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GRAPHICAL ABSTRACT

Here the tubular architecture in poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) composite film has been constructed with modified halloysite nanotubes
(HNTSs) to accomplish an effective diffusion of matter and energy units under high electric field. The energy density in 2 wt% composite achieves 7.0 J/cm® with
charge-discharge efficiency of 77% at 300 MV/m based on the efficient transportation of ions within hollow nanotubular structure.

ARTICLE INFO ABSTRACT
Keywords: Dielectric polymer capacitors with high power density as well as efficient charge-discharge rate are widely investigated
Polymer composite in past decades. The development of polymer film with large electric capability has become the research topic for the
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Energy density

energy storage of advanced power equipment. Here the tubular architecture in poly(vinylidene fluoride-
trifluoroethylene) (P(VDF-TrFE)) composite film has been constructed with modified halloysite nanotubes (HNTSs) to
accomplish an effective diffusion of matter and energy units under high electric field. The nanotube surface was
functionalized with poly(dopamine) (PDA) in tris-buffer solution to improve the compatibility with fluoropolymer. The
energy capability of P(VDF-TrFE) composite film is enhanced owing to the large content of electroactive phase and
interfacial polarization. The dielectric constant in 4 wt% PDA-HNTs/P(VDF-TrFE) film is 34.1 at 100 Hz, and the energy
density in 2 wt% composite achieves 5.6 J/cm® with charge-discharge efficiency of 74% at 250 MV/m based on the
efficient transportation of ions within hollow nanotubular structure. This work delivers a simple method to construct
the efficient diffusion route in polymer dielectrics for film capacitor with high energy density and cycle efficiency.
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1. Introduction

Polymer film has been proposed as one of most potential candidates
in electrostatic capacitors due to superior breakdown feature and large
power density with efficient charge-discharge conversion [1-4]. Low
energy density of polymer capacitor becomes key issue for the applica-
tion in the commercial power supply. The electric energy density of
polymer film that could be stored is determined by the dielectric con-
stant and breakdown strength [5-7]. Polymer composite combining
large dielectric constant and low energy dissipation factor is urgently
demanded for the next-generation film capacitor.

The PVDF-based polymer with large permittivity exhibits potential
application in electrostatic capacitor with outstanding energy capability
[1,5]. To further increase the dielectric constant of fluoropolymer, the
inclusion of high-k ferroelectric ceramics has been identified as an
effective strategy. The common high-k fillers, such as BaTiOs3, Pb
(ZryTi;_x)O3 and KTa;_4xNbyOs3 have been incorporated into polymer
composite to achieve large permittivity [8-11]. However, the presence
of inorganic ceramics would inevitably compromise the mechanical
characteristics of polymer films [12]. The defects and voids at the
interface of composite account for poor breakdown strength due to huge
difference in permittivity and conductivity between organic polymer
and inorganic component [13]. Thus, the surface functionalization of
filler has been proposed to diminish the mismatching phenomena at
interfacial region in fluoropolymer composite. The low-surface-energy
molecules (e.g. silane coupling agents) and core-shell structure were
utilized to achieve the uniform distribution of fillers in polymer matrix
[14,15]. PVDF composite embedding with core-shell BaTiO3@Al,O3
particles exhibited high discharged electrical capacity, and the energy
density of 2.5 vol% nanocomposite film reached the peak of 6.2 J/cm? at
380 MV/m, which was ascribed to the improved interfacial region in
fluoropolymer composite [16].

The permittivity and polarized response of composite are also
dependent on the geometry of nanofiller that would also determine the
energy capability of resultant polymer film [12]. Compared with
spherical  particles, polymer composite incorporated with
one-dimensional nanofillers exhibits superiority in capacitance at low
fraction, which is attributed to the decrease of field distortion internal
polymer host [15,17-21]. The skeleton of halloysite nanotubes (HNTSs)
is shaped by the curvature of the layers that is arranged with rolling
transformation, resulting from the lateral misfit between adjacent sheets
of mineral clay [22]. HNTs present unique two-layered aluminosilicate
architecture with different diameters, and the distinctive structure with
low concentration of polarized clusters contributes to strong intercon-
nection with polar macromolecular segments [23]. Because of the
environmental friendly and economical availability, halloysite clay is
suggested as one kind of important components in polymer composites
[24,25]. The development of modified HNTs/polymer composite with
high dielectric property could expand the applications of polymer di-
electrics in electronic devices.

In this work, PDA-HNTs/P(VDF-TrFE) composite comprising with
nanotubular architecture was prepared by solution casting method. P
(VDF-TrFE) as a typical strong-polarity polymer generates the strong
interaction with modified nanotube [26]. Also, the inclusion of
PDA-HNTs induces the transition of the p-phase from a-phase, during
which the stabilization of electroactive phase is due to the conformable
crystal assembling between clay mineral and $-phase in fluoropolymer
[27]. The strong interconnection from positive charge methylene of the
fluoropolymer and negative charged surface of mineral results in the
alignment of polymer segments as the propagated all-trans conformation
[28,29]. The released energy density of 2 wt% composite film is 5.6
J/em? with efficiency of 74% at 250 MV/m, which is attributed to the
combination of high electroactive proportion and large interfacial
polarized response. The efficient diffusion in the tubular architecture
has been constructed to achieve the improved energy capability in the
PDA-HNTs/P(VDF-TrFE) composite for film capacitor.
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2. Experimental
2.1. Raw materials

The industrial halloysite was provided by Hebei province as com-
mercial clay minerals. Tris(hydroxymethyl) aminomethane (99%) and
the dopamine hydrochloride were purchased from Shanghai J&K Sci-
entific Technology Ltd and Hefei BioBomei Co, respectively. P(VDF-
TrFE) resin was bought from Piezotech. The N,N-dimethylformamide
(DMF), hydrochloric acid (AR), and sodium hydrate (AR) were pro-
vided by Shanghai Lingfeng Co.

2.2. Preparation of PDA-HNTs/P(VDF-TrFE) composite

The solution casting technology has been utilized to prepare the
PDA-HNTs/P(VDF-TrFE) composite film. Generally, the pristine HNTs
powders were added into dopamine hydrochloric acid solution with
0.01 mol L~! under sonication for 1 h. After washing and drying pro-
cesses, the functionalized PDA-HNTSs were obtained. The PDA-HNTs and
P(VDF-TrFE) resin were mixed proportionally in DMF with stirring for 3
h. Finally, the mixture was slowly poured onto a glass plate that was
exposed in vacuum oven at 80 °C for 12 h. The free-standing thick
composite film was obtained after annealing treatment at 100 °C for 10
h.

2.3. Characterizations of PDA-HNTs

In order to identify the PDA attachment on surface of nanotube, the
morphological details were evaluated by TEM with JEM-100CX II sys-
tem (FEI, USA). The XRD characterization was performed on PNAlytical
instrument to estimate the structural pattern of PDA-HNTs. The func-
tionalization of PDA-HNTs surface was also characterized by FTIR with
Nicolet 6700.

2.4. Structure and electric property for composite film

The FTIR characterizations of PDA-HNTs/P(VDF-TrFE) films were
performed to comprehend the phenomenon of phase transition induced
by modified nanotube, and the crystal patterns of composites were
recorded by XRD. The cross-sectional morphology of composite was
evaluated by the SEM with NanoSEM 450 from FEI. The dielectric
spectrum of PDA-HNTs/P(VDF-TrFE) film versus the testing frequency
was obtained with the utilization of Agilent 4294A. The hysteresis dis-
placements of composites versus different external voltages were
collected with the employment of Radiant Technologies TREK 609B-3-
K-CE system.

3. Results and discussion
3.1. Morphology and nanostructure for PDA-HNTs

The polymer composite with outstanding electric energy capability is
identified as the next-generation candidate for the film capacitor in
advanced power supplies. The diffusion channels for the ions and elec-
tron have been constructed in PDA-HNTs/P(VDF-TrFE) composite, in
which the shortcut path accounts for the high permittivity and large
polarized response under external electric field. The polymer modifier
was applied to functionalize the halloysite clay mineral in order to
diminish the mismatch of permittivity [30,31]. Here, the
PDA-HNTs/fluoropolymer composites were obtained via solution cast-
ing technology, and the scheme for the modification of halloysite and
preparation of composite is illustrated in Fig. 1. The dopamine was
polymerized in tri-HCl buffer with reactions of hydroxyl groups on
halloysite surface. The modified HNTs were mixed with P
(VDF-TrFE)/DMF dispersion to prepare free-standing composite film
with tubular architecture. The thick films with different loadings of
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PDA-HNTs were obtained after annealing process. The compatible
composite film with high dielectric constant and electric displacement is
due to functionalization of surface as well as facile diffusion of ions and
electron inside hollow tubular structure.

The surface of HNTs was attached by PDA layer in buffer solution to
improve the compatibility between inorganic mineral clay and fluo-
ropolymer. In order to evaluate the modification of organic coating, the
morphology of nanotube was characterized by TEM technique, and the
results are demonstrated in Fig. 2. It can be observed from Fig. 2a and b
that the resultant nanotube exhibits inner caliber of ~15nm and
external diameter of ~60 nm, respectively. Also, the detected thin shell
evidences that the modifier layer is attached via reactions with hydroxyl
ends on HNTs surface [25]. The presence of hydroxyl group in the HNTs
was recorded by FTIR, and the spectra are shown in Fig. 2c. The bending
vibration at 694 cm ™! is assigned for Si-O group on clay mineral after
the modification, plus the absorptions at 1633 cm ™! and 1480 cm™?
belong to benzene ring with C=C stretching mode, indicating that the
PDA segments were grafted successfully on surface of halloysite [17].
The XRD curve of PDA-HNTs is displayed in Supplemental Information
Fig S1. The organic coating at the interface increases the compatibility
between HNTs and polymer, which provides the foundation for the
enhancement of electric property and polarization for polymer com-
posite film.

3.2. The electroactive phase and dielectric property of composite film

The PDA-HNTs/P(VDF-TrFE) film was prepared by common solution
casting method. In order to address the structural evolutions caused by
the addition of nanotubes, XRD and FTIR characterizations of compos-
ites were performed. The XRD results of PDA-HNTs/P(VDF-TrFE) com-
posites are presented in Fig. 3a, and the variation of spacing for
composite film is clarified based on diffraction in accordance with Bragg
law. Compared with pristine P(VDF-TrFE), the peak at 20.0° for

/%

» Tris-HCI buffer
9

Polymerization
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composite becomes sharp, which is due to the transition of P(VDF-TrFE)
crystal forms during crystallization of fluoropolymer with the existence
of modified nanotube acting as heterogeneous nucleation [32].
PVDF-based composites with kaolinite and montmorillonite were re-
ported with the increase fraction of electroactive phase, which was
ascribed to the conversion of polar phase by the conformable crystal
assembling between fillers and fluoropolymer. The strong interconnec-
tion from positive charge methylene of fluoropolymer and negative
surface of mineral contributes to propagation of polymer segments as
extended all-trans conformation [33,34]. With the incorporation of
PDA-HNTs into matrix, the surface of nanotube yields strong interaction
with polymer host, which results in the accumulation of polar phase in
fluoropolymer. This phenomenon is consistent with the higher melting
limit and faster crystallization rate for mineral/polymer composite [35].

FTIR is one of most effective techniques for identifying crystal forms
in PVDF-based composite [5,12]. FTIR spectra of pristine P(VDF-TrFE)
and its composites have been conducted to estimate the phase transi-
tion in fluoropolymer. As shown in Fig. 3b, the P(VDF-TrFE) film ex-
hibits two huge absorptions at 763 and 836 cm™! assigning to a and
p-phase, respectively. The large content of #-phase that is ascribed to the
combination of thermal annealing effect and strong interconnections
between fillers and polymer host is also verified by XRD pattern. The
hydrogen bonding interactions are probably generated from the modi-
fied HNTs with adjacent fluoropolymer, which accelerates the conver-
sion from nonpolar to electroactive phases during crystallization [33].
The large dielectric constant and low loss are vital parameters that
should be concerned to pave the path for applications of polymer di-
electrics in film capacitors. The dielectric property of PDA-HNTSs/P
(VDF-TrFE) composites versus testing frequency are plotted in Fig. 3¢
and d. The maximum dielectric constant ¢’ = 34.1 at 100 Hz is reached
in 4 wt% composite, which is a great improvement compared with
¢’ = 16.8 for pure P(VDF-TrFE). Furthermore, the value of dielectric loss
(¢") declines slightly with the applied frequency, which may be resulted
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Fig. 1. The modification for HNTs surface and the preparation of PDA-HNTs/P(VDF-TrFE) composite film.
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Fig. 2. The morphological and structural characterizations of PDA-HNTSs: (a) and (b) TEM images, and (c) FTIR spectra.

from charge mobilization inside P(VDF-TrFE) matrix [12]. The ¢" value
of composite illustrates huge increase above 10* Hz due to the excessive
charge polarized interface caused by dipole alignment [36].

3.3. Electric storage property of composite

The hysteresis displacement curves of PDA-HNTs/P(VDF-TrFE)
composites versus different electric fields are displayed in Fig. 4. The
unipolar loops of fluoropolymer composites with different loadings of
PDA-HNTs measured by ferroelectric testing platform are illustrated in
Supplemental Information Fig S2. The electric displacement of film rises
monotonically with the increasing applied field. The hysteresis loops of
pristine P(VDF-TrFE) and 2 wt% composite films are presented in Fig. 4a
and b. The dielectric displacement for 2 wt% film is increased compared
with pure P(VDF-TrFE) under the identical field. To quantitatively
examine the displacement of modified composite, the maximum polar-
izations and remanent polarizations of films are plotted in Fig. 4c and d,
respectively. The peak displacement of 2 wt% composite reaches
6.1 uC/cm? at 250 MV/m because of the improved interfacial polari-
zation [29]. Considering the variation of conductivity at the interfacial
region and the aggregation of electrical carriers, it’s deduced that the
factor of breakdown behavior should be concerned in dielectric film
capacitor. The feature breakdown strength of PDA-HNTs/P(VDF-TrFE)
composite is estimated through Weibull expression (1) [37]:

P(E) = 1 —exp(— (E/E))") o)

in which P(E) represents the possibility of breakdown failure, E corre-
sponding to experimental breakdown value, Ej the strength with 63.2%
possibility to be catastrophic for the sample, and shape parameter m is
applied to evaluate the distribution of collected data. The scatter
strength calculated from Weibull equation is demonstrated in Fig. 4e,
from which the Ej for P(VDF-TrFE) composite decreases due to intro-
duction of modified PDA-HNTs in polymer matrix serving as impurity
component [38,39].

The polarization behavior of ferroelectric material normally illus-
trates the non-linear phenomenon under external electric field [40,41].
Generally, the released electric energy density (Ue) by the polymer di-
electrics is obtained from P-E loop according to the Eq. (2):

U, = / EdD 3]

in which E represents the electric strength and D labels for the polari-
zation. The discharged energy density and total efficiency of composite
versus external electric field are shown in Fig. 5. The energy density of
polymer film is enhanced with the increasing external field, while the
charge-discharge efficiency () is reduced, which is probably induced by
the large hysteresis under high field. It’s suggested that high-k inorganic
filler is accompanied with large conductive loss that decreases the effi-
ciency during field on-off cycle [42,43]. The discharged energy density
Ue =5.6 J/em® at 250 MV/m is achieved in 2 wt% composite with
stored energy percentage i = 74%, which is ascribed to the improved
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Fig. 3. The structural characterization and dielectric property of PDA-HNTs/P(VDF-TrFE) composite: (a) XRD curves, (b) FTIR spectra, (c) dielectric constant and (d)

dielectric loss.

compatible interface after the introduction of modified shell. The SEM
images of PDA-HNTs/P(VDF-TrFE) composites are displayed in Sup-
plemental Information Fig. S3, from which it’s observed that the
modified HNTs are dispersed uniformly in the matrix at low loading. The
comparison of electrical energy capability for some fluoropolymer
composites is summarized in Table 1. The dielectric composite film with
large energy capacity and low power dissipation factor would be
fundamental solution for pulse polymer capacitor. The functionalization
with organic layer on the surface of clay mineral has been verified as a
competitive strategy to develop the polymer composite film.

The external and internal surface of HNTs adsorbs certain amount of
oxides and hydroxyl groups that are reacted with PDA to yield irre-
versible modification on nanotubes, which contributes to strong inter-
connection with fluoropolymer segments [21]. The interfacial
interaction mechanism between PDA-HNTs and P(VDF-TrFE) polymer is
illustrated schematically in Fig. 6. In addition, halloysite has
one-dimensional structure with large-aspect-ratio hollow architecture
that serves as the efficient diffusion for the ion and electron under high
external field. The modified nanotube is also proposed as heterogeneous
nucleation during the crystallization of P(VDF-TrFE) with the strong
interaction between PDA segments and fluoropolymer matrix. The
propagation of polymer chain on surface of filler prefers to the formation
of polar phase, which increases significantly the dipolar polarization
under electric field. The phenomenon of ionic conductance in
large-aspect-ratio silicon nitride film capillary device evidenced that the
small molecule diffused efficiently inside the tubular skeleton, where the
ionic transportation was determined by the surface-charge-governed

property [50,51]. The nanotube with large aspect ratio establishes an
internal path for the decrease of diffusion track, which results in the
capable motions of polar matters. The fixed charge content f inside the
channel is described as Eq. (3):

O.
=2x 107
f=2x 10N ®

where o5 is the surface charge density, q the elementary charge, h the
tubular diameter, and N, represents Avogadro’s number [52]. The
proton transmission in two-dimensional nanofluidic system with the
strong drive force had also verified the diffusion of matter and ions [53].
The molecular dynamics simulation technique was utilized to evaluate
the transport performance in 2D system with nano-channels, and the
clay minerals were proposed as efficient alternatives to construct the
nanofluidic generator with benefit of fast diffusion of ions [54]. The
nanofluidic structure was comprised by graphene oxide stacks with
layered interval of ~1 nm, in which the efficient diffusion of K™ and Cl1~
ions resulted in high conductivity of fabricated device [55]. The vacant
tube is convenient to the effective motion of charge carrier that con-
tributes to polarized behavior of resultant composite. This phenomenon
was also proved in porous carbon/cotton supercapacitor with large
capacitance based on the diffusion of activated reactions inside tubular
structure [56]. The enhancement of capacitance was attributed to the
diminished energy barrier for intercalation as well as the effective
transportation of lithium-ion in the electrolyte [57]. The interlayer
expanded architecture is preferred for the efficient transportation that
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Table 1

The comparison of energy capability for some fluoropolymer composites from previous reports and this work.
Sample Loading €’ (1 kHz) €" (1 kHz) E (MV/m) Ue (J/cm®) 1 (%) Ref
PDA-HNTs/P(VDF-TrFE) 2 wt% 15.1 0.06 250 5.6 74 This work
BNNSs/P(VDF-CTFE) 8 wt% 8.7 0.09 325 3 66 [44]
TiO2/PVDF 18 vol% 18 0.07 225 3.8 78 [45]
BaTiO3 nanowires/P(VDF-HFP) 10 vol% 17 - 200 3.4 57 [46]
TiO, nanosheets/PMMA/P(VDF-HFP) 10 wt% 10.5 0.07 400 6.9 63 [47]1
BaTiO;@TiO,@Al,03 nanofiber/PVDF 7.2 vol% 22 0.02 225 3.8 70 [48]
KH590-kaolinite/P(VDF-HFP) 5 vol% 16 0.003 225 3 50 [49]
Halloysite/PVDF 1 wt% 20 0.4 - - - [30]

l“

P(VDF-TrFE)

Fig. 6. The schematic view for the interconnection mechanism between
modified HNTs and P(VDF-TrFE).

results in the accessible polarized response [58,59]. The functionaliza-
tion of clay surface is an effectual route to unite the merits of industrial
mineral and the advantages of polymer dielectrics. The PDA-HNTs/P
(VDF-TrFE) film with large energy density and low power dissipation
factor based on interfacial polarization provides solid foundation for
applications of polymer film capacitors in electronic devices.

4. Conclusions

The P(VDF-TrFE) composite incorporating with tubular PDA-HNTs
has been developed to achieve the improved energy capability. The
tubular skeleton with large aspect ratio serves as internal route that
accounts for the shortcut of diffusion for polar matters under external
field. The energy density in 2 wt% PDA-HNTs/P(VDF-TrFE) composite
film achieves 5.6 J/cm® with efficiency of 74% at 250 MV/m, which is

attributed to the improved compatibility with the interfacial polariza-
tion. This work develops the fluoropolymer composite with tubular ar-
chitecture for the effective motion of polar units, which provides an
insight view for the transportation of polarized units in polymer di-
electrics under high electric field.
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