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Rupture stress of liquid metal nanoparticles and their
applications in stretchable conductors and dielectrics
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Yang Liu'?, Xinyi Ji®'™ and Jiajie Liang

Few works had systematically investigated the relationship between the rupture stress of the oxide shell and the diameter of liquid
metal nanoparticles (LMNPs). Here, we fabricated a series of elastomer/LMNPs composites, which were based on various
polyurethanes with different shore hardness and LMNPs with different diameters, to systematically study the rupture stress of
LMNPs. We established a reliable and guidable relationship between the stress—strain curves of elastomers with different shore
hardness and rupture stress of LMNPs with various diameters by both experiments and numerical calculations. Based on this

guidance, we can facilely prepare stretchable conductors with remarkable stretchability and conductivity (i.e., 24,130S - cm

1 at

500% strain) and stretchable dielectrics with excellent stretchability and permittivity (i.e., dielectric constant of 76.8 with 580%
strain) through controlling the shore hardness of elastomers and diameter of LMNPs. This work will facilitate the systematic study of

LMNPs and expand their use in stretchable electronics.
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INTRODUCTION

Stretchable functional materials have attracted much attention
recently due to their wide use in deformable electronics ranging
from robotic sensory skins and wearable communication electro-
nics to bio-integrated devices'™. The most promising approach for
the preparation of stretchable functional materials is to embed
functional fillers into elastomers, thus integrating the complemen-
tary advantages of the inorganics’ functionality with the elasto-
mers’ mechanical stretchability>”. Unfortunately, the reported
mechanical performance of these composites decreases with
increasing loading of inorganic fillers due to their mechanical
stiffness and brittleness® 2. This has motivated an extensive
research effort focused on the development and use of functional
materials with large stretchability and low modulus.

Liquid metal (LM), particularly eutectic gallium indium (EGaln),
appear to be the most promising candidate for resolving the
trade-off between functionality and stretchability”'>"'”. On the
one hand, EGaln possesses properties of fluids such as negligible
vapor pressure, low viscosity (2mPa-s)'®, low melting point
(~145°C)">, high surface tension (~550 mN/m)'®, liquid-like
conformability, and self-repairing ability at room temperature?®?',
Recently, Parida et al. developed an extremely stretchable and
healable conductor based on EGaln by exploiting its fluidity
property®?. On the other hand, EGaln also has many metallic
characteristics such as high thermal conductivity (A =264W m™'
K™', T=30°C)?® and electrical conductivity (c =34,0005-cm )%
Exploiting its metallic properties, some researchers have fabri-
cated stretchable electrodes through the formation of EGaln
conductive channels inside the composites. For example, Wang
et al. reported an intrinsically stretchable conductor with a
working range of ~1,000%, initial conductivity of 8,3315-cm™’,
and high mechanical stability that was prepared by mixing
ethylene vinyl acetate copolymer, silver flakes, and LM nanopar-
ticles (LMNPs)®*. Tang et al. obtained printable, stretchable

(~500%), highly conductive (~2,316S- cm™"), and durable electro-
des for which electrical pathways were formed by peeling off the
polymers from the patterned EGaln particles®. Yang et al.
fabricated stretchable energy-harvesting tactile interactive inter-
face with high performance using mechanical sintered, LM-based
stretchable electrodes?®. Moreover, LMNPs were also adopted to
construct dielectrics. Bartlett et al. incorporated 50% by volume
(hereafter referred to as 50 vol%) of EGaln droplets into elastomers
to create all-soft dielectric films. The film with 50 vol% LMNPs
inclusion could endure 600% strain and showed high dielectric
constant of 42 across the frequency range from 1 to 200 kHz'®.

The structure of insulating solid shell and conductive liquid core
for the LMNPs enables their use in the fabrication of stretchable
conductors and stretchable dielectrics. In the typical synthesis,
bulk EGaln is ruptured into nanoparticles via tip sonication®’?%,
The stretchable conductors or dielectrics are obtained by mixing
LMNPs with hyperelastic elastomers?®2°, Although the sizes of the
synthesized LMNPs vary, all LMNPs have similar core-shell
structure consisting of a spontaneously formed dielectric solid
Ga,0; shell and highly conductive liquid EGaln core'*3°32
However, the integrity of the outer dielectric Ga,0O;5 shells used
in stretchable conductors and dielectrics is quite different. In the
LM-based stretchable conductors, Ga,05 shells are broken and the
encapsulated EGaln flows out to coalesce, providing a dynamic
and robust electrical pathway®?2. By contrast, Ga,05 shells remain
intact in the LM-based stretchable dielectrics. The Ga,03 shells
serve as powerful dielectric barriers between neighboring
LMNPs'833, Based on the above discussion, the integrity of the
outer dielectric Ga,053 shells determines the LMNPs functionality
and applications. However, few works had systematically investi-
gated the relationship between the rupture stress of the oxide
shell and the diameter of LMNPs>232934,

In this work, we fabricated a series of elastomer/LMNPs
composites, which were based on a range of polyurethane (PU)
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illustration of morphology changes of LMNPs-1.4 and LMNPs-0.3 applied in stretchable conductors and dielectrics. LMNPs-1.4/PU or LMNPs-
0.3/PU samples are obtained by mixing LMNPs-1.4 or LMNPs-0.3 with corresponding PU, respectively.

matrix with different shore hardness and LMNPs with different
diameters, to systematically study the rupture stress of LMNPs.
Furthermore, we established a reliable and guidable relationship
between the stress—strain curves of elastomers with different
shore hardness and rupture stress of LMNPs with various
diameters by both experiments and numerical calculations. Based
on this guidance, we can facilely prepare stretchable conductors
with remarkable stretchability and conductivity (i.e, 24,130S-
cm™' at 500% strain) and stretchable dielectrics with excellent
stretchability and permittivity (i.e., dielectric constant of 76.8 with
580% strain) through controlling the shore hardness of elastomer
and diameter of LMNPs.

RESULTS AND DISCUSSION
Theoretical calculation and experimental verification

In the experiments performed to measure the LMNPs activation
stress, the direct application of stress to the LMNPs is incon-
venient. Therefore, we adopted elastic PU to supply the stress and
read the loaded stress from its stress-strain curve. The typical
experimental procedure was as follows: First, EGaln was broken up
into nanoparticles via tip sonication?®. A dielectric Ga,05 shell with
a thickness of 0.5-3 nm forms spontaneously upon the exposure
of the nanoparticles to air as shown in Fig. 1a and revealed by TEM
(Supplementary Fig. 1)'*3°. The particle size can be tuned from
1.8 um to 0.3 um by prolonging the sonication time from 0.5 min
to 30min as shown in Supplementary Fig. 2273, Specifically,
LMNPs with different average diameters were donated as LMNPs-
X, where x represented the average diameter (um) of the obtained
LMNPs after sonication for certain time. Commercially available PU
with different shore hardness (85PU, 65PU, and 55PU where the
number represents its shore hardness) was selected as the elastic
matrix and stress supplier. Following material selection, all LMNPs/
PU composites were fabricated by screen printing. Unless
otherwise noted, the stretchable composites were denoted as
YLMNPs-x/zPU (for instance, 80%LMNPs-1.4/85PU means 80 vol%
LMNPs-1.4 dispersed in 85PU matrix). The composites were
fabricated with a length, width, and thickness of about 20 mm,
3.5mm, and 20 um, respectively. All the samples were mounted
on a motorized linear stage connected to a Keithley 2000 digital
multimeter used to monitor the resistance change. Displacement
tests coupling with electrical measurements were performed
simultaneously at a constant strain rate of 0.1% - s '. We assumed
that the specimen was dielectric until the Keithley 2000 digital
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multimeter could detect its resistance and recorded the mechan-
ical strain as the specimen activation strain. The LMNPs activation
stress was obtained from the stress-strain curve of the

corresponding PU. Based on the previous reports?’*, the force
for breaking the particles was calculated as:

d2
f= ke FxP (1)

where F is the measured force applied by the circular punch, fis
the force for breaking the particles, D is the diameter of the
circular polystyrene punch, d is the average particle diameter, and
P is the three-dimensional packing factor of the particles. When
the sample is stretched to the activation strain, the activation
stress is calculated as

g 6:16d +3.04x 1077
N md?

where S is the activation stress of LMNPs. More details could be
obtained in Supplementary Note 1. Fig. 2a shows the activation
stress plotted as a function of LMNPs diameter (red solid curve)
obtained according to Eq. (2). To facilitate comparison, the
stress—strain curves of various PUs are also plotted. As depicted
in Fig. 2a, the activation stress of LMNPs is inversely proportional
to their size so that larger LMNPs break more easily than smaller
LMNPs. To clearly show the shell integrity of the LMNPs of various
sizes under different stress, Fig. 2a is divided into two regions by
the activation stress—LMNPs diameter curve. In the orange area,
LMNPs will rupture under the overloaded stress and the leaked
EGaln will form a continuous network inside the composite.
However, in the purple area, the external stress does not reach the
activation stress of the corresponding LMNPs, so that their shells
remain intact and act as electron barriers. Taking LMNPs-1.4 and
LMNPs-0.3 as examples, the activation stress of LMNPs-1.4 is 1.5 x
10° Pa and once the applied stress exceeds this value, the LMNPs-
1.4 become conductive. On the other hand, the activation stress of
LMNPs-0.3 (9.5 x 10° Pa) is much higher than that of LMNPs-1.4,
indicating that LMNPs-0.3 are more robust than LMNPs-1.4. When
the external stress is lower than 9.5x 10°Pa, the LMNPs-0.3
remain insulating and are suitable for use in dielectric composites.

Two factors determine the integrity of the Ga,03 shells: (1) the
inherent activation stress of LMNPs; and (2) the external applied
stress. The accuracy of Eq. (2) is validated by varying the size of
LMNPs and the modulus of the PU matrix. As revealed in Fig. 2b,
the experimental activation strains of 50%LMNPs-1.4/85PU and

)
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Fig.2 Verification of calculated results. a Stress—strain curves of various PU coupled with calculated LMNPs activation stress. Theoretical and
experimental activation strain of b 50%LMNPs-1.4/85PU and 50%LMNPs-0.3/85PU and ¢ 50%LMNPs-1.4/65PU and 50%LMNPs-0.3/65PU. The
error bars show the standard deviation. Top view SEM images of 50%LMNPs-1.4/85PU under d original state, e 30% strain, and f relaxed state
and 50%LMNPs-0.3/85PU under g original state, h 200% strain, and i relaxed state. Outflowed EGaln is emphasized in white box with dashed

lines of e. The scale bars in d-i are 4 pm.

50%LMNPs-0.3/85PU composites were 11.7% and 224.2%; these
values are almost identical to the calculated activation strain
values of 11.9% and 228.1%, respectively. SEM images of 50%
LMNPs-1.4/85PU and 50%LMNPs-0.3/85PU composites provided
morphological insight into the LMNPs changes during the
multiple steps of the stretching-releasing process. In the original
state, both spherical LMNPs-1.4 and LMNPs-0.3 (Fig. 2d, g) had
closed-cell geometry and were dispersed uniformly in the 85PU
matrix, differing only with respect to their size. Then, the 50%
LMNPs-1.4/85PU sample was stretched to 10% strain and released.
The Ga,0; shells were not broken and inner EGaln was still
encapsulated as revealed in Supplementary Fig. 3a. After the strain
was further increased to 30% (much larger than its activation
strain of 11.9%), the outer Ga,O5 shells were broken and the inner
EGaln flowed out to form electrical channels as emphasized in the
white box marked by dashed lines in Fig. 2e. Finally, the EGaln
microchannels formed inside the matrix and the 50%LMNPs-1.4/
85PU composites functioned as stretchable conductors after
releasing back to the 0% strain state as depicted in Fig. 2f.

Published in partnership with Nanjing Tech University

By contrast, 50%LMNPs-0.3/85PU composites remained insulat-
ing and endured much larger strain. As revealed in Fig. 2h, the
nonconductive shells of LMNPs-0.3 were intact for the 50%LMNPs-
0.3/85PU composites even under 200% strain. This is because the
LMNPs-0.3 can endure stress that is as high as 9.5 x 10° Pa and the
activation strain of 50%LMNPs-0.3/85PU increased to 228.1%.
Finally, the LMNPs-0.3 returned to its original spherical shape as
illustrated in Fig. 2i and the 50%LMNPs-0.3/85PU composites
remained insulating after releasing back to original state.
However, large stress will tear the oxidized shells once the strain
value exceeds 230%, in agreement with the SEM results
(Supplementary Fig. 3b). These above experimental results are
consistent with our calculated results and validated the effective-
ness and accuracy of Eq. (2). Subsequently, 85PU was replaced by
65PU that has a much lower Young's modulus to validate the
influence of the matrix modulus. As shown in Fig. 2c, the
experimental activation strain increased to 27.1% and 540.4% for
50%LMNPs-1.4/65PU  and  50%LMNPs-0.3/65PU, respectively,
matching the corresponding calculated activation strain values

npj Flexible Electronics (2021) 11
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Fig.3 Electrical performance of LM-based stretchable conductors. Relationship of conductivity in the releasing state (0% strain) after certain
strains with a PU, b LMNPs diameters, and ¢ LMNPs volume percentage. d Fitting of the experiment data with the percolation theory.
e Conductivity-applied strain curve of 85%LMNPs-1.4/85PU. f Normalized resistance changes of 85%LMNPs-1.4/85PU subjection to 300%
strain for 20,000 cycles at various rates (0.12, 0.16, 0.24, 0.30, and 0.01 Hz). The error bars show the standard deviation.

of 23.0% and 558.2%, respectively. Even though 85PU was
replaced by 65PU, the activation stress values of 50%LMNPs-1.4/
65PU (1.47 x 10° Pa) and 50%LMNPs-0.3/65PU (9.52 x 10° Pa) were
essentially the same as those of 50%LMNPs-1.4/85PU (1.46 x 10°
Pa) and 50%LMNPs-0.3/85PU (9.53 x 10° Pa), further confirming
the accuracy of Eq. (2).

LM-based stretchable conductors

The integrity of the LMNPs shells and their suitability for
applications can be easily determined by the comparison of the
LMNPs threshold activation stress to the stress supplied by the
polymer matrix. Once the supplied stress was larger than
activation stress, LMNPs became conductive fillers and were
suitable for use in stretchable conductors. In the following steps,
to resolve the trade-off between conductivity and stretchability,
we focused our effort on the development and optimization of
LM-based stretchable electrodes using these broken LMNPs. It was
easily concluded from the above calculations that the modulus of
the elastomer matrix and strain influenced the supplied stress
while the activation stress depended solely on the diameter of
LMNPs. Fig. 3a shows the obtained conductivity (o) after certain
strains for the composites adopting 85PU, 65PU, and 55PU as the
polymer matrix. An examination of the cross-section SEM images
of the samples (Supplementary Fig. 4) shows that greater fusing
area of broken LMNPs was obtained with larger strain and matrix
modulus. The specimens with 85PU as the polymer matrix
obtained the highest conductivity after 500% strain due to its
high modulus. Furthermore, the relationship between the
conductivity after certain strains and LMNPs diameter was
demonstrated in Fig. 3b. As revealed in the cross-sectional SEM
images of the specimens with different LMNPs diameters
(Supplementary Fig. 5), the specimens containing LMNPs-1.4

npj Flexible Electronics (2021) 11

obtained the highest conductivity. Further increase in the
diameter (about 1.8 um in Supplementary Fig. 5a) will lead to
poor dispersion of the LMNPs in the composites. The relationship
between the sample conductivity after certain strains and amount
of LMNPs is shown in Fig. 3c. It is observed that an excessive
amount of LMNPs lowered the conductivity due to the insufficient
PU coverage on the particles surface, while an inadequate amount
of LMNPs resulted in a longer distance between the adjacent
particles. Consequently, thicker matrix shells hindered the
agglomeration of the particles as demonstrated in Supplementary
Fig. 6.

To summarize, the 85%LMNPs-1.4/85PU specimen optimized
the highest conductivity (11,7025-cm™"). In fact, the broken
LMNPs can be regarded as conductive fillers and obey the
percolation theory relationship®3”

A=AV — V)P

where A and A, denote the conductivities of the composites and
bulk EGaln, respectively, and V; V,, and b are the volume fraction of
conductive fillers, the volume fraction of the percolation threshold,
and the fitting exponent, respectively. As depicted in Fig. 3d, the
results obtained using 0.38, 1.48, and 34,000 for V., b, and A,
respectively, in computer-aided calculation showed a good
agreement with the experimental data. Additional calculation
details are provided in Supplementary Note 2. The stretching state
conductivity decrease is the fatal weakness that leads to device
performance degradation®®. Unlike for the other types of stretch-
able conductors, the initial conductivity of the 85%LMNP-1.4/85PU
composite was 11,7025 -cm ™" and increased gradually to 24,130 S
-cm™' at 500% strain as revealed in Fig. 3e. This unusual
phenomenon was attributed to the conformal characteristic of
LM that induced an enhancement of the conductivity along the
stretching direction®. Supplementary Fig. 7 shows a comparison of

Published in partnership with Nanjing Tech University
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Fig. 4 Electrical performance of LM-based stretchable dielectrics. a Comparison of specific capacitance and dissipation of LMNPs-0.3/55PU
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the electrical conductivity and working range of the 85%LMNPs-
1.4/85PU electrodes to other previously reported stretchable and
printable conductors® 224253949

To cope with challenging extemal environmental conditions,
the reliability of stretchable electrodes at different stretching
frequencies is also crucial. As shown in Fig. 3f, normalized
resistance (R/Ry) of the 85%LMNPs-1.4/85PU stretchable electro-
des at 300% strain remains constant at ~3.3 as the stretching
frequency increases from 0.01 to 0.30Hz. The electrodes also
showed no obvious degradation in normalized resistance (Fig. 3f)
and conductivity (Supplementary Fig. 8) even after a total of
20,000 stretching-releasing cycles under 300% strain, demonstrat-
ing their mechanical robustness and reliability for practical
applications. A normalized resistance change of the 85%LMNPs-
1.4/85PU stretchable electrodes subjected to 200% and 100%
strains at various rates is presented in Supplementary Fig. 9.

LM-based stretchable dielectrics

The intact LMNPs can be used in the dielectric materials as specific
capacitance (C;) and permittivity (¢) enhancing fillers on the
premise of high stretchability. According to the calculations, the
outer Ga,0s shells of LMNPs-0.3 can encapsulate EGaln and prevent
its outward flow for stresses of up to 9.53 x 10° Pa, far more than
the tensile stress of 55PU (5.40 x 10° Pa at 580% strain). The sample
remained insulating until rupture. As plotted in Fig. 4a, the specific
capacitance of the LMNPs-0.3/55PU dielectric film increased
monotonically with more LMNPs-0.3 addition and reached nearly
1,200% [C, (50%LMNPs-0.3/55PU, 100 kHz) = 64.7 nF-cm 2] com-
pared to that of the blank control [C, (55PU, 100 kHz) =5.4 nF-
cm~?]. Moreover, the dissipation (D) of all specimens in the
frequency range of 10-100 kHz was lower than 0.1, well within the
threshold for dielectric functionality. The low dissipation of all
specimens was attributed to the dielectric property of outside

Published in partnership with Nanjing Tech University

insulating Ga,05 and negligible conductivity of samples®. Fig. 4b
presents the dielectric constant plotted versus LMNPs-0.3 volume
percentage of the LMNPs-0.3/55PU dielectric film at the frequency
of 100 kHz and 0% strain. The dielectric constant increased to nearly
1,240% that of 55PU and could be easily tuned from 6.2 with 0 vol%
LMNPs-0.3 to 76.8 with 50vol% LMNPs-0.3. Furthermore, the
electromechanical properties of dielectric layers are also significant
parameters for the evaluation of stretchable dielectrics. Fig. 4c
depicts the normalized capacitance (C/Cy) of the 50%LMNPs-0.3/
55PU dielectric films at a frequency range of 10-100 kHz under
various strains. Their C/C, values remained relatively stable within
the entire measured frequency range. However, C/Cy increased
monotonically with stretching and reached 1.9 at 200% strain. This
phenomenon can be attributed to: (1) the expanded area and (2)
the thinner dielectric layer caused by stretching.

To test the reliability of the 50%LMNPs-0.3/55PU dielectric films,
we performed fatigue measurements under 100% strain for 1,000
cycles (Fig. 4d). During cyclic test, the stretching C/Cy and D/Dg
values remained 1.5 and 1.3, manifesting the high stability of
LMNPs-0.3 inside the dielectrics and the accurate guidance
provided by the results of our calculation. The results of the
electrical, electromechanical, and fatigue tests of other LMNPs-0.3/
55PU samples are presented in Supplementary Fig. 10. To highlight
the performance of our dielectric films, we compared the specific
capacitance, dielectric constant, working range, and durability of
50%LMNPs-0.3/55PU with those of the state-of-the-art stretchable
dielectrics'®°'™> as shown in Supplementary Table 1.

In conclusion, we calculated the rupture stress of LMNPs with
different sizes and verified the validity of the calculations through
experiments. Following the guidance provided by the calculated
results, we fabricated LM-based, ultra-stable, hyperelastic, and
highly conductive electrodes adopting coalesced broken LMNPs-
1.4. As stretchable conductors, the 85%LMNPs-1.4/85PU composites

npj Flexible Electronics (2021) 11
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demonstrated large stretchability (>500%) and high electrical
conductivity (11,702S-cm™ at 0% strain and 24,130S-cm™' at
500% strain). Moreover, we fabricated dielectric films with high
permittivity and specific capacitance by using intact LMNPs-0.3. As
dielectric layers, the 50%LMNPs-0.3/55PU dielectric films remained
insulating under 580% strain. Specific capacitance and dielectric
constant reached 647nF-cm™2 and 768 corresponding to
enhancements of 1,200% and 1,240%, respectively, compared to
blank control. Fatigue measurements revealed that the dielectric
films were stable under 100% strain for 1,000 cycles. This
demonstrated the high stability of LMNPs-0.3 inside the dielectrics
and provided an additional confirmation of the accuracy of the
guidance provided by our calculations. Taken together, these
results will guide the systematic study of LM as well as advance the
development of next-generation deformable electronics.

METHODS

Raw materials

N,N-dimethylformamide (Sigma Aldrich) were purchased and used without
further purification. PU (85PU, 65PU, 55PU) was obtained from Yantai
Wanhua Polyurethane Co. Ltd. (China). EGaln was fabricated by mixing
melted gallium and indium (75% Ga/25% In, by weight) overnight.

Preparation of LMNPs/PU ink

LMNPs were synthesized using a tip sonicator (Hielscher UP400S,
Germany). EGaln (6 g) and DMF (150 ml) were added into 250 ml beaker
and treated at 90% sonication amplitude for different time length (0.5, 1, 2,
5,10, and 30 min) to obtain particles with the target size. Then, the LMNPs
were collected by centrifugation at 4,000 rpm for 5min. PU (1g) was
added to DMF (5 ml) and stirred for 8 h to obtain a clear solution. Finally,
LMNPs/PU ink was obtained by mixing LMNPs and PU solution overnight.

Fabrication of LMNPs/PU dielectric film

Glass slides were cleaned with ultrasonication sequentially in acetone,
isopropyl alcohol, and deionized water. Nanocomposite dielectric film was
coated on glass substrates using a Mayer rod, followed by drying on a hot
plate at 80 °C for 10 min. The amount of LMNPs varied from 15 to 50 vol%.
The printed composite film with a thickness of ~1 pm was obtained by
adjusting the concentration of the dielectric film ink. For dielectric analysis,
EGaln was deposited on the film top surface using a blunt syringe needle.
Subsequently, ReoFlex elastomer was poured and cured to transfer the
bottom structure from the rigid substrate. Finally, EGaln was patterned as
another electrode to obtain a stretchable parallel plate capacitor and a
wire probe was placed into the EGaln contact. At least five individual
measurements were performed to characterize the dielectric film.

Characterization

Resistance-strain and fatigue tests were carried using a motorized linear
stage with a built-in controller (Zolix Inc., China) while a Keithley 2000
digital multimeter (Keithley Instruments, America) was used to simulta-
neously monitor the resistance change. The dielectric film capacitance and
dissipation were measured using a precision LCR meter (TongHui 2338H,
Changzhou Tonghui Electronic Co., Ltd.) from 10 to 100kHz at 5V
adopting the sandwich structure mentioned above. Capacitance and
dielectric constant were measured at a frequency of 100kHz. SEM
characterizations were carried out using a field-emission scanning electron
microscope (JSM-7800, Japan) at an accelerating voltage of 5.0kV. TEM
images were obtained using a transmission electron microscope (JEM-
2800, Japan). Electric conductivity was calculated according to the
equation o =L/(RS), where L is the length of the tested sample, R is the
sample resistance, and S is its cross-section area. At least five samples were
tested for each conductivity value. The stress—strain curves of 85PU, 65PU,
and 55PU were measured using a universal tensile testing machine
(SHIMADZU TRAPEZIUM-X, Japan). The optical photographs were obtained
using a Leica ICC50W camera (Leica Microsystems, Germany). Particle size
statistics were obtained using Nano Measure (China) and the irregular
graphic area was integrated using the Image J software (China). A 3D
profiler (Filmetrics, America) was used to measure the thicknesses of the
composite film. Dielectric constants were calculated from the measured
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capacitances, thicknesses, and cross-section area of the electrodes. All
capacitance, dielectric constant, and conductivity values were averaged
from the measurements performed for at least five devices, and the error
bars denote the standard deviations.
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