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Fig. 1. DSC curves of BaO-SrO-Nb,O; glass ceramics with

various Th** doping mole fractions.
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Fig. 2. (a) XRD patterns of BaO-SrO-Nb,Oj glass-ceramics with various Th**doping mole fraction; (b) localized XRD magnified im-
age of the glass-ceramics; (c) cell parameters and crystallinity of the glass-ceramics; (d) refined XRD results of BaO-SrO-Nb,O5
glass-ceramics with a Th** doping mole fraction of 3%.
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Table 1. Comparison of crystal structures of BaO-SrO-Nb,Os-based glass-ceramics doped with various mole fraction of Th?*.

Different concentration

of Th** doping mole fraction/% Bag 510 5NbOg/% BaAlLSi;0g/% Ry/%
0 73 27 13.25
1 7 23 13.43
3 83 17 12.64
5 80 20 11.37
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}Lﬁ//l\, ﬁ%lﬁﬁ%, UG B Th3 40T Ligk without HF etching: (a) 0%; (b) 3%.
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Fig. 4. SEM of BaO-SrO-Nb,Oj glass ceramics with various
mole fraction of Tb*" doping with HF etching: (a) 0%;
(b) 1%; (c) 3%; (d) 5%.
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Fig. 5. Grain size distribution of BaO-SrO-Nb,Oj5 glass ceramics doped with Tbh** at various mole fractions.
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Fig. 6. Temperature-dependent dielectric constant and loss
of Tb3-doped BaO-SrO-Nb,Os-based glass ceramics at

varying molar mole fractions.
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Fig. 7. Measured and simulated dielectric constant of Th?*

doped BaO-SrO-Nb,Oj-based glass ceramics at 100 kHz un-

der room temperature.

100701-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 75, No. 10 (2026) 100701

2 2. Lichtenecker A5 142 .00 ¥ 1 FE Al 2 AR 1%
A MR A FL A 5T | A% 1 R H A SO AN
A DAERAR 5 SR A A O A A H
W B I W AH B AR AE A B, 508 AR FR 4L
M Th3HBAREE IR BN 0% 1 5% F, 53 58 Bl e
fRT Ak Ay i P e W AH 5 Al IR A, 20 T R/ St
PN ST BTRK, P LA P S 000 {1 g A 7Y
FIIAA. T4 Th3+4B 22 B R %k 1% Fit 3% K,
20T anRL el A BB E R R, FEUY
P B 50 2 (AP T (50 25 1 9 R T BT G P A 8
DU

A TR i SR IR ) 32 SR R G | FEA AN
P15 P A it REATL M R ), R OO AR MR,
R H Weibull Geit53 4 % #i £ Th3+#84% BaO-
SrO-NbyOy 34 15 P % A i i 2547 S R AT AT S
I3HT. I 8 4 T ORIE] T HB 28k i P AL S o
58 B Weibull 734 fh k. 24 Th3+45 I BE IR 714K
0, 1%, 3% K 5% i}, BaO-SrO-Nb,Os Bk ¥ [
B Weibull JE IR 281 8 18 43 124 13.53, 15.54,
26.70 } 21.93, ¥ KT 8, X H BaO-SrO-
NbyOy B 35 B % A it BA 8 v 1) o 28— 3ok L R
B R E P, A Weibull 207, K35 243k 1 Fg &
(R o5 253384 1031 kV /cm. fifi Th3HB 24 EE/R
YBON 1 mol% 36 % 3 mol%, HRAE il 28 58 B 1% 4
T, 23 93k 3] 1126 kV/em 1 1364 kV /cm,
i TARBAIERG R, SR, B2 IR o
—PHIE 5% I, R TR 1218 kV/em. X
— R FEIHH T T 2420 Ba? 8 Sr*, 5l

1.0

0.5

0

—0.5F

—1.0F

—1.5F

In{—In[1—%/(n+1)]}

—2.0F

—2.54

K8  Tb*452% BaO-SrO-Nb,Oy Hk % 38 M % o7 28 1 38 1Y
Weibull 73 1

Fig. 8. Weibull distribution of breakdown strength for Th?*
doped BaO-SrO-Nb,Os-based glass ceramics at room tem-

perature.
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Fig. 9. (a) Frequency dependence of the imaginary part of impedance for the 3% Tb**-doped sample at various temperatures;

(b) complex impedance spectra; (c) interfacial activation energy as a function of Th*" mole fraction; (d) correlation between interfa-

cial activation energy and breakdown strength.
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Fig. 10. P-E loops of BaO-SrO-Nb,Os-based glass ceramics
with varying Tbh*" doping levels.
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Table 2.

Comparison of energy storage density between this work and previously reported glass ceramics.

Glass ceramic components

Dielectric constant Breakdown strength/(kV-cm!)  U/(J-cm®) References

Barium strontium titanate glass-ceramics 314
Ba,Sr;_,TiO4 glass ceramics 27

(BaO, Nay0)-Nb,05-Si0, glass-ceramics 155
Gd,04 doped BaO-SrO-Nb,O5-B,04 136
SrO-BaO-NbyO5-Ti0,-Si0,5-Al,04 glass-ceramics 52.9

Tb3* doped BaO-SrO-Nb,Oj5 glass-ceramics 106.1

900 1.13 [37]
1637 4.89 [38]
864 5.12 [39]
1075 6.94 [12]
1817 7.73 40
1364 9.87 This work
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Abstract

Dielectric capacitors are increasingly utilized in applications such as electric vehicles, 5G communication
infrastructure, and AC-DC conversion systems in smart grids, owing to their rapid charge-discharge response,
excellent power density, and minimal energy loss. Despite these advantages, their energy storage capacity
remains relatively limited compared to electrochemical energy storage devices like supercapacitors and lithium-
ion batteries. Glass-ceramics, which consist of an amorphous glass matrix and in-situ crystallized ceramic
phases, offer a promising solution for enhancing dielectric performance. Through high-temperature melting
combined with a controlled crystallization process, the uniform dispersion of ceramic phases within the glass
matrix can be achieved. These materials typically exhibit several advantageous properties, including low
porosity, uniform grain size, and high density, all of which help suppress electric field concentration effects,
thereby significantly improving their breakdown resistance. Furthermore, precise control over the crystallization
process allows for the modulation of ceramic phase proportions, optimizing dielectric properties and reducing
dielectric losses. As pulsed power devices continue to evolve toward greater miniaturization, integration, and
lightweight designs, there is a growing need for dielectric glass-ceramics that simultaneously offer high power
density and high energy density. In this study, a series of Tbh3*-doped BaO-SrO-NbyOs-based glass-ceramics
with varying Tb3t molar fractions were synthesized using a high-temperature melting method, coupled with a
controlled crystallization process. The influence of Th?* doping on the crystallization behavior and grain size of

the glass-ceramics was thoroughly examined. This

study also systematically investigates how the mole 110 | ™ Experiment data o
¢ Fitting result

fraction of Th3* affects the composition, microstruc- /*\

ture, dielectric properties, breakdown strength, and 100

energy storage performance of the BaO-Nay,O-Nb,yOy °*

Dielectric constant

glass-ceramic system. X-ray diffraction and microstruc- 90
tural analyses indicated that the incorporation of Th3*+

ions did not significantly alter the dominant crystal sor
phase, which remained the tungsten bronze-type ol e

Bag sSrosNbyOg phase. However, appropriate Th3* , , , , , ,

-1 0 1 2 3 4 5 6
Different concentration of Th3* doping/%

doping significantly enhanced the crystallinity of the
glass matrix and increased the relative abundance of
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the Bag5Sr;;Nby,Og phase. Concurrently, the doping process effectively inhibited grain growth in the glass-
ceramics, leading to improved microstructural uniformity. Dielectric and breakdown strength tests revealed
that, as the mole fraction of Tbh?* increased, both the dielectric constant and breakdown strength of the BaO-
SrO-Nb,O5 glass-ceramics initially rose and then decreased. At a Tb?*' doping mole fraction of 3 mol%, the
dielectric constant reached 106.1, while the breakdown strength peaked at 1364 kV/cm. Consequently, the
maximum energy storage density achieved was 9.87 J/cm3, approximately 2.29 times that of the undoped
sample (4.30 J/cm?). The observed performance enhancement can be attributed to two synergistic effects. First,
low mole fractions of Th3* serve as nucleation promoters, optimizing the crystallization process and improving
the uniformity of the microstructure. Second, Th** doping reduces the activation energy for interface charge,
suppresses space charge accumulation, and mitigates local electric field distortions, thus significantly improving
the breakdown strength. These findings provide valuable experimental insights for the design and development

of high-performance glass-ceramic materials for energy storage applications.
Keywords: BaO-SrO-Nb,O5 glass ceramics, energy storage performance, dielectric properties, Th** doping
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