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Supplementary Fig. 1 | The local density of interfacial polymers around the nanoparticle. a, The
HADDF image (up) of a TiO2 nanoparticle embedded in the PVDF matrix, and the corresponding element
mapping (middle) and line profile (blue) of C signal (bottom) near the interface area. b, The HADDF
image (up) of a BaTiO3; nanoparticle embedded in the PVDF matrix, and the corresponding element
mapping (middle) and line profile (blue) of C signal (bottom) near the interface area. The scale bar is 50

nm.



Supplementary Fig. 2 | The schematic illustration of the lateral and vertical PFM. The lateral and
vertical PFM models allow the detection of dipole components from the in-plane and out-of-plane. In PFM
test, the sample generally expands or contracts at the apex of the tip while an electrical voltage is applied
to its surface. Such a deformation leads to mainly deflection, buckling or torsion of the cantilever. In
vertical PFM and lateral PFM imaging, out-of-plane and in-plane polarization is measured by recording the

tip-deflection signal and lateral motion of the cantilever due to bias-induced surface shearing, respectively.
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Supplementary Fig. 3 | The schematic illustration of phase signal in PFM. The phase of the measured
response is proportional to the direction of the polarization, thus the sign of phase indicates the polarization
orientation of the sample when an oscillating voltage is applied to the sample. The output of phase signal
only exhibit two values, namely 0° and 180°, reflecting the vertical component of different dipole
polarization. The phase of the dipoles with upward vertical component is 180°, while the phase of the

dipoles with polarization pointing downward is 0°!.
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Supplementary Fig. 4 | The phase signal of the pristine TiO; nanoparticle. a, The schematic illustration
of the pristine TiO; nanoparticle on the polymer surface. b, The Lateral PFM phase image (up) and
corresponding line profile (bottom) of the pristine TiO; nanoparticle. ¢, The Vertical PFM phase image (up)

and corresponding line profile (bottom) of the pristine TiO2 nanoparticle. The scale bar is 200nm.
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Supplementary Fig. 5 | Interfacial structure in PVDT-TiO; nanocomposite. a, b, The (a) AFM-IR
chemical map with irradiation by a laser at 840 cm™ and (b) corresponding AFM height image. The scale

bar is 2 pm. The isolated interface is marked with blue rectangle and overlapped interface is marked with

orange rectangle.
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Supplementary Fig. 6 | The correlation between nanoparticle volume fraction and interparticle
distance in polymer nanocomposite. a, The schematic illustration of the interparticle distance (d)
between two neighboring nanoparticles b, The variation of interparticle distance with the volume fraction

of nanoparticles  (fpariictle) in the polymer nanocomposite. By assuming a uniform nanoparticle dispersion,

1
3 =
. . 1 6
the relation between d and fparicie is expressed as:  particle = 5 (—+ ) ,and = [(—pamde) : - 1],

where the D = 60 nm is the diameter of nanoparticles.?
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Supplementary Fig. 7 | Schematic illustration of PMMA polymer chain with mutual cis conformation
of ester and methoxy groups, the dipoles are marked with orange arrows. The polarity of the PMMA
chains greatly depends on the cis-trans isomerism of the ester and methoxy groups, the dipole moment of
the ester group is located in the ester plane nearly antiparallel to the C=0 bond. When two adjacent ester
groups have the same orientations, the dipoles are parallel to each other and produce higher polarity of

PMMA polymers?.



2.1
a — 0% C
—0.1%
20F
©
I
<
Ny 19f
]
<
181
. : . . 17 . : . . .
1500 1400 1300 1200 1100 1000 0.0 0.2 0.4 0.6 0.8
Wavenumbers (cm™) Volume fraction of TiO, (%)
b d 1.55
1.50 -
e
< q45)
o
<
1.40 -
: 3 . 3 135 5 . : . :
1300 1250 1200 1150 1100 1050 0.0 0.2 0.4 0.6 0.8
Wavenumber (cm™) Volume fraction of TiO, (%)

Supplementary Fig. 8 | The correlation between interfacial polar polymers and inter-particle
distance in PMMA-TiO: nanocomposites. a, FTIR spectra of PMMA-TiO> nanocomposites with
different volume fractions of nanoparticles. b, FTIR spectra in the region 1050-1300 cm™! with fitted
component bands at 1175 cm™, 1193 cm™!, 1242 ¢cm™ and 1273 cm''. ¢, The calculated ratio of absorbance
intensities between bands of 1242 cm™! and 1273 cm! for nanocomposites with different volume fractions
of nanoparticles. The cis and trans conformations of the ester group (C-C-O) are assigned to the 1242 cm’!
and 1273 cm! respectively®*. d, The calculated ratio of absorbance intensities between bands of 1193 ¢m'!
and 1175 cm’' in nanocomposites with different volume fractions of nanoparticles. The cis and trans
conformations of the methoxy group (C-O-C) are assigned to the 1193 cm™! and 1175 cm™!, respectively*>.
The value of cis/trans conformation absorbance intensities for both ester (Ai242/Ai1273) and methoxy
(A1193/A1175) groups increases with increasing the volume fraction of TiO> nanoparticles, and reach the
peak value at the volume fraction of 0.35%. The incorporation of TiO; nanoparticles leads to higher
content of mutual cis conformation of ester and methoxy groups, which results in more parallelly
orientated dipoles along the antiparallel direction of the C=0 bond as well as higher polarities of PMMA

polymers.
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Supplementary Fig. 9 | The constructed surface electric potential near the nanoparticle. The
distribution of electrical potential followed by Poisson and Boltzmann equations near a single TiO:
nanoparticle. In the simulations, the electric potential following Poisson and Boltzmann equations was set
onto the nanoparticle surface to build the charged surface, and the direction of the electric potential points

perpendicularly to the particle surface.
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Supplementary Fig. 10 | The dielectric properties of polymer nanocomposites filled with varying
volume fractions of nanoparticles. a, b, ¢, The frequency-dependent dielectric constant of (a) PVDF, (b)

PEI, (c) PMMA based nanocomposites filled with varying volume fractions of TiO2 nanoparticles.
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Supplementary Fig. 11 | The comparison of dielectric constant obtained by experimental data and
classic two-phase mixture rules. a, b, ¢, The experimental and fitted dielectric constant of (a) PVDF, (b)
PEI, (¢) PMMA based nanocomposites filled with varying volume fractions of TiO» nanoparticles. The
experimentally measured dielectric constants of nanocomposites show large deviations from the classic
two-phase mixture rules including Maxwell-Wagner®, Bruggeman’, Rother-Lichtenecker® models, which

exhibit unexpected enhancement at the dilute concentration of TiO nanoparticles.
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Supplementary Fig. 12 | a, b, FTIR spectra of the (a) PVDF-TiO: and (b) PVDF-BaTiO3
nanocomposites with different volume fractions of nanoparticles. ¢, The calculated ratio of
absorbance intensities (Ass and A7) at 840 cm™ and 766 cm! in the nanocomposites with different
volume fractions of nanoparticles. d, Variation of dielectric constant as a function of volume fraction

of different nanoparticles for nanocomposites.
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Supplementary Fig. 13 | Variation of dielectric constant as a function of volume fraction of TiO;

nanoparticles with different diameters.
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Supplementary Fig. 14 | The dielectric properties of nanocomposites under varying temperatures. a,
The variation of dielectric constant with varying temperatures for PVDF-TiO, nanocomposites. b, The

variation of dielectric constant with varying temperatures for PEI-TiO2 nanocomposites.
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Supplementary Fig. 15 | The differential scanning calorimetry (DSC) curves of PVDF-TiO;
nanocomposites with varying volume fractions of nanoparticles. The melting temperature of

PVDEF-TiO; nanocomposites determined from the DSC curves is around 170 °C.
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Supplementary Fig. 16 | Variation of electric displacement at electric field of 200kV/mm as a
function of volume fraction of TiO: nanoparticles. A high loading of 6 vol.% TiO> nanoparticles,
exceeding the concentration range of polar interfacial effect, also endows a similar enhancement of D by
contributions from the intrinsic high & of TiO, and interfacial space charge®, however, the Ey value is
notably decreased to 440 kV/mm, because the high loading intensifies the aggregations of nanoparticles

and results in more structure imperfections.
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Supplementary Fig. 17 | Failure probabilities of breakdown strength deduced from Weibull
distribution for PVDF-TiO: nanocomposites. The experimental breakdown strength of polymer
nanocomposites is analyzed by the Weibull equation as P(E)=1-exp[-(E/Ev)’], where P(E) is the
cumulative probability of electric failure, £ is experimental breakdown strength, £y, is a scale parameter
refers to the breakdown strength at the cumulative failure probability of 63.2%, which is also regarded as

the characteristic breakdown strength, and f is the Weibull modulus associated with the linear regressive fit

of the distribution.!°
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Supplementary Fig. 18 | Electrical displacement (D) - electric field (E) loops for PVDF-TiO;
nanocomposites with different volume fractions of TiO: nanoparticles. Based on the D-E loop, the

energy density (Ug) is calculated by = , Wwhere D; and Duax are the remnant electrical

displacement and maximum electrical displacement, respectively.
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Supplementary Fig. 19 | Variation of discharged energy density and efficiency with the electric field

for PVDF-TiO; nanocomposites with different volume fractions of TiO: nanoparticles.
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Supplementary Fig. 20 | Cyclic stability of energy density and energy efficiency of PVDF-TiO;

nanocomposites with with 0.35 vol.% of TiO: nanoparticles under electric field of 400 kV/mm.
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Supplementary Fig. 21 | Open-circuit voltage output signals of the PVDF-TiO; nanocomposites with

varying volume fractions of nanoparticles under a pressing force of 10N.
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Supplementary Fig. 22 | The stretchability and transparency of polymer nanocomposites. The
strain-stress curves of pristine PVDF, dilute nanocomposite with 0.35 vol.% of TiO> nanoparticles and high

loading nanocomposite with 6 vol.% of TiO> nanoparticles, the inset shows the photo images of the three

samples.



10

00 02 04 06 08
Volume fraction of Al,O5 (%)

Supplementary Fig. 23 | Variation of dielectric constant as a function of volume fraction of AL,O3

nanoparticles (in diameter of 60nm) for PVDF-Al O3 nanocomposites.
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Supplementary Fig. 24 | AFM topography image of the PVDF thin film on the ALLO; layer with

different film thicknesses.
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Supplementary Fig. 25 | Calculation of dielectric constant of interfacial PVDF layers with varying

distances from the Al,O; surface. a, Schematic illustration of the series connection of Al,O3 films and

PVDF film. b, Schematic illustration of the PVDF film layers with different distances (x nm) from the

AlOs surface and corresponding dielectric constant (- pypr(x nm) )

aloindicates the dielectric constant of

Al>Os. Based on the measured overall dielectric constant of layered AlO3/PVDF/Al,O3 nanocomposite

(' AlospvDF( nmysaio ) With varying PVDF film thickness (# nm) (Fig 5b), the PVDF film with different

distances from the ALO; surface can be determined by the series law of capacitor. Take the

ALO3(10nm)/PVDF(¢ nm)/Al,03(10nm) nanocomposite as an example, the dielectric constant can be

expressed as

30 10 10 10
= —
AIO(10nm)/PVDF(10nm)/AlO(10nm) AIO PVDF(10nm) AIO
70 — 10 + 10 + 40 + 10 ’
AIO(10nm)/PVDF(50nm)/AlO(10nm) AIO PVDF(10nm) PVDF(10—50nm) AIO
110 — 10 + 10 + 40 + 40 + 10 .
AIO(10nm)/PVDF(90nm)/AlO(10nm) AIO PVDF(10nm) PVDF(10—50nm) PVDF(50—90nm) AIO

Thus, the distance-dependent dielectric constant of interfacial PVDF layers were calculated as shown in

Fig 5c.



1.00 &< 1.0
a © 0.99 b £ 18 4,0, (1 PVDF (10 A0, (15 PVDF (10Y A, (15) C 120

5 o o Br—ge—a__

T 0.90 11159 2 15 4 100 S S [0

‘5 p=16.2 :E o —8— A0, (28) PVDF (10) AL, (28) . _

g 0.50 g 12 S, 80 |~ AkOs (15 PVOF (10) A0 (15) PVDF (10) AL, (15) 06 =

3 E,~12504 5 ‘E 60 2

= |5} 7 L ©

g B=186 % 9 ' / g 0438

Q K] / AL,0, (28) PVDF (10) ALLO, (28) o 401} hj

© 0.10 8 5 ~ s

= L ° 0.2

S 005 £ 2 20t

E AN o 3 t —

3 = Aoy oy Pvor (oy Ao, ey Puor oy a0, | . of 10.0

. : : ; , ; 0 : : : : . . : :
900 1000 1100 1200 1300 1400 0 300 600 900 1200 0 300 600 900 1200
Breakdown strength (kV/mm) Electric field (kV/mm) Electric field (kV/mm)

Supplementary Fig. 26 | Breakdown and energy storage properties of nanolaminated

nanocomposites containing one and two PVDF bound polar layers. a, The Failure probabilities of
breakdown strength deduced from Weibull distribution for Al:O3 (28 nm)/PVDF (10 nm)/Al>O3 (28 nm)
and AlO3; (15 nm)/PVDF (10 nm)/Al2O3; (15 nm)/PVDF (10 nm)/Al2O3 (15 nm) nanolaminated
nanocomposites. b, D-E loops for Al203 (28 nm)/PVDF (10 nm)/Al>O3 (28 nm) and Al>Os (15 nm)/PVDF
(10 nm)/Al203 (15 nm)/PVDF (10 nm)/Al2O3; (15 nm) nanolaminated nanocomposites under different
electric fields. ¢, Variation of discharged energy density and energy efficiency with the electric field for
ALO3 (28 nm)/PVDF (10 nm)/Al203 (28 nm) and Al2O3 (15 nm)/PVDF (10 nm)/Al>O3 (15 nm)/PVDF (10

nm)/Al>O3 (15 nm) nanolaminated nanocomposites.
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