Nano Energy 113 (2023) 108544

Contents lists available at ScienceDirect

Nano Energy

ELSEVIER

journal homepage: www.elsevier.com/locate/nanoen

Check for

Flexible all-organic nanocomposite films interlayered with in situ e
synthesized covalent organic frameworks for electrostatic energy storage

He Li*»™', Zongliang Xie ©', Chongging Yang ", Junpyo Kwon ®“, Antoine Lainé?,
Chaochao Dun”, Alexander V. Galoustian ”¢, Xinle Li">', Peng Liu ‘, Jeffrey J. Urba[l b
Zongren Peng ¢, Miquel Salmeron *¢, Robert O. Ritchie ¢, Ting Xu®®", Yi Liu®""

@ Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

® The Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

¢ State Key Laboratory of Electrical Insulation and Power Equipment, School of Electrical Engineering, Xi’an Jiaotong University, Xi’an, Shaanxi 710049, China
4 Department of Mechanical Engineering, University of California, Berkeley, CA 94720, USA

€ Department of Chemical and Biomolecular Engineering, University of California, Berkeley, CA 94720, USA

fDepartment of Chemistry, Clark Atlanta University, Atlanta, GA 30314, USA

8 Department of Materials Science and Engineering, University of California, Berkeley, CA 94720, USA

" Department of Chemistry, University of California, Berkeley, CA 94720, USA

ARTICLE INFO ABSTRACT

Keywords:

Covalent organic framework
Energy storage

In situ synthesis

Layered structure
Nanocomposite

Thin film fabrication

Poly(vinylidene fluoride)-based terpolymers, known for having the largest dielectric constant among the existing
dielectric polymers, are attractive materials for electrostatic film capacitors used in lightweight electrification
systems. However, the potential of these terpolymers in film capacitor applications remains constrained by their
low electrical insulating and mechanical strengths. To address these limitations, we introduced rigid covalent
organic framework (COF) nanospheres into the thin films of soft terpolymers via in situ synthesis and a facile
layer-by-layer solution casting method, whereby multilayer films consisting of two polymer outer layers and a
COF-containing middle layer were readily obtained. The resultant all-organic thin films exhibit simultaneously
high dielectric constant, enhanced breakdown strength, superior energy density (~25 J cm™>) at efficiencies over
80%, along with greatly improved mechanical self-supporting capability and excellent mechanical flexibility.
This work demonstrates the unprecedented use of COF for electrostatic energy storage, uncovering its potential
for flexible electronic applications operating under high electric fields.

1. Introduction

With the rapid advancements in science and technology, the demand
for high-performing energy storage devices has been continuously
increasing. Dielectric capacitors (i.e., electrostatic capacitors), which
store charges electrostatically, have the fastest discharging rate
compared to electrochemical supercapacitors and batteries [1-4]. In
particular, polymer-based electrostatic film capacitors exhibit several
intrinsic merits, including greater processability, flexibility, lightweight
and voltage tolerance capability with respect to inorganic dielectric
ceramics, [5-14] making them an ideal choice for microelectronics and
power systems. Because polymer-based film capacitors constitute over
25% of the volume and weight of electric power systems, as exemplified

in the power inverter of hybrid electric vehicles, [7] enhancement in
energy density of film capacitors would be conducive to reducing the
volume, weight, and cost of electrified systems such as electric vehicles
and aircrafts. As the charged energy density of a dielectric material is
positively related to its dielectric constant (k) and dielectric breakdown
strength (Ep), it is imperative to develop polymer dielectrics with
concurrently large k and Ej, values to achieve high energy densities.
Poly(vinylidene fluoride) (PVDF) and its multipolymers with rela-
tively high k (i.e., >10 at 1 kHz) have been regarded as the most prom-
ising polymer candidates for high-energy-density electrostatic film
capacitors [15-20]. A unique class of PVDF-based polymers is the ter-
polymers represented by poly(vinylidene fluoride-ter-tri-
fluoroethylene-ter-chlorofluoroethylene) P(VDF-TrFE-CFE) (abbreviated
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as PVTC hereafter), which possess the largest k values (i.e., ~40-50 at 1
kHz) among the known dielectric polymers [21-23]. However, chloro-
fluoroethylene moieties act as defective units along the polymer back-
bone, unfortunately degrading the terpolymers’ mechanical strength. The
Young’s modulus (Y) of PVTC is only around 100 MPa, relative to ~700
MPa of pure PVDF [24]. Since the electromechanical mechanism dictates
the dielectric breakdown behavior of soft materials (e.g., dielectric
polymers),[25,26] the undesirable mechanical modulus of PVTC leads to
an inferior Ey, (i.e., <400 MV m‘l) when compared with those of PVDF
and its copolymers. Furthermore, PVTC is too soft to be fabricated into
free-standing, wrinkle-free thin films (i.e., <10 um), which restricts their
practical use in roll-to-roll assembled film capacitors [27]. In the past
decade, inorganic nanofiller doping [27-32] and organic component
blending [33,34] have been adopted to improve the electrical and me-
chanical strength of PVDF-based terpolymers. For example, Wang and
coworkers utilized boron nitride nanosheets to enhance Ey, and Y of PVTC,
realizing a high discharged energy density (Ug) of 20.3 J cm™ at 650 MV
m™! in the organic/inorganic nanocomposite film [27]; Nan and co-
workers mixed PVDF with PVTC to yield an all-organic polymeric film
with a high Uq of 19.6 J m~ at 640 MV m™* [34]. However, the organ-
ic/inorganic interfacial compatibility remains a challenge for the former
approach, [3,9] while the latter strategy demonstrates moderate success
since the k value of terpolymers drops markedly once blended with other
low-k polymers [33]. To date, even if the PVTC holds the distinctive
feature of high-k, its potential for electrostatic film capacitors is still far
from fully explored and demands innovative solutions.

In the quest for ideal organic fillers for all-organic PVTC-based
composite films, two-dimensional (2D) covalent organic frameworks
(COFs) have emerged as attractive candidates despite the dearth of
related dielectric studies [35-37]. Different from the conventional linear
polymers, which are typically flexible and amorphous, [7] 2D COFs are
highly crosslinked yet structured polymers boasting greater mechanical
robustness and higher crystallinity due to the high degree of crosslinking
and the rigidity of the chemical constituents [38-40]. While the me-
chanical perspective of 2D COFs as organic fillers is quite attempting,
practical hurdles arise from the severely diminished processibility of
COF materials as a result of increased rigidity and crystallinity, limiting
their direct incorporation into large-area, high-quality thin films
compatible with device fabrication and characterization for practical
applications.[41-43] In order to take advantage of COF’s superior me-
chanical strength [40] while resolving the processibility issue, we
envision that nanostructured COFs, instead of continuous COF films,
could be used to prepare composite thin films by incorporating them in
the matrix of dielectric polymers such as PVTC. The all-organic nature of
COF nanostructures and PVTC will engender the desired compatibility,
circumventing issues caused by defective organic/inorganic interfaces
that are common in conventional polymer nanocomposites [3,9]. Recent
synthetic advances have enabled facile access to COFs with tailored
nanostructures through the control of the nucleation and growth of COF
crystallites [44]. For example, spherical imine-linked COF nanoparticles
could be readily obtained from solution-based condensation reactions
between multivalent aldehyde and amine precursors [45]. Thus, how to
integrate COF nanoparticles into free-standing composite films is the key
to unlocking the full potential of COFs for flexible electronic applica-
tions [43].

In this work, we tackled the processing challenges and devise a
feasible approach to achieving flexible composite films by incorporating
a layer of uniform COF nanospheres within two layers of PVTC polymer.
The sandwich-structured polymer/COF hybrid films were prepared
through a facile layer-by-layer solution casting method, in which the
middle layer of imine-linked COF nanospheres was formed in situ at
room temperature within minutes. The synergistic combination of a
layer containing rigid COF nanoparticles and two layers of soft
terpolymer incurs excellent mechanical flexibility while retaining the
high-Y characteristic of the COFs, yielding sandwich films with signifi-
cantly improved mechanical self-supporting capability. To the best of
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our knowledge, this represents the first example of all-organic COF/
polymer composites for electrostatic energy storage applications. The
resultant capacitor devices based on the optimized hierarchical com-
posite thin films display simultaneously large k and Ej, values, endowing
a high Uy of 24.6 J cm™ coupled with a high energy efficiency of >80%.
This Uq value is nearly five-fold and three-fold higher than those of the
industrial benchmark biaxially-oriented polypropylene (BOPP) film
capacitor and the native PVTC film, respectively. Furthermore, succes-
sive charging/discharging test and mechanical bending test validate that
the developed hybrid films can operate reliably under high electric field
conditions.

2. Results and discussion
2.1. Materials preparation and structural characterization

It has been predicted theoretically and confirmed experimentally
that polymer composite films with optimized layered structures would
yield improved dielectric and energy storage performance relative to
single-layer films [46-49]. In particular, the symmetrical sandwich
structure design for dielectric polymer composites has been demon-
strated as a viable approach that can facilely modulate multiple
dielectric parameters by tailoring the chemical structures, interfaces and
compositions of the contiguous layers [50-54]. Since the Ej}, of polymer
dielectrics is highly dependent on Y, a larger Y typically gives rise to a
higher Ey, in most polymer dielectrics, especially for the soft PVDF-based
polymers and nanocomposites [26,27,55]. Moreover, it is found that the
intercalation of an inorganic layer between two polymeric layers can
repulse the extension of the electrical breakdown pathway across
polymer dielectrics [56-58]. On the basis of the above considerations,
we surmise that by leveraging the advantages of the constituent layers, i.
e., high k of the polymer layers and high Y of the COF layer, simulta-
neous enhancement of electrical and mechanical strengths can be ach-
ieved in the PVTC-based films sandwiched with a COF-containing
middle layer.

The sandwich-structured all-organic polymer nanocomposite films
were prepared via a layer-by-layer drop casting method, as depicted in
Scheme 1. The thickness of three-layer films was controlled to be
approximately the same as that of the single-layer PVTC films, and the
ratio of the thickness for each layer was fixed as approximately 1:1:1.
[59] 2,5-dimethoxyterephthalaldehyde (DMTA) and 1,3,5-tri-(4-amino-
phenyl)benzene (TAPB) were selected as precursors for the synthesis of
middle COF layer, given that excellent electrical insulation strength has
been proven in this imine-linked COF film [35]. In addition, as solvent is
known to play a crucial role in determining the crystallinity and
morphology of COFs, [44,45] we studied the effects of different solvents
(i.e., acetonitrile (MeCN), methanol and o-dichlorobenzene) on the
growth of COF nanoparticles. As summarized in Figs. S1 and S2, MeCN
stands out as the good solvent since the thus-synthesized COF nano-
particles have the most well-defined morphology, which appear as
monodispersed nanospheres with an average diameter of 200-300 nm,
together with the most pronounced crystallinity, as evidenced by pow-
der X-ray diffraction (XRD) analysis. Under the optimized condition
involving MeCN as the solvent and acetic acid as the catalyst, [45] a
high-quality layer of imine-linked COF nanospheres was formed via a
rapid synthesis under ambient condition. According to the scanning
electron microscopy (SEM) images, however, it was observed that even
though the spherical COF nanoparticles were densely packed, micro-
scopic defects were persistent throughout the layer due to the imperfect
packing (Fig. 1A), which was undesirable for electrical insulation,
especially under high electric fields (see the discussion below).

To improve the packing within the sandwich layer, a new protocol
was developed by integrating the PVTC additive into the COF precursor
solution for the in situ COF synthesis. Thanks to the excellent solubility
of PVTC in MeCN, a homogeneous solution could be obtained and
subsequently cast to produce sandwich films containing an intercalated
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Scheme 1. The scheme of sandwich-structured film preparation using a layer-by-layer solution casting method, as well as the chemical structure of imine-linked COF
and a picture of sandwich PVTC/COF composite film S-20. The scale bar in the embedded picture is 2 cm.

PVTC/COF middle layer. Different weight fractions of PVTC additive
were employed in the reaction mixtures for the fabrication of middle
layers. The resulting sandwich films with various PVTC compositions in
the middle layer are denoted as S-x, where x represents the approximate
weight fraction of the PVTC additive. For instance, S-O represents the
polymer film with a pure COF middle layer, while S-20 represents the
polymer film with a PVTC/COF middle layer in a weight ratio of about
20% polymer and 80% COF precursors. When the weight ratios of
polymer additive were less than 60%, a continuous middle layer was
formed where PVTC terpolymer and COF particles co-existed with high
compatibility. The intercalated COF layers displayed well-retained
crystallinity and spherical morphology of the COF particles, as sup-
ported by SEM and XRD studies. The SEM images of a cross-section of S-
20 indicated that the PVTC additive effectively filled the void space
among COF particles, in sharp contrast to S-0 where gaps were clearly
visible in the pure COF layer (Fig. 1B and S3). XRD spectra revealed the
characteristic diffraction peaks of COFs in the presence of various frac-
tions of polymer additives (Fig. 1C). Interestingly, those diffraction
peaks displayed small but consistent shift to higher 26 angles upon the
increase of polymer additive fraction. For instance, the [100] peak
shifted from 26 of 2.76 for pure COF to 2.78", 2.80" and 2.82 for in situ
synthesized COFs with 20, 40 and 60 wt% PVTC additives, respectively.
After washing away PVTC binder from the polymer/COF composites
using MeCN, the characteristic XRD peak positions of all the COF sam-
ples were restored to those identical to the pure COF (Fig. 1D), sug-
gesting that the lattice distortions in S-x (x = 20, 40 and 60) were due to
non-covalent and reversible interactions between the COF and PVTC
terpolymer. Further N, adsorption analysis reveals that the Bru-
nauer-Emmett-Teller (BET) surface areas of the COF-containing layers
in S-0 and S-20 were comparable after MeCN wash (757 vs. 587 m? g'l),

and both samples have a narrow pore width distribution at ~3.3 nm,
suggesting that PVTC binder did not impede the formation of
nanometer-sized pores within the COF particles (Fig. S4). Fourier-
transform infrared (FTIR) spectroscopy and X-ray photoelectron spec-
troscopy (XPS) results reaffirmed that there was no covalent bond for-
mation at the COF-terpolymer interfaces during the in situ synthesis
(Figs. S5 and S6). It is worth noting that no additional solvent treatment
step was adopted to remove potential residual monomers or side prod-
ucts embedded within the COF nanospheres for the sake of preserving
the high quality of composite films, which is important for electronic
device fabrication.

2.2. Dielectric breakdown behavior and mechanism analysis

Dielectric breakdown strength (Ep) of a series of sandwich-structured
PVTC/COF films and native PVTC film was analyzed based on a two-
parameter Weibull statistic model that can be described as P(E)
= 1—exp(—(E/a)ﬁ), where P(E) is the cumulative probability of dielectric
breakdown failure, E is the experimental dielectric breakdown field, a is
the scale parameter, also known as Weibull breakdown strength (Wei-
bull Ep), which corresponds to a failure probability of 63%, f is the shape
parameter that is inversely associated with the dispersion degree of
experimental data. The fitting results are plotted as the probability of
failure (expressed as In(-In(1-P)) versus the natural logarithm of E, as
shown in Fig. 2A. Correspondingly, Fig. 2B and Table S1 summarize the
extracted Weibull Ey, and $ values from Weibull plots. The S-0 sample, i.
e., sandwich film interlayered with an all-COF layer, represents a ~30%
increment in Weibull E}, compared to that of single-layer PVTC (i.e., 415
vs. 553 MV m™). However, a severe reduction in f is found from 9.1 of
PVTC to 5.3 of the S-0 film. On the contrary, the incorporation of PVTC/
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Fig. 1. (a) The scheme of the top view of layer 2, and the corresponding SEM images of COF nanospheres. (b) The scheme of cross-sectional views of the sandwich
films, and the corresponding SEM images of in situ synthesized S-20 and S-0 film samples. XRD profiles of COF-containing middle layer (layer 2): (c) As-synthesized
materials without wash, and (d) materials after wash. The scale bars in (al), (b1) and (b3) are 2 pum; The scale bars in (a2), (b2) and (b4) are 200 nm.

COF composite interlayers increases Weibull E};, and g values of the
polymer films simultaneously, which are maximized at 697 MV m™! (for
the S-20 sample) and 16.0 (for the S-10 sample). These values amount to
68% and 76% enhancements, respectively, compared to the neat PVTC
film. Clearly, the utilization of polymer additives for COF interlayer
synthesis is beneficial for further improving the film quality and E, of
PVTC, underscoring the importance of polymer filler to annihilate
defective void spaces between COF particles for achieving high electrical
insulation strength.

To better understand the pronounced improvement in E} of the
sandwich-structured hybrid films, we performed systematic in-
vestigations on their mechanical strength and electrical conduction
properties, which are two well-recognized main factors that impact Ej, of
soft matters [25-27]. When an electrostatic film capacitor is charged
under an electric field, the coulomb force is induced on the opposite
electrodes, which is then converted into electromechanical stress and
can lead to the breakdown across the capacitor film [25]. Therefore,
high mechanical strength is desirable for polymer dielectrics, given that
the larger Young’s modulus (Y) would provide a higher capacity to
withstand coulomb force, thereby reducing electromechanical failure. Y
of the COFs, obtained from nanoindentation (Fig. S7), is more than an
order of magnitude larger than that of the host terpolymer (i.e.,
~1.1 GPa vs. ~60 MPa). Additionally, tensile tests were employed to
assess the Y of the integrated three-layer films (Fig. 2B and S8). The Y of
films increased remarkably with increasing COF ratio in the interlayer,
e.g., from ~95 MPa of native PVTC to ~232 MPa of the S-20 sample and
~323 MPa of the S-0 sample. A quantitative analysis of the Y-Ej, cor-
relation was carried out based on an electromechanical breakdown
model: Eeq = 0.606(Y/(keo))/?, [25] where Eem is the theoretical
electromechanical breakdown field, ¢ is the permittivity of vacuum, k is
the dielectric constant. Fig. 2D and S9 display the dielectric spectra of
PVTC-based dielectric materials as a function of frequency. At low

frequencies, PVTC dipoles have sufficient time to align with the electric
field before it changes direction. At high frequencies (10°-10° Hz),
characteristic dipole relaxation, known as a, relaxation, occurs, result-
ing from the segmental motion of polymer chains [60,61]. This phe-
nomenon is commonly observed in PVDF-based dielectric polymers [16,
19,27]. When the frequency domain enters this relaxation range, the
dipoles cannot keep up with the frequency to align before the direction
of the electric field changes, leading to a drop in k and an associated loss
tangent peak, as seen in the dielectric spectra [61]. Additionally, the
effective k extracted from electric polarization-electric field (P-E) loops
indicates that the k values of these films also vary with the electric field.
(Fig. S10) Given the fact that the breakdown event occurred under
relatively high electric fields, we utilized the effective k at the electric
field near the Ep for theoretical calculations. The Ee, values of the
sandwich films were predicted to follow a monotonically increasing
trend with the increase of COF ratio in the interlayer (Fig. S11), which
clearly differed from the trend for experimental Weibull Ej, values. The
inconsistency between the two suggested that there were additional
contributing factors to the breakdown strength other than electrome-
chanical strength, despite that electromechanical breakdown was the
primary mechanism responsible for electrical failure in PVDF-based
dielectric materials [27]. It is worth noting that the above electrome-
chanical model assumes no free charges across the dielectric when
applying an electric field [25,27]. Electrical conduction, nonetheless,
should not be underestimated in a dielectric material of practical usage,
which would trigger the development of breakdown paths, especially
under the stimulus of a high electric field [7,27]. As shown in Fig. 2E, the
sandwich film S-0 displayed the poorest electrical resistivity, corrobo-
rating with higher leakage current due to the defective packing of COF
particles in the middle layer. For the sandwich samples with different
compositions, the trend of Weibull Eps correlated well with the trend of
electrical resistivity, both reaching maximum in the S-20 sample



H. Li et al.

Nano Energy 113 (2023) 108544

a b 800 24
14 u %/ 4 [ Weibull E,
97/ 4 700{ [ B I 20
— ) 4 —
$ = / 63% probability o 1 ]
L A 4 . .
5% Y /A , m PVTC fim = ] - M -
£ -1 p Sandwich films = 500- 12
Sy . ® S-60 uf <
£ A S50 =
53, ¥ 3 400+ -8
o = ¢ S-30 (]
[e]
23 $-20 = 3001 4
-3 S-10
S0
\ ' : 50 800 900101 < < N N o N N o 5 0
300 400 500 600 700 800 9001000 B S Y L R S
Electric field (MV m™)
Cc 400 e 10™
350+
T 3004 h €
s S 1014 ]
< 250 > - =
3 o o s
3 200+ 8 ‘%‘
o "
€ 1504 L 254 = PVTCfim s [
& B 20] Sandwich films %;" T 104
< 100 o] o 560 Y £
3 0 154 S-40 3
> 504 104 S-20 w
S-0
54 T T T 10°
o {‘0 ‘5’60 6’&0 5:19 %’Q 102 108 104 108 @ {\O 5’66 ‘5’&6 ‘5’{7’0 5,0
Frequency (Hz)

Fig. 2. (a) Weibull plots of neat PVTC and in situ synthesized sandwich PVTC/COF films. (b) Weibull E;, and f values (c) Young’s modulus (Y), (d) Frequency-
dependent spectra of dielectric constant (k) and (e) Electrical resistivity of neat PVTC and in situ synthesized sandwich PVTC/COF films. Error bars show stan-

dard deviations obtained from at least three measurements using different samples.

(Fig. S12). The difference in electrical resistivity may account for the
discrepancy between the experimental and theoretical breakdown
strengths of such sandwich hybrid films.

To study the influence of the spatial distribution of fillers on Ej, of the
polymer composites, a variety of single-layer PVTC/COF nanocomposite
films were fabricated via casting PVTC solutions containing randomly
dispersed COF particles (see Supplemental information for details). For
comparison purposes, the amounts of COFs employed in the single-layer
PVTC/COF composite films were fixed to be the same as those in the
corresponding sandwich-structured films, i.e., ~13.3-30 wt% of COFs
relative to the total mass of the films. The Weibull statistic results of the
single-layer composites were shown in Fig. 3A, where the Weibull E,
increased initially upon the introduction of COF nanoparticles and was
maximized at 486 MV m™ for the composite with 16.7 wt% COF.
Further increase of the COF loading led to a steady decrease in Weibull
E}, of the composite films (e.g., 373 MV m™! of the 30 wt% COF-loaded
sample). This trend was in agreement with most conventional polymer
nanocomposites consisting of inorganic particles,[4,24,27-29,62-65]
where an optimized filler concentration was critical to realizing the
maximal enhancement in electrical properties. In addition, it was found
that the single-layer composites had a much lower optimal concentra-
tion compared to the sandwich-structured composites (Fig. 3B). At the
same COF weight fraction, the hybrid films with a sandwich structure
displayed a higher capacity to withstand mechanical failure and elec-
trical leakage, as well as greater dielectric strength and stability (i.e.,
larger Ep, and f values, respectively), compared to those single-layer
films containing randomly dispersed COF particles (Figs. S13 and S14,
Table S2).

To gain insight into the mechanistic impact of the COF distribution
on the breakdown behavior of the polymer composite films, we

conducted finite element simulations and statistical predictions on three
systems, including neat PVTC, sandwich-structured and randomly
dispersed single-layer PVTC/COF composites. The simulation models
were built based on images processed from cross-sectional SEM images,
which were labeled as Model i, Model ii and Model iii, respectively (see
Fig. S15). The simulated electric field and leakage current distributions
of these three systems were shown in Fig. S16. The results indicated that
the interlayer in Model ii could redistribute the electric field and leakage
current to prevent the weak phase (i.e., PVTC terpolymer) from bearing
excessive electric stimuli. For instance, when applying an electric field of
50 MV m™ on these models, the average field strength and current
density of the terpolymer phase were alleviated respectively by 36.6%
and 44.2%, i.e., 31.69 MV m™ and 1.12 x 107 A em™ for Model ii
compared to those of 50 MV m™! and 2 x 107 A em™ for Model i. In
contrast, the randomly dispersed COF particles in Model iii exhibited
limited capacity in protecting the terpolymer phase from the applied
high electric field. Further dielectric breakdown simulations were car-
ried out based on statistical predictions using a modified dielectric
breakdown model (DBM, see Simulation Section and Figs. S17 and S18).
As summarized in Fig. S19, it was clear that the growth of the break-
down path distorted the local electric field distribution at the end of a
branch. Relative to COF-free Model i, the existence of COF interlayer
with high Y effectively strived against electrical stress and hindered the
propagation of electrical breakdown path (Model ii), while the random
distribution of COF particles in Model iii promoted the scattering of
discharge channels but played a limited role in suppressing breakdown
path extension. Consequently, the breakdown channel in Model ii was
better restrained relative to those in Models i and iii, under the same
simulation condition (Figs. 3C to 3E).
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2.3. Energy storage performance and reliability assessment

The electrostatic energy storage performance of the sandwich PVTC/
COF composite films, along with the control polymer film, were thor-
oughly assessed (Figs. S20 and S21). Figs. 4A and 4B depicted the uni-
polar P-E loops of PVTC polymer and the sandwich-structured PVTC/
COF composite (S-20) at their respective highest withstanding electric
fields, where significantly improved electric field tolerance and electric
polarization were observed in the loops of the in situ synthesized
sandwich film relative to neat terpolymer. As compared in Fig. 4C, the
sandwich film S-20 displayed the largest Uq of 24.6 J cm™ along with a
charge-discharge efficiency () of 80.7% at 700 MV m™., far exceeding
those of the neat PVTC film (i.e., 9.2 J cm 2 and 68.0% at 400 MV m™1).
The maximum Ugq of S-20 was also about five times higher than that of
the commercial benchmark BOPP dielectric film under the same test
condition (Fig. S22). The favorable energy storage capacity was attrib-
uted to the concomitant enhancements of electrical resistivity, Y, and E,
as demonstrated in Fig. 4D. The k values of the sandwich PVTC/COF
composites, on the other hand, were lower than that of the neat
terpolymer (36.6 vs. 46.9, at 1 kHz), primarily because the loaded COF
has an inherently lower k due to the weaker dipolar polarization and
non-ferroelectric feature compared to the PVTC matrix (Fig. $23).[19,
27] Nonetheless, the moderately reduced k value did not compromise
the overall energy storage properties of the hybrid composite due to the
large gain in electrical resistivity, Y, and E},. Apart from Uy, 7 is another
essential metrics for evaluating the practical energy storage perfor-
mance of dielectric materials. High 7 is desirable to minimize Joule heat
from energy loss and to increase the reliability and lifespan of
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electrostatic capacitors while a low 5 will overwhelm any other benefits
gained by enhanced k, E;, and Uq. However, the majority of existing
PVDF terpolymer-based dielectrics can only reach mediocre 5 values,
typically around 50-70% at the materials’ withstanding electric fields.
As shown in Fig. 4E, the S-20 film exhibits superior Uy value when
compared to the reported PVDF terpolymer-based dielectric thin films at
efficiencies above 80% [27-33,66-70] Fig. S24 also listed the Ug and 5
of high-energy-density dielectric thin films based on terpolymers,
among which the S-20 film shows the remarkable balance between 7
(>80%) and the maximal Uq (~25J c¢m~2). The enhancement in energy
storage performance induced by COF interlayers can be rationalized as
the following: the presence of COF restrains early polarization saturation
of ferroelectric polymer (see Fig. S25), which allows the hybrid com-
posite to retain relatively large efficient k values (see Fig. S10) and to
store more electrical energy under high electric fields [71]. As shown in
Fig. S26, the samples S-60, S-40, and S-20 showed lower maximum
polarization (Py,) than PVTC at low field regions (<300 MV m’l), e.g.,at
100 MV m™". The Py, of PVTC, S-60, S-40 and S-20 decreased monoto-
nously from 4.38 to 4.17, 3.74 and 3.21 puC m™2, primarily due to the
COF’s low-k feature. However, with an increase in electric field, these
sandwich-structured COF-containing samples exhibited higher Pp, than
PVTC, consistent with the trend observed in the field-dependent effec-
tive k derived from the P-E loops. Notably, the maximum P, was 11.90
pC m~2 at 700 MV m™! for $-20 and 8.96 uC m™2 at 400 MV m™" for neat
PVTC, indicating markedly improved energy storage performance. The
lower Py, of S-0 compared to PVTC across the investigated field range
may reflect the nonideal packing of COF nanospheres within the middle
layer of S-0, which limited electric polarization under applied electric

a b c 40 100
0121 Neat PVTC 0124 sandwich S-20 & 35 -90
o & £ 2 80
= 0.104 '= 0.10 2 30+ G-8_5
= € —0-
2> (=N 70
e ) G 251 e S
< 0.084 < 0.084 S 60 X
2 2 100Mvm” | O 20- 55 &
N 0.06- N 0.061 200Vt | B e
kS s soomvmt | & 197 40 5
8 0.044 1oomvm™ | 8 0.04- soomvmt | 8 4o $ |30 i5
2 ——200Mvmt | £ soMvm? | & &~ 20
8 0.02- somvm | g 0021 somvm' | & 57 ‘ 8 —o——m—Neat PVTC
] ——400 MV m [ omMvmt | @ ol =% Sandwich $-20 [ 1°
0.00 T T T T T T T 0.00 T T T T T T T o T T T T T T —0
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Electric field (MV m™") Electric field (MV m™") Electric field (MV m™")
Dielectric constant
d e f
Electrical resistivit 0 o8 ST
Young’s modulus (x10° Q m) v P PVDF terpolymer-based This work| < At 200 MV m
(MPa) R ? 25 € Organic/inorganic composite films * g 4.8+ & 90
285 O % E @® Layered all-polymer films ® 2 o 80
c 2 A Polymer blend films (6] 2464 L ____ Data variation £ 241% I
3 7209 ® - 703
35 (301 S 441 =
@ O 154 4 ) 160 O
55 3 S O - g
B 3 [27] @ Data variation < 1.04% 50 8
8sp o) 104 28] ® O3 B 40 sl Rl e S ST e > E
< g ﬁ o ®67] ] L40
0 Breakdownstrength 3 3 54 B2 3 it
Discharged energy (MV m) a8 69 QA 53] 2 > 1:)n2|aclles [%
density (J cm=3) 80 5 ¢ O a 4
T T T T T T T 3.6 T T T T 20
oo [Nl Neat PVTC 100 200 300 400 500 600 700 1 10 100 1000 10000 50000

Efficiency (%) Sandwich S-20

Electric field (MV m™")

Cycle number

Fig. 4. P-E loops of (a) neat PVTC film and (b) in situ synthesized sandwich PVTC/COF (S-20) film. (c) Discharged energy density (Ug) and charge-discharge ef-
ficiency () of native PVTC and in situ synthesized sandwich PVTC/COF (S-20) films as a function of electric field. (d) Radar chart: comparison of mechanical,
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200 MV m™?. Error bars show standard deviations obtained from at least three measurements using different samples.
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fields. Moreover, the sandwich-structured hybrid films exhibited vastly
reduced energy loss, as demonstrated by the suppressed remnant po-
larization (P,) in Fig. S27, indicative of the inherently low loss of the
COF material and its contribution to enhanced energy efficiencies.

For pulsed applications, power density is another critical metrics in
addition to Ug and 7. We performed fast discharge tests to evaluate the
power density of the in situ synthesized sandwich PVTC/COF composite
film, as shown in Fig. 528. At an applied electric field of 200 MV m 2,
which is the working field of electrostatic capacitors in common power
systems such as hybrid electric vehicles [5], the sandwich hybrid film
S-20 displayed a power density nearly eight-fold of that of BOPP (110.57
vs. 13.92 MW L™3). Fig. 4F showed the cyclic charging/discharging
measurement result of the sandwich film under the same electric field of
200 MV m™!, where almost no sign of deterioration in energy storage
performance was observed over 50,000 continuous charge-discharge
cycles. The initial increase in # and decrease in Ugq were attributed to
the gradual alignment of ferroelectric domains with the applied electric
field.[71,72] When most of the ferroelectric dipoles were aligned with
the field (after dozens of charging/discharging cycles), the data varia-
tions in Uq and  were smaller than 1.04% and 2.41%, respectively. The
values are comparable to those of the benchmark BOPP dielectric film
under the same test condition (Fig. S29).

Mechanical bending tests were further carried out to evaluate the
mechanical flexibility and reliability of the sandwich PVTC/COF hybrid
film, properties that are essential for future wound capacitor cell fabri-
cation. It is noteworthy that although free-standing thin film (thickness
~9 um) of native PVTC can be prepared under careful lab-scale opera-
tion, bending without causing wrinkles is challenging because the
polymer is too soft to support itself efficaciously. In contrast, the inter-
calated COF-containing layer functions as a robust scaffold in the
sandwich film, which significantly enhances the mechanical self-
supporting capability of PVTC polymer, as shown in Fig. S30. More-
over, the inclusion of terpolymer additives creates a flexible buffer
among neighboring COF particles, ensuring the integrity of an intact
interlayer in the sandwich-structured hybrid film when subjected to
mechanical bending stress. The mechanical endurance was validated by
the results shown in Figs. S31 to S33, supporting that the dielectric
breakdown strength and energy storage properties of the sandwich film
S-20 were well retained after 5000 consecutive cyclic bending tests.
Additionally, the dielectric spectra and breakdown strength of the
sandwich film did not exhibit any significant changes after mechanical
fatigue tests with different curvatures over five consecutive days.
(Fig. S34). These results verify that the hierarchical hybrid dielectric
film exhibits desirable operational reliability under electrical and me-
chanical stresses, satisfying an important prerequisite for practical
capacitor application of these soft PVTC polymers.

3. Conclusion

We have presented a facile approach to incorporating COF nano-
particles into composite thin films of the PVTC polymer, resulting in all-
organic, self-standing sandwich films with significantly improved
dielectric strength and energy storage capacity compared to the native
PVTC polymer. In contrast to conventional COF synthesis which typi-
cally produces bulk polycrystalline powders, an in situ synthetic pro-
tocol was adapted to generate uniform, spherical COF nanoparticles
within minutes at room temperature, allowing the layer-by-layer fabri-
cation of sandwich films with COF embedded in the middle layer and
PVTC as both the top and bottom layers. Importantly, this synthetic
protocol is compatible with the co-introduction of PVTC additives into
the COF middle layer, granting the fine-tuning of COF-PVTC interfaces
and compositions to achieve optimal electromechanical stability for
high electric field operations. Significantly improved dielectric break-
down strength and mechanical modulus have been established in the
composition-optimized thin films, leading to greatly enhanced dis-
charged energy density that is about three-time as high as that of the
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pure PVTC film. Moreover, the substantially reduced leakage current
and remnant polarization secure high energy efficiency (e.g., 80.7% at
700 MV m™!) of the resultant sandwich film. Additional mechanistic
insights into performance enhancement are gained from control exper-
iments and theoretical modeling. The comparison of the sandwich films
against those containing randomly dispersed COF nanoparticles high-
lighted the importance of hierarchical structures in suppressing the
growth of dielectric breakdown channels, as further elucidated by finite
element simulations and statistical validations. Through the demon-
stration of COF-reinforced dielectric polymeric nanocomposites for the
first time, this work underscores the potential of leveraging the func-
tionality of COFs for innovative designs of high-performing flexible
dielectric materials. We anticipate that by utilizing program-controlled
processing methods under comparable conditions, larger-area compos-
ite films beyond the lab scale demonstrated here can be readily
fabricated.
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