) (BT-xrBMS) ceramics were pre-
pared by solid phase method. The effects of BMS content on the microstructure, structure, dielectric and
ferroelectric properties of BT-based ceramics were systematically investigated. The results indicate that
BT-xBMS ceramics have a single perovskite structure. With the increase of BMS content, the BT-xrBMS
ceramics exhibit a refined grain size and transform from normal ferroelectrics to relaxor ferroelectrics. In
addition, the residual polarization of BT-xBMS ceramics is significantly reduced, which contributes to ob-
taining excellent energy storage performance. When x =0. 12, high recyclable energy storage density

(W,.=3.06 ] *cm*) and energy storage efficiency (y=94. 02%)) can be obtained at 460 kV *cm ™', which
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indicates that the BT-2BMS ceramics have great development potential in the field of dielectric capacitors.

Key words lead-free piezoelectric; energy storage; ferroelectric; doping modification; BaTiO;
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Fig. 1 XRD patterns of BT-xBMS ceramics:
(a) 20 =20° ~ 70°, (b) 20 =45° ~ 45.6°

BT AGCH B A3 F B EAL, 1 Ba® (r =0. 161 nm) #% Bi*" (r =0. 136 nm) # 2F BAL, Ti'" (=
0.060 5 nm) ¥ Mg®" (r=0. 072 nm) 5 Sb’" (+=0. 060 nm) #fs 5B . 177 25 5 2 B 5 16 1] BB 438 A ) = 2 A

FE B,
#®1 BT-xBMSHBEMSMSH
Table 1 Cell parameters for BI-x BMS ceramics
Samples a / nm b / nm ¢/ nm a = =7/C) Cell volume / nm®
BT 0.399 7 0.399 7 0.403 1 90 6. 440 6X10 2
0. 92BT-0. 08BMS 0.400 7 0.400 7 0.401 7 90 6.448 1X10 2
0. 88BT-0. 12BMS 0.401 2 0.401 2 0. 401 2 90 6.457 3X10°
0. 84BT-0. 16BMs 0.401 6 0.401 6 0.401 6 90 6. 476 6X10 2

Counts / (%)

1 pm

1 e
.\“'ngu grain |
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o ror TN
“=Average grain [
|

siz¢=0.27 pm |

2 BI-xBMS EHREHAERMBRR T E: (a) x=0; (b) x=0.08; (c) x=0.12; (d) x=0.16
Fig. 2 Surface microstructures and grain size distributions of BI-xBMS ceramics:

(a) x=0; (b) x=0.08; (¢) x=0.12; (d) x=0.16
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Fig. 3 Density and relative density of BT-

xBMS ceramics as a function of x value
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Fig. 4 Temperature-dependent permittivity and loss of BT-x BMS ceramics as a function of temperature: (a) x=0;

(b) x=0.08; (c¢) x=0.12; (d) x=0.16; (e) temperature-dependent permittivity and loss

of BT-xBMS ceramics as a function of temperature at 100 kHz
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3 &g

KA % T BT-2BMS JCH 42k B by % . BMS AU 4015 BT-2BMS B % M PY 5 A% 28
o A . FIBE, SP3 dtokn RS B0 A0 10 . A5 5 22 s 3 . B BMIS 55 Gt (14, A 6 850 2%
BEARG S FHIE 3 4 R B A Sl sth ¥R Bk L iR, P-E MR B Wi A8 40, B % 19 E, M 310 kV e em ™ 34 i |
430 kV ecm ', 7E 0. 88BT-0. 12BMS B & k43 T EA BB RERIE (W . =3. 06 J <cm ° Fil =92. 0200),
AR, 0. 88BT-0. 12BMS Fig e ELA7 M e 4 L I 4 ) (892, 89 A scm *) MR EFJFE (285. 72 MW +cm ), U
BB T L T (2, = 62. 4 ns) AL RE R (W, =2, 25 ] eem *), 45HFI, BT-2 BMS Fi % [R]i}
ST B W e R LA S B FE R PR B L 6 BT 35 Pl 8 75 fidk RE AT A 18 RS 21 7 BB A sh

% % X Wk
[1] LIDX, ZENG X J, LI Z P, et al. Progress and perspectives in dielectric energy storage ceramics[J]. Journal of Advanced Ceramics.,
2021, 10(4): 675-703.
[2] WANG J. High-performance dielectric ceramic for energy storage capacitors[ ] ]. Coatings, 2022, 12(7): 889.
[3] SHIXH, LIK, SHENZY, etal. BS; ;BNT-based relaxor ferroelectric ceramic/glass-ceramic composites for energy storage[ ] ]. Jour-

nal of Advanced Ceramics, 2023, 12(4);: 695-710.
[4] ADEDIIY B, ADEYINKA A M. YAHYA D 1. et al. A review of energy storage applications of lead-free BaTiO;-based dielectric ce-



4 BRI, 45, BaTiO, -2 Bi( Mgy, Sby ) O Wi (% REREPERF 5T 77

(6]

L7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

ramic capacitors[J]. Energy, Ecology and Environment, 2023, 8: 401-419.

DAIZ H, XIE] L, LIU W G, et al. Effective strategy to achieve excellent energy storage properties in lead-free BaTiO,-based bulk ce-
ramics[J]. ACS Applied Materials & Interfaces, 2020, 12(27): 30289-30296.

ZHAO H Y, YANG X M, PANG D F, et al. Enhanced energy storage efficiency by modul-ating field-induced strain in BaTiO,-Bi
(Niy/; Ta, 5) Oy lead-free ceramics[J]. Ceramics International, 2021, 47(16): 22734-22740.

ZHANG Y, LI G A, ZHANG R, et al. Optimization of energy storage properties in lead-free barium titanate-based ceramics via B-site
defect dipole engineering[J]. ACS Sustainable Chemistry & Engineering, 2022, 10(9): 2930-2937.

HUANG X C, LIS, WANG C C, et al. Structural, diekectric, and ferroelectric properties of BaTiO,-Bi(Ni, ;, Ti, ;) O, lead-free ceram-
ics with remarkable energy storage performance under low electric fields[ J]. Journal of Materials Science: Materials in Electronics, 2022,
33: 10042-10056.

LIU Q, FENGHP, LITY, etal. BaTiO,-Bi(Mg;,,W,,,)O; lead-free relaxor ferroelectric ceramics with improved energy storage prop-
erties[J]. Journal of Materials Science: Materials in Electronics, 2023, 34: 1569-1579.

HU Y C, DANG ST, CAO J Q, et al. Improved energy storage performance of BST-BNT ceramics via composition modification[ ] ].
Solid State Communications, 2023, 362: 115100.

JAN A, LIU H X, HAO H, et al. Lead-free relaxor-ferroelectric ceramics for high-energy-storage applications[ ] ]. Journal of Materials
Chemistry C, 2020, 8: 8962-8970.

XIAXY, SUNX Y, WANG J. et al. Improved strain and low hysteresis in (0. 9-x)BaTiO4-2CaTiO4-0. 1Ba(Zr, ;Sn, ) O, lead-free
relaxor ferroelectrics[ J]. Ceramics International, 2020, 46(15): 24231-24237.

YANG X M, ZHOU F P, WANG C X, et al. High energy storage density and ultrafast discharge in lead lutetium niobate based ceramics
[J]. Journal of Materials Chemistry A, 2019, 7; 8414-8422.

REHMAN M U, MANAN A, KHAN M A, et al. Improved energy storage performance of Bi(Mg, ;Ti, ;) O, modified Ba,, 55 Sr, ;5 TiO,
lead-free ceramics for pulsed power capacitors[J]. Journal of the European Ceramioc Society, 2023, 43(6): 2426-2441.

LIUZ G, LIM D, TANG Z H, et al. Enhanced excellent energy storage density and efficiency in lead-free Bi(Mg, , Hf; ;) O; modified
BaTiO; ceramics[J]. Chemical Engineering Journal, 2021, 418(15): 129379.

ZHU W, SHEN Z Y, DENG W, et al. A review: (Bi, Na)TiO; (BNT)-based energy storage ceramics[J]. Journal of Materiomics,
2023, DOI: 10. 1016/j. jmat. 2023. 05. 002.

YAN G W, LIU Q Q, FANG B ], et al. Correlation between phase structure and polarization of Mg doped (Ba,_¢5Li, o,) TiO4 energy
storage ceramics|J]. Journal of Materials Science; Materials in Electronics, 2022, 33: 20981-20991.

YAN K, CHEN X L, WANG F F, et al. Large piezoelectricity and high transparency in fine-grained BaTiO, ceramics[J]. Applied Phys-
ics Letters, 2020, 116(8): 082902.

DONG X Y, LI X, CHEN X L, et al. Simultaneous enhancement of polarization and breakdown strength in lead-free BaTiO-based ce-
ramics[ J ]. Chemical Engineering Journal, 2021, 409; 128231.

WANG D, LI L X, DU M K. Ultra-low dielectric loss lithium-based, temperature stable microwave dielectric ceramics[ ]J]. Ceramics In-
ternational, 2022, 48(1): 1394-1401.

CHENG S, ZHANG B P, WANG L J, et al. Enhanced piezoelectric and ferroelectric properties of tetragonal BiFeO,-BaTiO, ceramics
via tailoring sintering temperature and dwell time[J]. Journal of Materials Science: Materials in Electronics, 2021, 32: 24496-24506.
REN ] J, ZHOU D, LI W B, et al. Improved energy storage density performance of the (1-2)[0. 88BaTiO;-0. 12Bi(Li, ;s Nb, 5) O J-x
(0. 8BaTiO;-0. 2SrTiO,) lead-free ceramics[J]. Materials Research Bulletin, 2023, 161. 112157.

SI F, TANG B, FANG Z X, et al. Enhanced energy storage and fast charge-discharge properties of (1-x)BaTiO4-xBi(Ni, ;,Sn, ;) O, rel-
axor ferroelectric ceramics[J]. Ceramics International, 2019, 45(14): 1758017590

LITY, CHENPF, LIF, etal. Energy storage performance of Na, ;Bi, ; TiO,-SrTiO, lead-free relaxors modified by AgNb, ¢; Ta, 1504
[JJ. Chemical Engineering Journal, 2021, 406 127151.

LUOLC, LIJ L, WANG MW, et al. High dielectric permittivity and ultralow dielectric loss in Nb-doped SrTiOj ceramics[ ] ]. Ceram-
ics International, 2022, 48(19): 28438-28443.

ZENG D F, NONG P, XU M Z, et al. Relaxor ferroelectric ceramics with excellent energy storage density obtained from BT-based ce-
ramics[J]. Journal of Power Sources, 2023, 580: 233454,

CRH55 102 70



102 I R 2 2 O R B 2 D

[57] STERGIOU A D, SYMES M D. High yield and selective electrocatalytic reduction of nitroarenes to anilines using redox mediators[ ] ].
Cell Reports Physical Science, 2022, 3(7): 100914,

[58] ZHEN N, DONG J. LIN Z G, et al. {V,} ring sandwiched polyoxoniobate as molecular electrocatalyst for oxidant-free synthesis of sul-
foxides[J]. Chemistry-A European Journal, 2023, 29(23); 202203903,

[59] LIU G, CHEN Y F, CHEN Y L, et al. Indirect electrocatalysis S-N/S-S bond construction by robust polyoxometalate based foams[ J].
Advanced Materials, 2023, 35(40): 2304716.

[60] YANG H Z, YANG DR, ZHOU Y, et al. Polyoxometalate interlayered zinc-metallophthalocyanine molecular layer sandwich as photo-
coupled electrocatalytic CO, reduction catalyst[J]. Journal of the American Chemical Society, 2021, 143(34): 13721-13730.

[61] PENG M T, CHEN C, ZHANG Y. et al. Exploring the role of sandwich-type polyoxometalates in {K,, (PW,0,,),M, (H,0),} @PCN-
222 (M=Mn. Ni, Zn) for electroreduction of CO, to CO[J]. Dalton Transactions, 2023, 52: 10737-10743.

[62] SUNW C, YAO D, TAT Y H, et al. Efficient electrocatalytic CO, reduction to ethanol through the proton coupled electron transfer
process of PV, Mo(,,_,, (n=1, 2, 3) over indium electrode[J]. Journal of Colloid and Interface Science, 2023, 650; 121-131

[63] WANG M, ZHONG W, ZHANG S S, et al. An overall water-splitting polyoxometalate catalyst for the electromicrobial conversion of
CO, in neutral water[J]. Journal of Materials Chemistry A, 2018, 6. 9915-9921.

(GE R4 - S

CE3EER 77 30

[27] YINM, BAI G J, LI P, et al. Achieving ultrahigh energy storage properties with superior stability in novel (Bag,_,, Bi, ) (Ti,_,,
Zn, 5,Sn, 5,00, relaxor ferroelectric ceramics via chemical modification[J]. Chemical Engineering Journal, 2023, 460. 141724.

[28] CHEN F K, ZHAO K, JIANG X T, et al. Improved dielectric energy storage performance of Na, ;Bi, 5 TiOs-based lead-free relaxation
ferroelectric ceramics achieved by domain structural regulation and enhanced densification[J]. Ceramics International, 49(19); 31152-
31162.

[29] LIU Z G, TANG Z H, HU S C, et al. Excellent energy storage density and efficiency in lead-free Sm-doped BaTiO4-Bi(Mg, ; Ti; ;) O,
ceramics[ ] |. Journal of Materials Chemistry C, 2020, 8; 13405-13414.

[30] TANG XY, HU ZM, KOVAL V, et al. Energy storage properties of sanarium-doped bismuth sodium titanate-based lead-free ceramics
[JJ. Chemical Engineering Joural, 2023, 473: 145363-145476.

[31] SHIJ, DONG R Z, HEJ Y, et al. Regulating ferroelectric polarization and dielectric properties of BT-based lead-free ceramics[]J]. Jour-
nal of Alloys and Compounds, 2023, 933(5).: 167746-167754.

[32] YANY, ZENG XY, TANG M Y, et al. Enhancement in energy storage performance of La-modified bismuth-ferrite-based relaxor ferro-
electric ceramics by defect compensation and process optimization[J]. Ceramics International, 2022, 48(22): 33553-33562.

[33] GEP Z, LIU Z G, HUANG X X, et al. Excellent energy storage properties realized in novel BaTiO,-based lead-free ceramics by regula-
ting relaxation behavior[ ] ]. Journal of Materiomics, 2023, 9(5): 910-919.

[34] WANY H, HOUNJ, RENPR, et al. High temperature energy storage properties of Bi, ;Na, ; TiO; based ceramics modified by NaN-
bO,[J]. Journal of Alloys and Compounds, 2021, 888: 161591.

[35] WANG C Y, LIANG C, CAO W J, et al. Boosting energy-storage efficiency and thermal stability via defect dipoles in BaTiO;-based
lead-free ceramics[J]. Ceramics International, 2023, 49(9): 13330-13338.

(BT T B



