
1

Supporting Information 

Improved Energy Storage Performance in Flexible (PbLa)ZrO3 Thin Films via 

Nanocrystalline Engineering

Chao Yin a,b, Tiandong Zhang a,b*, Changhai Zhang a,b, Chang Kyu Jeong c, Geon-Tae Hwang 

d, Qingguo Chi a,b*

a School of Electrical and Electronic Engineering, Harbin University of Science and 

Technology, Harbin 150080, China

b Key Laboratory of Engineering Dielectrics and Its Application, Ministry of Education, 

Harbin University of Science and Technology, Harbin 150080, China

c Division of Advanced Materials Engineering, Jeonbuk National University, Jeonju 54896, 

Korea

d Department of Materials Science and Engineering, Pukyong National University, Busan 

48513, Korea

E-mail: tdzhang@hrbust.edu.cn and qgchi@hotmail.com

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

mailto:tdzhang@hrbust.edu.cnand
mailto:qgchi@hotmail.com


2

Figure S1. Schematic diagram for the energy storage of antiferroelectric dielectric.
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Figure S2. (a) The structure diagram of flexible film, (b) The actual photograph of 

flexible film.
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Figure S3. The XRD patterns of flexible films.
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Figure S4. The cross-section SEM micrographs of flexible films at different annealed 

temperatures. (a) 700 ℃, (b) 600 ℃, (c) 550 ℃, (d) 450 ℃
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Figure S5. The relationship between ln(1/ε-1/εm) and ln(T-Tm) of flexible films at 

different annealed temperatures. (a) 700 ℃, (b) 600 ℃, (c) 550 ℃, (d) 450 ℃.
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Figure S6. The P-E loops of flexible films at different annealing temperatures. (a) 

700 ℃, (b) 600 ℃, (c) 550 ℃, (d) 450 ℃.
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Figure S7. The P-E loops of of flexible (PbLa)ZrO3 films annealed at 550 ℃ under 

different test conditions. (a) 25-140 ℃, (b) 1 k-10 kHz, (c) 104 bending cycles, (d) 107 

electric fatigue cycles.
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Supplementary Note 1. 

The energy storage density (Wrec) and charge-discharge efficiency (η) are two key 

parameters to evaluate the energy storage performance of dielectric films. Wrec and η can be 

expressed by calculating the integral area of the P-E loop. [1]
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Where Pm and Pr are the maximum polarization and remanent polarization of the 

dielectrics under an external electric field, respectively.

Supplementary Note 2.

The relaxor dispersion degree can be evaluated using the modified Curie-Weiss 

equation:[2]

1/ε-1/εm=(T-Tm)γ/C                                    (4)

where γ is the relaxor diffuseness factor, C is Curie constant, and εm is the maximum 

dielectric constant at Tm. γ= 1 indicates normal ferroelectric and γ= 2 is corresponds to 

classical relaxor ferroelectric.

Supplementary Note 3.

The breakdown strength values of the thin films are also analyzed by Weibull 

distribution: [3]
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where i is the serial number of the samples, n is the number of samples, Ei is the 

breakdown strength of each sample, Xi and Yi are two parameters. 
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