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Fig. S1. TEM images of the core co-doped fibers: 1 wt% BaTiO3z/1 wt% Al.O3 (a-az2), 1 wt%
BaTiO3/2 wt% Al,Oz (b-b2), and 1 wt% BaTiO3z/3 wt% Al>O3 (c-C2).



Fig. S2. TEM image of the core co-doped fiber at low magnification.
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Fig. S3. Contact angle tests of (a) water and (b) n-hexadecane with BaTiOz surface.
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Fig. S4. Contact angle tests of (a) water and (b) n-hexadecane with Al>Os surface.
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Fig. S5. Surface tension test of P(VDF-HFP)/DMF solution.
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Fig. S6. Interfacial tension tests of P(VDF-HFP)/DMF solutions at (a) 0's, (b) 60 s, (c) 120 s
and (d) 180 s.



Table S1. Surface free energy and corresponding components of BaTiO3 nanoparticles.

Solid Surface Free

Solid Dispersion

Polarity Test Fluid

Fluid

BaTiOs Solid Polar Force
Energy Forces
69.90 mN/m 42.96 mN/m 26.95 mN/m
Polarity T Non-polar T
0 af' y_ est water on PO a_r est n-Hexadecane
Liquid Liquid
Contact Angle of
Angle of
Contact Angle o 17.88< Non-polar Test 12.54<

Table S2. Surface free energy and corresponding components of Al>Os nanoparticles.

Al,O3

Solid Surface Free

Solid Polar Force

Solid Dispersion

Energy Forces
47.7 mN/m 21.35 mN/m 26.35 mN/m
Polarlty.Test water Non-pola.r Test n-Hexadecane
Liquid Liquid
Contact Angle of
Cont.act Angle O.f 55.6° Non-polarql'est 17.43<
Polarity Test Fluid .
Fluid
Table S3. Surface tension of P(VDF-HFP)/DMF solution.
Run-No. time (sec) v (mN/m)
1 1558.573 30.88
2 1558.573 30.76
3 1641.622 30.88
4 1716.037 30.93
5 1726.69 30.85

Table S4. Interfacial tension between P(VDF-HFP)/DMF solution and n-hexadecane.

Run-No. time (sec) | y (mN/m) Run-No. time (sec) | v (mN/m)
72 142 2.87 82 162 2.87
73 144 2.88 83 164 2.87
74 146 2.88 84 166 2.87
75 148 2.88 85 168 2.86
76 150 2.87 86 170 2.86
77 152 2.87 87 172 2.86
78 154 2.87 88 174 2.86
79 156 2.87 89 176 2.86
80 158 2.87 90 178 2.86
81 160 2.87 91 180 2.86




Table S5. Surface tension and corresponding components of n-hexadecane. ( Provided by the

database of the test system)

Surface tension

Dispersion Component

Polar Component

27.47 mN/m

27.47 mN/m

0

Table S6. Calculated surface tension and corresponding components of P(VDF-HFP)/DMF

solution.

Surface tension

Dispersion Component

Polar Component

30.93 mN/m

28.08 mN/m

2.85 mN/m

Table S7. Calculated interfacial free energy between different components.

BaTiO3-Al,03

Interfacial Free Energy of

Interfacial Free Energy of
BaTiOs-P(VDF-
HFP)/DMF Solution

Interfacial Free Energy of
the Al,O3-P(VDF-
HFP)/DMF Solution

3.7

23.7

8.6
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Fig. S7. TEM and EDS images of 1 wt% BaTiOs/1 wt% Al>Os-P (VDF-HFP) dielectric
prepared by the casting method.



—— PDF#00-031-0174

Intensity (a.u.)

20 30

Fig. S8. XRD patterns of (a) BaTiOs and (b) Al.O3 nanoparticles compared with standard

reference patterns.
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Fig. S9. FTIR spectra of (a) core-doped BaTiO3 dielectric, (b,c) layered-doped dielectrics, and
(d) core co-doped dielectric.
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Fig. S10. (a) Thickness of the PMMA surface layer in core-doped BaTiOs dielectrics. Cross-
sectional SEM images of core-doped BaTiOz dielectrics at doping levels of (b) 1 wt% BaTiOs,
(c) 3 wt% BaTiOs, (d) 5 wt% BaTiO3, (e) 7 wt% BaTiOs, and (f) 9 wt% BaTiOs.
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Fig. S11. Inorganic particle density analysis inside (a) 1 wt% BaTiOz dielectric, (b) 3 wt%
BaTiOz dielectric and (c) 5 wt% BaTiOs dielectric.
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Fig. S12. D-E curves of core-doped BaTiOs dielectrics at doping levels of (a) 1 wt% BaTiOsg,
(b) 3wt% BaTiO3, (c) 5 wt% BaTiOg, (d) 7 wt% BaTiOs, and (e) 9 wt% BaTiOs under different
electric fields.
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Fig. S13. Trends of the dielectric constant and breakdown strength of core-doped BaTiO3
dielectrics as a function of doping levels.
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Fig. S14. Cross-sectional SEM images of layered-doped dielectrics: (a) 1 wt% BaTiO3-1 wt%
Al>03, (b) 1 wt% BaTiOs-3 wt% Al2Os, (¢) 1 wt% BaTiOsz-5 wt% Al:Os, and (d) 1 wt%
BaTiOs-7 wt% Al2Os.
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Fig. S15. Cross-sectional SEM images of layered-doped dielectrics: (a) 3 wt% BaTiOz-1 wt%
Al203, (b) 3 wt% BaTiOs-3 wt% Al20s3, (¢) 3 wt% BaTiOsz-5 wt% AlO3, and (d) 3 wt%
BaTiOs-7 wt% Al2Os.
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Fig. S16. Cross-sectional SEM images of core co-doped dielectrics: (a) 1 wt% BaTiOs/1 wt%
Al>O3, (b) 1 wt% BaTiOs/3 wt% Al203, (c) 3 wt% BaTiOs/1 wt% Al,Oz, and (d) 3 wt%
BaTiO3/3 wt% Al20s.
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Fig. S17. Ultraviolet photoelectron spectra of BaTiOs and Al,Os. Cutoff region of (a) BaTiOs
and (c) Al.O3, HOMO region of (b) BaTiOs and (d) Al2Os. The UPS results show that, under
an incident photon energy of 4v = 21.2 eV, the work functions of BaTiOz and Al.O3 are 4.47
eV and 4.20 eV, respectively, while their highest occupied energy levels (HOMO) are 2.83 eV
and 3.07 eV, respectively. Accordingly, the ionization potentials of BaTiOs and Al.Os were

calculated to be 7.30 eV and 7.27 eV.
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Fig. S18. Thermally Stimulated Depolarization Current of all-organic dielectric and core co-
doped dielectric.
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Fig. S19. Frequency-dependent dielectric constant and dielectric loss of layered-doped
dielectrics: (a) 1 wt% BaTiOs-x wt% Al203 and (b) 3 wt% BaTiOs-x wt% Al2Os.
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Fig. S20. Frequency-dependent dielectric constant and dielectric loss of core co-doped
dielectrics.
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Fig. S21. Dielectric constants of core-doped BaTiOs dielectric and co-doped dielectric at 1000
Hz
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Fig. S22. Remanent polarization intensities of 1 wt% BaTiOz and 1 wt% BaTiOs/1 wt% Al203
dielectrics at 10 Hz, 100 Hz, 1000 Hz and 10000 Hz.
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Fig. S23. Breakdown strength of layered-doped dielectrics: (a) 1 wt% BaTiOz-x wt% Al>O3
and (b) 3 wt% BaTiOs-x wt% Al20s.
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Fig. S25. (a-c) D-E curves and (d-f) discharged energy density and charge-discharge efficiency
of layered-doped dielectric 1 wt% BaTiOs-1 wt% Al,Oz.
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Fig. S26. (a-c) D-E curves and (d-f) discharged energy density and charge-discharge efficiency
of layered-doped dielectric 1 wt% BaTiO3-3 wt% Al20:s.

26



o~
o
S

1wt BaTiO;-5 wi% ALO,-1
~7
E
2
<
2
Y
£
g
=
e
=
£1
i —— 100 kV/mm
=] 200 kV/mm
300 kV/mm
N — 400 kV/mm
T T T T
o 100 200 300 400
Electric field (kV/mm)
12 100%
—_—
e
£ ™ Faow, &
=3 L wit% BaTiO4-5 wi% Al O4-1 :
R N
] T = em’
g Uy=5.7 Jiem L 0% %
; =90.3% by
B o R &
= =
H 40w 5
H g
R Lo 3
Z 2 =}
o T T T T 0%
[ 00 200 300 40

Electric ficld (kV/mm)

(b)

acement (uC/em?)

1 Wt% BaTiO;-5 wt% AlL0,-2

——— 100 kV/mm

z 200 KV/mm
300 KV/mm
—— 400 KV/mm
0 T T T -
o 100 200 300 400
Electric field (kV/imm)
(e)
12 100%
.L“_“l
—_—
1 wit% BaTiO,-5 wi% ALO,-2 1
3 U, =57 Nem?
] = 88.7% 1
% EN
£ 6 &
H 3
= 4% 2
g 4 2
: )
El o, Kl
0 T T T T 0%
0 i 200 300 a00

Eleerric ficld (kV/mm)

—_
(e}
—

w
L

Electric displacement (qucmz)

Discharged energy

o

1W1% BaTiO,-5 wi% ALO,-3

— 100 k¥/mm
200 kV/mm
300 k¥/mm
—— 400 kV/mm

T T T T
100 200 300 400

Electric field (kV/mm)

- 00%
___‘_-__‘_.-__‘_.

1 wt% BaTiO,-5 wt% Al,05-3 - 80%

b 60%

F 4%

k-
g
K
El
z
T
&
&
L
H
2
=

b 209

T T T T
0 200 300 400
Electric field (kV/mm)

Fig. S27. (a-c) D-E curves and (d-f) discharged energy density and charge-discharge efficiency
of layered-doped dielectric 1 wt% BaTiO3-5 wt% Al.Oz.
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Fig. S29. (a-c) D-E curves and (d-f) discharged energy density and charge-discharge efficiency
of layered-doped dielectric 3 wt% BaTiOs-1 wt% Al,Oz.
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Fig. S33. (a-c) D-E curves and (d-f) discharged energy density and charge-discharge efficiency
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Fig. S35. (a-c) D-E curves and (d-f) discharged energy density and charge-discharge efficiency
of the core co-doped dielectric 3 wt% BaTiOs/1 wt% Al>O:s.
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Fig. S36. (a-c) D-E curves and (d-f) discharged energy density and charge-discharge efficiency
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Table S8. Comparison of key dielectric parameters in this work and previous literature reports.

Materials category i;%zl E,(kV/mm)  Uy(J/fem®) 7 (%) Frequency  Temperature
5vol%BTO/P(VDF-HFP)! 14.2 676 18 65% 10 Hz RT
(0.1wt%)TiO,@Auw/PVDF? 10.4 750 18.6 70.3% 100 Hz RT
180° BT@SO/PVDF? 9.1 650 20.6 54% 10 Hz RT
P(VDF)/BNNS/P(VDF)* Organic/ 11.5 612 14.3 70% 10 Hz RT
PS-b-P4VP(PDP)/9 vol% inorganic
7105 composite 3.6 650 6.2 90% 100 Hz RT
PVDF/SBNO/PVDF-7° 11.2 508 12.8 64.5% 100 Hz RT
PVDE-BT/PVDF- .

Mica/PVDE-BT’ 20 350 11.48 50.8% - RT
PMF208 33 625 9.6 90.9% 10 Hz RT
PEI/PEI-P(VDF- a0

HEP)/P(VDF-HEP)? Al 5.4 535 122 89.9% 100 Hz RT
PVDF@Chitosan (0.8wt%) '0  Organic 6.3 630 10.1 72% - RT
POFNB!" 25 700 6.5 96.5% 100 Hz RT
y-150 kGy BOPP'2 2.4 968 10.4 97.3% 10 Hz RT

0, 1 0,

1 wt% BaTiOy/1 wt% ALO, 5.0 619 19.1 80% 100 Hz RT
(This work)
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Fig. S46. Flexibility of all-organic dielectrics (a-c) and 1 % BaTiOs/1 wt% Al>O3 dielectric
(d-f).
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Table S9. Density of the all-organic dielectric and 1 wt% BaTiO3/1 wt% Al,O3 dielectric

Density (g/cmq)
All-organic dielectric 0.1431
1 wt% BaTiO3/1 wt% Al.Oz dielectric 0.1445
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Supplementary Notes
Supplementary Note 1. Conduction in the lower electric field regime

In the lower electric field regime discussed in Figs. 4a, 4b and S18, we assign the Schottky
emission the most plausible conduction mechanism. In this case, carriers can overcome the
energy barrier at the electrode/dielectric interface and be injected into the dielectric. As the
electric field is increased, the barrier height is lowered due to the superposition of the image
charge potential with the external potential. The Schottky emission®® based on leakage density

(J) and electric field (E) can be expressed by
] = AT? exp [— (—(p_' e;fngﬁ)] (1)

T

where E is the electric field, A the Richardson constant, ¢ the barrier height at the
electrode/dielectric interface, T the temperature, ¢ the dielectric constant, and Kg the Boltzmann

constant. Supplementary Eqg. (1) can be rewritten as

In(J) = (—V‘Z‘;’”) VE + In(AT?) — (KL;T) )

From Supplementary Eq. (2), the plot of In(J) versusvE shall exhibit a linear relationship.
The dielectric constant derived from the slope of fitted curve can be used to determine whether
the conduction mechanism in the dielectric conforms to the Schottky emission. The calculated
dielectric constant of the organic-inorganic composite dielectric are shown in Table S2, very
close to the experimental data, suggesting that Schottky emission is the main conduction

mechanism in the low field region.

Table S10. The calculated dielectric constant of the organic-inorganic composite dielectric.

Dielectrics &, Dielectrics &,

1 wt% BaTiO; 6.0 1 wt% BaTiOs-1 wt% Al,O, 6.1

3 wi% BaTiO, 6.2 1 wi% BaTiOy-3 wi% Al,O, 6.1

1 wi% BaTiOy/1 wt% ALO, 6.5 1 wi% BaTiO,-5 wi% Al,O, 6.4
1 wt% BaTiOy/3 wi% ALO, 6.6 1 wi% BaTiOy-7 wi% ALO, 6.5
3 wit% BaTiOy/1 wi% Al,O, 6.8 3 wi% BaTiO,-1 wi% ALO, 6.2
3 wt% BaTiOy/3 wt% ALO, 7.0 3 wi% BaTiOy-3 wi% ALO, 6.2
3 wi% BaTiO-5 wt% AL, 6.5

3 wi% BaTiO,-7 wi% ALO, 6.4
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Supplementary Note 2. Conduction in the higher electric field regime

In the higher electric field regime discussed in in Figs. 4a, 4b and S18, we assign the
hopping conduction** the most plausible mechanism. The hopping conduction is a bulk
mechanism that models the movement of individual carriers, assumed to be electrons, through
the material. The carriers gain energy through random thermal fluctuations and phonon
interaction to escape their localized state and travel in an extended state for a small amount of

time before being recaptured by another localized state.

] =n.2vle * exp (— Za ) sinh ( Aek ) 3)

KgT 2KgT
where n¢ is the carrier concentration, A the hopping distance, v the attempt-to-escape frequency,
W, the activation energy in eV, e the charge of the carriers, T the temperature, Kg the Boltzmann
constant. Fitting the In(J)-E% data to the hopping conduction model gives the hopping distance
A (i.e., mean spacing between trap sites). From Supplementary Eq. (3), the plot of In(J) versus
E%S shall exhibit a hyperbolic sine relationship. The hopping distance A for different composite

dielectrics are shown in Table S3.

Table S11. Calculated jump distance (1) of organic-inorganic composite dielectric.

Dielectric A (nm) Dielectric A (nm)

1 wi% BaTiO, 221 1 wi% BaTiO;-1 wt% ALO, 1.05

3 wi% BaTiO, 2.57 1 wt% BaTiO;-3 wt% ALO, 0.95

1 wt% BaTiO,/1 wt% ALLO, 1.53 1 wt% BaTiO,-5 wt% ALO, 0.83
1 wi% BaTiO,/3 wt% ALO, 1.12 1 wt% BaTiO;-7 wt% ALO, 1.31
3 wt% BaTiO;/1 wt% Al,O, 0.98 3 wt% BaTiO;-1 wt% Al,O; 0.87
3 wt% BaTiO,/3 wt% AL,O, 1.21 3 wt% BaTiO,-3 wt% AlLO, 0.94
3 wt% BaTiO4-5 wt% ALO, 0.88

3 wt% BaTiO;-7 wt% Al,O4 0.66
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Supplementary Note 3. Finite element simulation of electric branch distribution

The real-time evolutions of the electric tree path development in the core-doped BaTiOs
dielectrics, the layered-doped dielectrics and the core co-doped dielectrics were simulated using
COMSOL Multiphysics 6.3. For the whole simulations, the width and height of cross-sections
of composite films are respectively set to 20 um, in order to match the actual dimensions of test
samples. The original value of dielectric constants (er) of BaTiOs, Al203, PMMA, and P(VDF-

HFP) are respectively set to 300, 12, 4, 10. The dielectric constant is set to change with the

Er

aTeyeTES Where ¢ and &s are the initial dielectric

degree of damage to the material: &

constant and the real-time dielectric constant, respectively, and f(s) is the effect of material
damage on its electrical properties, satisfying f(s) = 4xs>-3xs*. s is a function representing the
degree of material damage, ranging from 0 to 1. s = 1 indicates that the material is intact, while
s = 0 indicates that the material is completely damaged.

The failure state of the material is determined using an energy-based criterion. Specifically,
the total energy functional of the system-including the electrostatic energy, the damage energy,
and the gradient energy associated with the diffuse interface-is evaluated. When the total energy
exceeds the intrinsic damage dissipation energy (breakdown energy) of the material, failure
initiates and subsequently evolves at a finite rate. The temporal evolution of material

degradation is governed by the following relation:

105_ 1) 0000 | pioy 1 9%
adt  2[f(s)+10~%]2 dx; dx; +f(s)+ 2 0x;0x; )

Here, ¢ denotes the electrostatic potential at a given point within the material. The above
equation is expressed in a normalized form, where a is the normalized resul, calculated based
on the material’s relative permittivity and its damage dissipation energy. For computational
convenience, the a values used for different materials in this model are summarized in the table

below:

Table S12. The a values used for different materials.

Materials PMMA P(VDF-HFP) BaTiO, ALO,
a 1 0.8 5 1.3
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Supplementary Note 4. Surface free energy measurement of solid particles.

The surface free energy of the solid particles was determined from contact-angle
measurements using the Owens-Wendt-Rabel-Kaelble (OWRK) method. In this approach, two
probe liquids with known surface-tension components, namely deionized water and hexadecane,
were used to determine the total surface free energy and its dispersive and polar components.

According to the OWRK maodel, the contact angle satisfies:

vi(1+cos8) = 2 [ydy + 2 [vv) (5)

Where y, is the total surface tension of the probe liquid, y? and y/ are the dispersive and

polar components of the liquid surface tension, respectively, y& and y! are the dispersive

and polar components of the solid surface free energy, and 6 is the measured contact angle. The
total surface free energy of the solid is given by:

Vs = V8 + 15 (6)

Contact-angle measurements were performed using a JY-82C video contact-angle measurement

system (Chengde Dingsheng, China) with an angular resolution of 0.01 < For each measurement,

a 1 pL droplet of water or hexadecane was deposited onto the solid surface, and the static

contact angle was recorded. The dispersive and polar components of the solid surface free

energy were then calculated from the measured contact angles using the OWRK model.
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Supplementary Note 5. Surface tension measurement by the pendant drop method.

The surface tension of the liquid was measured by the pendant drop method, which is
based on the Young-Laplace equation. In this method, a liquid droplet is suspended from the
tip of a needle, and its equilibrium profile is determined by the balance between surface tension
and gravity. The pressure difference across the curved interface satisfies:

AP =y () (7
where AP is the pressure difference across the interface, y isthe surface tension,and R; and
R, are the two principal radii of curvature of the droplet surface.

Under gravitational force, the pressure difference also varies with vertical position:

AP = AP, + Apgz 8)
where AP, isthe pressure difference at the droplet apex, Ap is the density difference between
the liquid and the surrounding phase, g is the gravitational acceleration, and z is the vertical
distance from the apex.

By combining the above equations, the droplet profile can be described by the Bashforth-
Adams equation. In practical measurement, the entire droplet contour is recorded and fitted to
the theoretical Young-Laplace profile. The surface tension is then obtained from:

__ Apghb?
= begt” ©)

where b isthe radius of curvature at the droplet apex, and g is the dimensionless shape factor

obtained from profile fitting.
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Supplementary Note 6. Determination of the polar and dispersive components of liquid
surface tension from liquid-liquid interfacial tension measurements.

The liquid-liquid interfacial tension was measured by the pendant drop method, which is
based on the Young-Laplace equation. For a droplet suspended in another liquid phase, the

pressure difference across the curved interface satisfies:
1 1

AP :V12(R_1+R_2) (10)

where AP is the pressure difference across the interface, y,, is the liquid-liquid interfacial

tension, and R; and R, are the two principal radii of curvature. For an axisymmetric pendant

drop at mechanical equilibrium, the drop profile can be described by the Bashforth- Adams

equation:

z\ _ 1 sind
Z_ﬁ(Z) _R/b+ x/b (11)
where b is the radius of curvature at the drop apex, R is the principal radius of curvature at a

point on the profile, ¢ is the angle between the tangent and the horizontal axis, and g is the

Bond number (shape factor). The Bond number is defined as:

_ b%Apg _ b?
ﬁ N Y12 - a? (12)
and the capillary constant is:
— |z
a= | (13)

where Ap is the density difference between the two liquid phases and g is the gravitational
acceleration. In practice, the full droplet contour is fitted to the theoretical Young-Laplace
profile to obtain «, from which the interfacial tension is calculated.

After obtaining the interfacial tension between the test liquid and a reference liquid with
known surface-tension components, the dispersive and polar components of the test liquid
surface tension can be determined using a component-based interfacial-tension model. In this
work, the Owens-Wendt approach was used, in which the total surface tension of a liquid is
expressed as:

y=y*+y? (14)

where y¢ and yP are the dispersive and polar components, respectively.
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The interfacial tension between two liquids 1 and 2 is then written as:

V12 :V1+V2—2(\/V1d]/2d+\/]/1p)/zp) (15)

If the total surface tension of liquid 1 is known,
vi=vi+y (16)
and the total surface tension and components of reference liquid 2 are known, then y{* and
can be obtained by solving the above equations together with the measured y;,. For a nonpolar

reference liquid such as hexadecane, y, = 0, and the interfacial-tension equation becomes:

Yiz=V1+V2—2 V1dV2d (17)
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