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Lightweight and printable polymer dielectrics are ubiquitous in
flexible hybrid electronics, exhibiting high breakdown strength
and mechanical reliability. However, its advanced electronic
applications are limited due to its relative low permittivity,
compared to its ceramic counterparts. Here we report flexible all
organic percolative nanocomposites that contain in-situ grown
conductive polymer networks and dielectric polymer matrix, in
which their dielectric properties can be designed and guided from
the percolation theory. High dielectric constant of all organic
percolative nanocomposite is shown over a broad frequency range
under intensive bending cycles, while its thermal stability is
attributed to thermal conductive 2D montmorillonite nanosheets.
The printable polymer composites with high dielectric
performance and thermal stability would find broader interests in
flexible hybrid electronics and radio frequency devices.

Dielectric materials with high dielectric constant and low loss
are of great significance towards a wide range of applications
in modern electronics and electrical power systems such as
antenna electronics, hybrid electric vehicles and switched
mode power supplies.> Compared with inorganic dielectric
ceramics, lightweight polymers exhibit a high dielectric
breakdown strength and hybrid manufacturing potential.4>
Dielectric polymers, such as poly(vinylidene fluoride) (PVDF),
biaxially oriented polypropylene (BOPP), poly(ethylene
terephthalate) (PET), polycarbonate (PC) have been attracting
wide attention.® Among them, PVDF-based polymers have
been extensively studied due to its high breakdown strength
while its energy density is limited by its relatively lower
permittivity.”® Percolation theory for enhancement of
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dielectric constant has been applied into metal-polymer
composites by using metal nanoparticles as fillers and epoxy as
polymer matrix.1%13 The hybrid composites containing
dielectric ceramic or conductive metal fillers can therefore
achieve high dielectric constant and high electric breakdown
strength corresponding to the functions of additives and
polymer matrix, respectively.’*#1> However, the ceramic or
metal nanoparticle doped polymer composites can deteriorate
its mechanical quality due to the aggregation of nanoparticles
and dissimilar The incompatible
inorganic-organic interface requires improvement, especially

interfacial interactions.
at a relatively high concentration of conducting additives.16-17
In addition, polymer dielectrics often function at a relatively
low operating temperatures.18

Here, we report an all organic printable dielectric polymer
composite, where polyaniline (PANi) doped with protonic acid
(HPANi) is applied as the conductive filler within the
poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE)
copolymer matrix to enable the conductor-insulator dielectric
composite. Under the HPANi percolation network strategy, a
small fraction of HPANi conductive networks can bring a
dramatic increase of dielectric constant while preserving the
mechanical flexibility of the polymer.13 1321 The percolative
HPANi chain within the dielectric polymer matrix enables the
bulk heterojunction structure to maintain the polymeric
features of being lightweight with excellent mechanical
elasticity.’> 22 Meanwhile, PVDF-based dielectric polymers
exhibit large spontaneous polarization and high dielectric
constants because of the presence of highly electronegative
fluorine on the polymer chains and the spontaneous alignment
of C-F dipoles in the crystalline phases.?® 2* We demonstrate a
high thermal stability of the dielectric composite by templating
2D montmorillonite (MTM) nanosheet with the HPANI
distributed into the PVDF-TrFE polymer matrix, enabling a high
dielectric constant with improved thermal stability. HPANi
functionalization of 2D MTM is achieved by
polymerization of aniline in aqueous HCI| solution in the
presence of liquid-exfoliated 2D MTM nanosheets and
ammonium persulfate. By introducing the HPANiI-MTM
heterostructures into the PVDF-TrFE polymer matrix, the

in-situ
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composite sheet containing 1 wt% of HPANi-MTM shows a
69.4% enhancement of the dielectric constant when compared
to that of pure PVDF-TrFE at 10 kHz. Meanwhile, the dielectric
constant of the composite shows improved thermal stability
under a wide range of temperatures, from 30 °C to 150 °C, due
to the 2D MTM and good compatibility between the HPANi-
MTM and PVDF-TrFE matrix.

The scheme in Figure 1a shows the comparison between
PVDF-TrFE and conductive HPANi doped PVDF-TrFE polymer
(PVDF-TrFE/HPANI). HPANi has a high dispersion stability in
PVDF-TrFE and leads to a percolative nanocomposite with an
enhanced dielectric response. Optical images indicate the
doping of HPANi turns the white PVDF-TrFE into dark green.
The conductive fillers serve as active electrical sites for charge
accumulation. The typical scanning electron microscopy (SEM)
image in Figure 1b shows the cross-section view of a PVDF-
TrFE/HPANi composite with an HPANi concentration of 1.0
wt%. The energy-dispersive X-ray spectroscopy (EDS, Figure
S1) indicates the uniform distribution of HPANi in the PVDF-
TrFE matrix through the nitrogen and fluorine elemental
mapping, respectively. Figure 1c shows the dielectric constant
of PVDF-TrFE/HPANi with various concentrations of HPANi
under the frequency from 100 Hz to 10° Hz. Increasing the
HPANi concentration results in a clear enhancement of the
dielectric constant. The dielectric constant of PVDF-
TrFE/HPANi composite at 103 Hz is plotted against the
concentration of HPANi as shown in Figure 1d with a dramatic
increase of dielectric constant from 8.9 to 243.6 upon the
increase of HPANi concentration from 0.5 to 9.1 wt%. In
contrast, there is a subtle change in the composite of PVDF-
TrFE and nonconductive PANi, and the dielectric constant is 8.5
and 9.9 at the concentration of 9.1 and 16.7 wt%, respectively
(Inset of Figure 1d and Figure S2). The concentration
dependence of the dielectric constant is then fitted by the
percolation theory following the equation &'=g(f-f)s, f<f,
where ¢ is the dielectric constant of PVDF-TrFE/HPANI
composite sheet, €, is the dielectric constant of PVDF-TrFE, f.
is the percolation threshold, f is the filler concentration in the
composite and s is the critical exponent in the insulating
region.?>2¢ The fitted line yields f.= 1.02 and s = 47.2, in which
the f. value has a number higher than 1 indicating that the
continuous increase of HPANi can enhance the dielectric
constant. The PVDF-TrFE/HPANi composite sheets with an
HPANi concentration of 50 wt% and pure conductive HPANi
have a dielectric constant of 1005.7 and 1383.3, respectively
(Figure S3). higher concentration of conductive

|_J

However,

a

HPANi introduces a larger dielectric loss with a higher
dissipation factor. For example, the pure PVDF-TrFE has a
dissipation factor of 0.03, which is increased to 0.04 in the
PVDF-TrFE/HPANi composite after doping of 1.0 wt% of
conductive HPANi (Figure S4). However, the dissipation factor
can be greatly increased to 0.13 and 0.53 when the
concentration of HPANi reaches to 4.8 wt% and 9.1 wt%,
respectively. The application in dielectrics demands high
dielectric constant and low dissipation factor.?’:2® However,
aggregated fillers accompanied with increased defects in the
composite sheet would dramatically increase the dielectric
loss.2> Regarding this, a uniform dispersion of conductive
HPANi in the PVDF-TrFE matrix would be desirable. Therefore,
we further utilize the solution process from the in-situ
synthesized HPANi (s-HPANi) suspension to grow an all organic
dielectric composite. The doping level of 1 wt%
concentration is selected by considering the dielectric constant
and dissipation factor (< 0.1) for the following experiments.

A critical percolation concentration would be of great
importance to exploit the conductor-insulator dielectric
composite based on the percolation theory, which provides
highly uniform dispersion and good compatibility between the
additive and matrix phases. Therefore, an in-situ solution
synthetic approach is adopted to grow PVDF-TrFE/s-HPANi
composite by using in-situ s-HPANi network solution. In
contrast with the PVDF-TrFE/HPANi composite with an opaque
feature, the PVDF-TrFE/s-HPANi composite by in-situ solution
growth is translucent. The as-synthesized s-HPANi is directly
protonic doped with a fiber morphology as shown in the TEM
image in Figure 2a and S5. The fabricated composite has a
more uniform morphology as shown by the cross-section SEM
image in Figure 2b. By comparing the dielectric constant of
two different composite samples with the same HPANiI
concentration of 1.0 wt%, the PVDF-TrFE/s-HPANi composite
through the in-situ solution process has a higher dielectric
constant at the frequency range from 100 Hz to 10° Hz (Figure
2c) than that of PVDF-TrFE/HPANi and pure PVDF-TrFE. At the
frequency of 103 Hz, the PVDF-TrFE/s-HPANi composite has a
dielectric constant of 11.3, which is higher than that of PVDF-
TrFE/HPANi and pure PVDF-TrFE with a dielectric constant of
10.8 and 8.4, respectively, while they have comparable
dissipation factors between the two composite dielectric
sheets (Figure S6). The temperature dependence of the
dielectric behavior of PVDF-TrFE/s-HPANi composite is shown
in Figure 2d. The dielectric constant reaches its maximum at
120 °C due to the ferroelectric transition in PVDF-TrFE matrix.
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Figure 1. a) Scheme of PVDF-TrFE (left) and PVDF-TrFE doped with HPANi with a concentration of 1.0 wt% (right) and the corresponding optical images. b) SEM image of PVDF-
TrFE doped with conductive HPANi containing 1.0 wt% of HPANi. c) Dielectric constant of PVDF-TrFE doped with different concentrations of conductive HPANi at various
frequencies from 100 to 10° Hz. d) Dielectric constant of PVDF-TrFE doped with different concentrations of conductive HPANi at 10 kHz and fitting curve based on percolation
theory. Inset is the dielectric constant of PVDF-TrFE doped with nonconductive HPANi with a concentration of 9.1 and 16.7 wt%.
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Figure 2. a) SEM image of PVDF-TrFE doped with synthesized conductive
HPANi through solution process which indicates uniform dispersion. b) TEM
image of synthesized conductive HPANi. c) Comparison of dielectric constant of
PVDF-TrFE doped with commercial HPANi through solid process (Red, PVDF-
TrFE/HPANI) and in-situ synthesized HPANi through solution process (Blue,
PVDF-TrFE/s-HPANi). d) Dielectric constant of PVDF-TrFE doped with
conductive HPANi at various temperatures from 30 to 150 °C. Inset is the
dielectric constant of PVDF-TrFE at various temperatures from 30 to 150 °C.

To improve the thermal stability and the operating
temperature of the dielectric composite, 2D montmorillonite
(MTM) nanosheets through liquid exfoliation are introduced
into the composite polymer.3931 As shown in Figure 3a, s-
HPANi is in-situ polymerized onto the solution exfoliated 2D
MTM nanosheets to obtain s-HPANi-MTM heterostructures
followed by dispersion into the PVDF-TrFE matrix with a curing
treatment. The successful synthesis of s-HPANi-MTM
heterostructures is evidenced by the morphology
characterization and XRD analysis (Figure 3b, 3c and S7). The s-
HPANi-MTM heterostructures can be resolved in the TEM
image in Figure 3b, showing the 2D layered polymeric
structure. The typical SEM image and corresponding EDS
mapping images indicates the dispersion of 2D MTM in s-
HPANi polymer (Figure 3c and S8). The composite containing
the s-HPANi-MTM heterostructures in the PVDF-TrFE matrix
(PVDF-TrFE/s-HPANi-MTM) is fabricated to study its thermal
stability. The differential scanning calorimetry (DSC) analysis is
conducted on the PVDF-TrFE, PVDF-TrFE/s-HPANi, and PVDF-
TrFE/s-HPANi-MTM composite from 25 °C to 140 °C as shown
in Figure 3d. The PVDF-TrFE sheet has an exothermic peak at
92.0 °C corresponding to the crystallinity temperature, which
is increased to 96.0 °C after doping with 1 wt% of HPANi.3233 In
contrast, the PVDF-TrFE/s-HPANi-MTM composite shows an
enhanced crystallinity temperature at around 111.4 °C due to
the enhanced thermal stability of 2D MTM nanosheets. This
increased transition temperature can also be found in s-
HPANi-MTM heterostructures comparing with s-HPANi (Figure
S9). The s-HPANi-MTM heterostructure can also improve the
dielectric constant than that doped by s-HPANi and MTM,
while higher doping concentration brings a higher dielectric
constant. As shown in Figure 3e, the PVDF-TrFE/s-HPANi-MTM
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composite with 1 wt% of s-HPANi-MTM heterostrucutre has a
higher dielectric constant through the frequency from 100 Hz
to 10° Hz than those separately doped with 1 wt% of s-HPANi
and MTM. The temperature dependent dielectric constant in
Figure 3f shows that the PVDF-TrFE/s-HPANi-MTM composite
has a lower variation under the temperature from 30 °C to 140
°C than that of PVDF-TrFE/s-HPANI, indicating the enhanced
thermal stability of PVDF-TrFE/s-HPANi-MTM composite due
to the incorporation of thermal conductive 2D MTM
nanosheets. The peak in the dielectric constant is shifted to a
higher temperature (125 °C) in PVDF-TrFE/s-HPANi-MTM
composite due to the interaction between the PVDF-TrFE
matrix with the thermal conductive 2D MTM nanosheets. The
increased transition temperature results in a higher operation
temperature compared with PVDF-TrFE and PVDF-TrFE/s-
HPANi. Moreover, this composite sheet can be manufactured
through direct writing with high flexibility, showing great
promise in additive manufacturing of flexible dielectrics (Figure
$10). As shown in Figure 3g, the printed PVDF-TrFE/s-HPANi-
MTM sheets show a reliable dielectric constant through the
frequency from 100 Hz to 10° Hz under intensive bending
cycles of 90 degrees.

Conclusions

In conclusion, high dielectric performance of all polymer
dielectrics is achieved by HPANi network and PVDF-TrFE bulk
heterojunction, designed and guided by the percolation
theory. To maintain a stable dielectric performance under the
elevated temperature, liquid exfoliated thermal conductive 2D
MTM nanosheets are utilized by in-situ hybridizing with HPANi
to form PVDF-TrFE/s-HPANi-MTM composite, showing an
improved thermal stability with low variation of dielectric
constant and broader operation temperature window. More
importantly, dielectric polymer composite can be
manufactured by direct writing with high dielectric constant
and flexibility, which opens up new avenues in the
manufacturing of flexible hybrid electronics and radio
frequency devices.
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Figure 3. a) lllustrative scheme showing in situ polymerization of HPANi on 2D MTM and the fabrication of PVDF-TrFE/s-HPANi-MTM dielectric composite. b)
TEM and c) SEM images of s-HPANi-MTM heterostructures. d) DSC curves of PVDF-TrFE, PVDF-TrFE/s-HPANi, and PVDF-TrFE/s-HPANi-MTM. e) Frequency
dependent dielectric constant of PVDF-TrFE, PVDF-TrFE/s-HPANi-MTM, and PVDF-TrFE doped with s-HPANi and MTM separately. f) Temperature dependent

dielectric constant of PVDF-TrFE/s-HPANi and PVDF-TrFE/s-HPANi-MTM with doping concentration of 1 wt%.

g) Optical images of 3D printed PVDF-TrFE/s-

HPANI-MTM under original and bending condition and the corresponding dielectric constant at the frequency of 10 kHz by bending and reverting for three times.
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