NANOCOMPOSITES Tavior & F .
2025, VOL. 11, NO. 1, 99-110 e aylor > rancis
https://doi.org/10.1080/20550324.2025.2479392 Taylor & Francis Group

8 OPEN ACCESS ".) Checkforupdates‘

P(VDF-TrFE) nanocomposite thin films with cellulose nanofibers and
dopamine-modified BaTiO; nanoparticles for enhanced energy storage

Davide Disnan?, Michael Schneider?, Xinxin Zhangb, Kunpeng Qian®, Fabian Bacher?, Yin Zhao®,
Xin Feng® and Ulrich Schmid?

%Institute of Sensor and Actuator Systems, TU Wien, Vienna, Austria; bDepartment of Chemistry, Research Center of Nano Science
and Technology, Shanghai University, Shanghai, China
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Fluoropolymers, known for their high dielectric permittivity, are extensively studied for nano- Received 29 July 2024
composite energy storage. However, nanoparticle incorporation introduces defects, making Accepted 10 March 2025
the fabrication of thin films able to withstand high electric fields challenging. Consequently,
research on films thinner than 10 um remains limited, despite their potential for effective

L. R P(VDF-TIFE); energy storage;
polarization at lower voltages. Among fluoropolymers, P(VDF-TrFE) offers well-established nanocomposite; barium
and easy thin film deposition via spin coating, making it ideal for nanocomposite thin films. titanate; nanocellulose;
This study presents the synthesis and energy storage characterization of P(VDF-TrFE) nano- polydopamine; ferroelectri-
composite thin films with a thickness of ~1pum, demonstrating enhanced energy storage city; thin films
performance. This is achieved by adding a nanoparticle mixture of carboxymethyl cellulose
nanofibers and polydopamine-coated BTO into the P(VDF-TrFE) polymer matrix, resulting in
a 60% increase in energy density and a twofold enhancement in energy efficiency. A direct
correlation between the nanoparticle concentration and the observed enhancements in
dielectric and ferroelectric characteristics is established.
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Introduction production costs and ease of processing. Even more,

In recent years, extensive research has been devoted  the integration of nanofillers into a polymer matrix
to polymer-based dielectric nanocomposite, driven  has significantly enhanced the performance of
by the increasing importance of improving their ~ various polymers, including poly(methyl methacryl-
electrical and optical properties, coupled with low  ate) (PMMA), polydimethylsiloxane (PDMS) and
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polyimides, particularly in biomedical, optical, wear-
able and sensor applications [1-8]. Due to their
high breakdown strength, polymers are also an
excellent choice for energy storage applications.
However, their relatively low dielectric permittivity,
typically ranging from 2 to 4, imposes limitations
on the energy density performance [9]. But, within
the broad category of polymers, there exists a dis-
tinctive subset known as polar polymers. This latter
group of materials is characterized by individual
dipole moments, resulting in a higher dielectric con-
stant compared to their nonpolar counterparts [10].
This inherent polarity has led to the wide investiga-
tion into ferroelectric polymers like poly (vinylidene
fluoride) (PVDEF) and its co-polymers (e.g. poly(vi-
nylidene fluoride-trifluoroethylene) (P(VDF-TrFE))),
which show a relatively high permittivity of ~10. To
further enhance the material’s energy density, incor-
porating nanofillers with dielectric constant orders
of magnitude higher into PVDF-based polymers has
emerged as a topic of significant investigation
[11-14]. However, there are several physical limita-
tions associated with this approach. For instance,
surpassing a certain threshold in filler loading can
lead to nanoparticle agglomerations due to their
high surface energy, potentially reducing the overall
dielectric breakdown strength of the composite
material and the polarization area. Additionally, the
typically significant difference in dielectric constants
between the fillers and the matrix results in local
inhomogeneity of the electric field at the interface
between both materials [9,10,15]. In nanocompo-
sites, the Maxwell-Wagner-Sillar interfacial polariza-
tion between nanofiller and matrix is observed
[16-18]. According to this model, current flow
across an interface between two dielectric materials
with different relaxation times results in charge
accumulation at the interface. If the nanoparticles
are not well dispersed within the polymer matrix,
this can lead to an uneven electric field distribution,
which can considerably reduce the breakdown
strength. Another challenge is the chemical incom-
patibility between the organic polymer matrix and
the surface of the integrated inorganic nanofiller
which can create voids and pores, further contribu-
ting to a locally inhomogeneous electric field distri-
bution [9]. To address these limitations, various
nanoparticle surface modifications have been pro-
posed. One solution is placing a highly insulating
buffer layer with a low dielectric constant at the
interface between the filler and the polymer matrix
as a double core-shell structure to achieve a more
uniform electric field distribution [19]. Furthermore,
enhanced compatibility between the polymer matrix
and the filler is also achieved through other surface
modifications, including hydrogen peroxide [20-22],

phosphonic acid [23], titanate coupling agent [24],
and polydopamine [25]. Polydopamine, due to its
ease of use, cost-effectiveness, sustainability, envi-
ronmental compatibility, and ability to be deposited
on virtually all types of inorganic and organic surfa-
ces [26-28], has found widespread use in functional-
izing various substrates since its introduction in
2007 [29]. These applications range from polymeric
nanoparticles [30] and nanodiamonds [31] to cer-
amics [32] and graphene [33].

Organic nanoparticles, such as cellulose-based
nanoparticles as fillers are commonly employed in
various applications [34-36]. Cellulose, the most
ubiquitous and abundant biopolymer in nature, has
attracted significant attention for both its biosyn-
thesis and applications in the form of nanoparticles
[36]. Cellulose nanofibers, in particular, have already
demonstrated their effectiveness as a green binder
for a variety of composite polymer materials. This is
attributed to their high crystallinity, unique long
polymer chain molecular structure, abundant surface
functional groups, and subtle physiochemical prop-
erties [37]. Moreover, previous studies have shown
that cellulose nanofibers can increase the crystallin-
ity and relative fraction of the piezoelectric fi-phase
of PVDF and thus improve the piezoelectricity of
polymer composites [38]. Recent advancements in
the field of energy storage devices have highlighted
the potential of cellulose-based nanocomposites
[39]. Additionally, the literature indicates that the
introduction of cellulose nanocrystals in PVDEF-
based nanocomposites contributes to an increased
dielectric constant [40].

Publications focusing on the energy characteris-
tics of PVDF-based nanocomposite primarily center
on relatively thick polymer films, typically ranging
between 10 and 40 um [11,12,41-43]. While thick
films offer higher robustness to environmental con-
ditions and higher stability, they may not be suitable
for instance in applications requiring large specific
surface areas [44-46]. Additionally, such thick films
require extremely high voltages, typically in the kilo-
volt (kV) range, for effective polarization of the
polymer films. The breakdown strength of polymeric
materials is thickness-dependent, with thinner
dielectric polymers withstanding higher voltages,
according to a theoretical model based on space
charge dynamics [47]. However, thin polymer layers
are more susceptible to processing defects, such as
pits, dimples, contaminants, roughness, wrinkles,
and variable thickness. As a result, experimentally
dielectric breakdown strength does not consistently
increase with decreasing thickness, making these
films more susceptible to localized breakdown. In
literature, a thickness threshold for achieving high
dielectric strength is typically found around 10 um



[48]. Consequently, a noticeable gap in the literature
exists in the study of energy characteristics in
PVDF-based nanocomposites with a film thickness
below 10 pm. To the best of the authors’ knowledge,
there has been only one investigation into PVDEF-
based nanocomposite thin films with a thickness
below 2 um including ferroelectric characterization,
with a maximum nanofiller content of only 2% in
weight [49].

In this study, we investigate the energy charac-
teristics of P(VDF-TrFE) nanocomposite thin films
which are loaded with polydopamine-functional-
ized BaTiO; nanoparticles mixed with nanocellu-
lose fibers. The analyzed thin films in this report
have a thickness of ~1pum, rendering them suit-
able for applications demanding polarization at
moderate voltage levels. X-ray diffraction (XRD)
analysis revealed the influence of the introduction
of these nanofillers in the P(VDF-TrFE) matrix on
the ferroelectric f-phase, subsequently confirmed
by ferroelectric characterization. Furthermore, to
explore energy storage applications, we measured
the permittivity and the dielectric characteristics as
a function of frequency. The electrical properties
were studied by examining the electrical displace-
ment as a function of the electric field and deter-
mining the ferroelectric characteristics, such as
coercive field and Our
measurements reveal the improvements in energy
density achieved through the introduction of
BTO@PDA mixed with CCNF nanofillers, with
nanofiller concentrations of up to 15% by weight.
This achievement, not previously reported in the
literature for such thin films, underscores the
feasibility of nanocomposite thin films in energy
storage applications.

remnant polarization.

Experimental details
Materials

BaTiO; (BTO) powder was prepared by a hydro-
thermal method [50]. Dopamine hydrochloride
(DA) powder was obtained from Sinopharm Group
Chemical Reagent Co., LTD. The carboxyl cellulose
nanofibers (CCNF) with a solid content of 3% in
weight were obtained via ammonium sulfate (APS)
oxidization method by using cotton fiber as source
materials based on previous literature [51]. Tris
(hydroxymethyl) aminomethane was bought from
Adamas Reagent Co., LTD. Deionized (DI) water
was also used during the experimentation. P(VDE-
TrFE) was purchased from Piezotech/Arkema
Group. 2-butanone (methyl ethyl ketone (MEK))
was obtained from Technic France.
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Preparation of CCNF-BTOQPDA

The BTO@QPDA was prepared by BTO powder and
DA powder in tris buffer solution at a pH value of
8.5. Specifically, 45g BTO powder, 2.25g DA pow-
der, and 300ml tris buffer solution at pH = 8.5
were magnetically stirred for 24h. In this process,
polydopamine (PDA) was obtained by self-polymer-
ization of DA. Then BTO@QPDA solution was sub-
jected to high-speed centrifugation for 10 min for 5
times, and the upper liquid of the BTOQPDA solu-
tion was removed. The wet sediment composed of
BTO@PDA at the bottom of the centrifuge tube was
further treated by ultrasonication for 1h and then
transferred to the CCNF solution by intensive mix-
ing with magnetic stirring for 12h. Subsequently,
the CCNF-BTOQ@QPDA wet sediments were obtained
by washing and centrifuging with deionized water
for 5min at 10000 rpm twice. A representation of
the CCNF-BTO@QPDA is reported in Figure la.
Standard CNF possesses a strong tendency to self-
association due to interactions between surface
hydroxyl groups, leading to nanofiller aggregation
and challenging homogenous dispersion, which
negatively impacts energy storage characteristics. To
overcome this, CCNF is used, replacing hydroxyl
groups with carboxymethyl groups, thereby improv-
ing dispersibility [52].

Synthesis of nanocomposite thin films

The nanocomposite thin films were prepared with
CCNE-BTO@QPDA nanoparticles as fillers at differ-
ent weight fractions of 5%, 10%, and 15%, respect-
ively. P(VDF-TrFE) powder with a ratio VDF/TrFE
of 70:30mol% was used as a matrix for fabricating
the nanocomposite thin films. The polymer powder
was added with a weight ratio of 8% into the solv-
ent MEK at 50°C to increase the dissolution rate.
The resulting polymer solution was subject to mag-
netic stirring until a homogenous solution was
achieved. Subsequently, the nanoparticles were uni-
formly dispersed in the polymer solution in quanti-
ties corresponding to the previously reported
weight fraction. This dispersion process was
enabled with a sonicator (UP400S from Hielscher)
for 1.5h, and an external water-cooling system to
prevent MEK solvent evaporation. Next, the nano-
composite thin films were deposited via spin-coat-
ing at 2000rpm, resulting in homogenous thin
films, which were annealed in air for 2h at 140°C
to enhance their crystallinity. Afterwards, the nano-
composite thin films were cooled down to room
temperature on the hot plate. Spin-coating and
annealing were carried out under humidity-con-
trolled conditions. Due to the polar nature of MEK
as the solvent, maintaining a humidity level below
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Figure 1. Preparation and electron microscope images of the nanoparticles. (a) Schematic process flow of the CCNF-BTO@PDA
fabrication. TEM and SEM images of (b1,b2) BTO, (c1,c2) BTO@PDA, (d1,d2) CCNF, and (e1,e2) CCNF-BTO@PDA.
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Figure 2. Schematic illustration of nanocomposite thin film synthesis. The CCNF-BTO@PDA nanoparticle mixture is added to
the 8% weight ratio P(VDF-TrFE) polymer solution. After sonication, the nanocomposite thin film is deposited via spin coating
and then annealed at 140 °C for 2 h. The resulting capacitor-type test structures are presented.

10% is important to prevent potential vapor-
induced phase separation during the fabrication
process and to ensure the reproducibility of layer
quality [53]. The whole process is represented in
Figure 2. The final film thickness was measured to
1.2+0.1 um for each sample using a DEKTAK sur-
face profilometer.

Fabrication of the metal-nanocomposite-metal
capacitors

For measuring the permittivity and studying the
energy characteristics of the nanocomposite thin
film, micromachined circular-shaped capacitors with
6mm of diameter were fabricated. The metal-

nanocomposite-metal structure was developed start-
ing from a 4” (100) Si wafer with 500 nm thermal
silicon dioxide (SiO,), needed for electrical insula-
tion. The bottom electrode was formed by a lift-off
process, consisting of a 50 nm chromium (Cr) layer
by electron-beam evaporation serving as an adhe-
sion promoter for a 150nm thermally evaporated
gold (Au) layer. Afterwards, the nanocomposite thin
films were spin-coated from the solution, according
to the procedure discussed above, and annealed. For
top electrode realization, a 150nm Au layer was
thermally evaporated and subsequently patterned by
wet chemical etching to serve as the top electrode.
Details about microfabrication can be found else-
where [54].



Characterization of nanoparticles

The morphology and microstructure of the nano-
particles were observed by scanning electron micro-
scope (SEM, Phenom XL, The Netherlands) and
transmission electron microscope (TEM, 120kV,
JEM200-CX, Japan). The surface height images of
the nanoparticles were measured by an atomic force
microscope (AFM, Park XE7, Park Systems, Korea).
X-ray diffraction (XRD) patterns were obtained with
a multi-functional X-ray diffractometer (SmartLab,
Japan) from 5° to 60° with a scan speed of 20°/min.
The chemical compositions were investigated using
an infrared spectrometer (FTIR, Nicolet 380, USA)

with wavenumbers ranging from 400 to 4000 cm™".

Characterization of nanocomposite thin films

The chemical composition, as well as the presence
of crystalline phase in the nanocomposite thin films,
were detected with a Fourier transform infrared
(FTIR) spectrometer (Bruker Tensor 27) from
1500cm™" to 700cm™' in absorbance mode and
with an X-ray diffractometer (XRD) (XPert Pro
from Malvern Panalytic) in Bragg-Brentano config-
uration with a Cu-k,;,, source at wavelengths of
1.540598 A and 154426 A, respectively. The dielec-
tric constant and characteristics of the nanocompo-
site thin films were measured using an LCR meter
IM3533-01 (Hioki). The polarization within the
material as a function of the electric field was meas-
ured via a Sawyer-Tower circuit [54]. A 100Hz tri-
angular wave AC signal was applied to the
micromachined capacitor and the amplitude was
incrementally increased. This allowed us to observe
the typical hysteretic behaviour, enabling the evalu-
ation of parameters such as the coercive field (E,)
and the remnant polarization (P,).

Results and discussion
Characteristics and structure of nanoparticles

Analysis with SEM and TEM images in Figure 1
revealed that the BTO particles exhibited a typical
cube morphology, as shown in Figure 1(b1,b2), with
an average particle size of ~145nm (Supplementary
Figure 1). This size was targeted to maximize the
dielectric permittivity benefits associated with nano-
particle size [55]. When combined with PDA, BTO is
enveloped by PDA (BTO@QPDA) (Figure 1(c1,c2)). By
further mixing in carboxymethyl cellulose nanofibers
(CCNF) (Figure 1(d1,d2)), it can be observed that
particulate BTO@PDA is dispersed within the fibrous
network (Figure 1(el,e2)). The additional evidence of
the successful integration of CCNF, BTO, and PDA
is also highlighted in Figure 3(al-a4),(bl-b4)).
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The SEM and TEM images, shown in Figures 2, 3,
prove the high process compatibility of BTO, PDA,
and CCNF. The XRD patterns of both pure BTO and
BTO@QPDA (Figure 4a) exhibited characteristic dif-
fraction peaks typical of BTO’s crystallographic
microstructure [56], consistent with the standard
card JCPDS (No. 75-0213) [57]. The XRD pattern of
BTO@PDA remained unchanged after functionaliza-
tion, indicating that the crystal structure of BTO was
unaltered by the addition of PDA [58]. The character-
istic peaks presented in Figure 4a at 16°, 22.7°, and
34.5° correspond to the (110), (200) and (004) lattice
plane of CCNF, respectively [59]. After loading with
CCNF, the XRD pattern of CCNF-BTOQPDA was
attributed to the polymer CCNF, where the distinct
diffraction peaks of (110) and (200) became less
prominent due to the high crystallinity of BTO. The
corresponding FTIR  spectrum is shown in
Figure 4b,c. Comparing BTO with BTOQPDA, new
characteristic absorption peaks at 1291cm™' and
1625cm™ " were observed in BTO@PDA, attributed
to the bending and stretching vibrational modes of
-C-O and -N-H bonds in PDA, demonstrating that
BTO was successfully modified by PDA [60]. In
addition, the wide characteristic absorption peak at
3432cm™" of -OH and -NH bonds proved the exist-
ence of hydrogen bond interaction between PDA
and BTO. With the introduction of CCNF, CCNF-
BTO@PDA inherited all the characteristic absorp-
tion peaks of CCNF, especially the absorption peak
at 1730cm™" was attributed to the C= O stretching
vibration of -COOH in CCNF, which indicated the
successful introduction of CCNF [61]. Moreover,
compared with pure CCNF infrared spectrum, the
absorption peak of CCNF-BTO@PDA blue shifts
from 1060 cm™" to 1026 cm™', which may be due to
the hydrogen bond interaction and the physical
electrostatic interaction between CCNF (-COOH)
and PDA (-OH) [62]. All results presented above
prove the successful preparation of CCNF-
BTOQ@PDA.

Crystalline phase and microstructure of the
nanocomposite thin films

Figure 5a presents the FTIR spectra of pure P(VDF-
TrFE) as well as nanocomposite thin films loaded
with different CCNF-PDA@BTO concentrations.
Worth noting that no discernible new absorption
peaks emerge in the nanocomposite films.
According to the FTIR analysis, the addition of
CCNF-PDA@BTO nanoparticles does not alter the
chain conformation of the P(VDF-TrFE) matrix.
From the spectra, we can identify two strong
absorption bands at 850 cm™ ! and 1277 cm™!, which
can be attributed to the CF, vibration and CH,
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Figure 3. SEM and TEM images of the nanoparticles. (a1-a4) TEM and (b1-b4) SEM images of CCNF-BTO@PDA show the suc-

cessful integration of the cellulose fibers with the BTO@PDA.
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Figure 5. Chemical composition and crystalline phase of pure and nanocomposites P(VDF-TrFE) thin films. (a) FTIR spectrum
(absorbance) and (b) XRD pattern with different nanofiller concentrations.

rocking modes of the all-trans conformation that is
characteristic of the low-temperature phase of
P(VDE-TrFE) (also called ff-phase due to the simi-
larity to the f-phase of pure PVDF). The typical
B-phase peak at 1073 cm™" is likely masked by the
high-intensity SiO, peak at 1091 cm™"', determined
by analyzing the pure silicon wafer. The absorption
bands at 880cm™!, 1183cm™}, and 1406cm™! are
instead barely sensitive to chain conformation, and
both a- and f-phase show the same total intensity
[63]. Furthermore, contributions to these three
bands from the IR absorption of the amorphous

phase cannot be excluded. Peaks related to the
a-phase, such as at 763cm™', have not been
detected, probably due to the presence of the SiO,
layer, which exhibits another peak at 795 cm™! [64].
The overlap of the two peaks leads to an indistinct
region, rendering the already low-intensity o-peak
unidentifiable [65]. Figure 5b shows the XRD pat-
terns of both the pure P(VDF-TrFE) as well as the
nanocomposite thin films, which were also subjected
to FTIR analysis. At a 20 value of 19.7°, we observe
a diffraction peak corresponding to the (110) and
(200) orientation plane of the pseudohexagonal



crystallographic microstructure of the low-tempera-
ture ferroelectric phase, commonly known as the
p-phase [65]. However, there is a noticeable
decrease in intensity as the weight percentage of
CCNF-BTO@QPDA  nanofillers This
decrease in intensity suggests a reduced presence of
the f-phase, indicating that the introduction of the
nanoparticles is responsible for this crystallographic
modification. While previous research demonstrated
an increase in the f-phase content with the intro-
duction of BTO@QPDA in PVDF and P(VDF-TrFE)
thin films [49,56], no reports have addressed the
impact of introducing CCNF in P(VDEF-TrFE).
Although some studies on homopolymer PVDF sug-
gest that introducing CCNF leads to the presence of
the electroactive y-phase, our observations primarily
reveal a potential reduction in the ferroelectric
p-phase for its copolymer P(VDF-TrFE) due to the
presence of CCNF. Therefore, we propose that the
introduction of CCNF influences the occurrence of
the f-phase. Concerning the other diffraction peaks,
a detailed comparison of Figure 5b with Figure 4a
allows us to identify all peaks associated with the
presence of BTO. Additionally, we detected also
peaks at 20 values of 33°, 38.2°, and 44.6°, attribu-
ted to silicon and gold, representing the wafer sub-
strate and the electrode material within the
micromachined capacitors.

increases.

Dielectric and energy storage performance of

nanocomposite thin films

The dielectric constant of the nanocomposite thin
films was measured as a function of the nanoparticle
concentration using micromachined capacitors. As
presented in Figure 6a, the permittivity at a meas-
urement frequency of 100Hz gradually increases
almost linearly with the nanoparticle weight frac-
tion, providing a significant advantage for energy
storage applications [66] and demonstrating consist-
ency with previous findings in  similar
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nanocomposite thin films [13]. Starting with a base-
line permittivity of about 11 for pure P(VDF-TrFE),
the introduction of BTO@QPDA mixed with CCNF
results in an increased dielectric constant, reaching
a maximum value of 19 at 15% weight fraction. In
Figure 6b, both the dielectric constant and the
dielectric loss of the nanocomposite thin films at
varying CCNF-BTO@PDA loadings are presented as
a function of the measurement frequency. The
decrease in dielectric permittivity is attributed to the
dielectric relaxation of the P(VDF-TrFE) matrix.
The dielectric loss, important when characterizing
energy dissipation under an external field applied,
shows minimal difference between the nanocompo-
site and the pure polymer thin films. With an
increase in frequency, the dielectric loss increases
due to the higher energy dissipation from polymer
dielectric relaxation at higher frequencies [21]. The
reported dielectric loss findings in this study align
closely with previous research on P(VDEF-TrFE)
based and BTO@PDA nanofillers [67]. Using the
same micromachined capacitors, the hysteretic
response of the electric displacement D as a function
of electric field E has been measured. In Figure 7,
D-E loops of the nanocomposite thin films, each
with varying CCNF-BTOQ@QPDA loadings, are pre-
sented and fitted with an empirical model developed
by Miller et al. [68] (see Supplementary Figure 2).
This fitting allowed us to extract parameters such as
E. and P,. The resulting values are reported in Table
1 and further illustrated in Figure 8a. Notably, an
increase in nanoparticle content results in a simul-
taneous decrease in both remnant polarization and
coercivity, with the former decreasing more signifi-
cantly than the latter. This observation is aligned
with what we observed in the XRD patterns, indicat-
ing a decrease in the fS-phase content with increas-
ing nanofiller loadings, resulting in a reduction of
the nanocomposite thin film electroactivity. E, val-
ues remained relatively constant up to a weight frac-
tion of 10%, consistent with typical values found in
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Figure 6. Dielectric characteristics of nanocomposite thin films. (a) Variation of dielectric constant with filler loading at 1 kHz.
(b) The dielectric constant and dielectric loss of CCNF-BTO@PDA nanocomposites as a function of frequency at room tempera-

ture. The inserted straight lines serve as a guide to the eyes.
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Table 1. Coercivity and remnant polarization of the pure
and the nanocomposite P(VDF-TrFE) thin films as a function
of the nanofiller weight fraction.
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the literature for pure P(VDEF-TrFE) thin films
[54,65,69]. However, a noticeable drop to 48 Vpm™!
was observed at 15%. As mentioned earlier, a more
significant decrease has been found in the P,, where
the value dropped from 5.6 pCcm™> for pure
P(VDE-TrFE), in good agreement with values from
the literature [54,65,69], to 4 pCcm™> at a 15%
weight fraction (Table 1 and Figure 8a). The reduc-
tion in P,, combined with an optimized dielectric
constant, contributes to an improved energy density
in the material [10], as presented in Figure 8a.
However, as previously mentioned, the use of such
thin films with a thickness of about 1pm results in
an increased presence of defects, which may lead to
localized electrical breakdown. As a result, due to
the limitations to applying extremely high electric
fields, the energy storage values observed in our
study are lower than those reported in the literature
for thicker P(VDF-TrFE)- and PVDF-based films
loaded with BTO, which can reach up values of
5J-cm™> ?! [24,43]. Nevertheless, our research aims
to demonstrate that energy storage applications can
be achieved also at lower voltage fields by reducing
the thickness and such thin films can still yield sub-
stantial improvements in energy storage properties
through the introduction of nanofillers. Figure 8b
illustrates the energy density and energy efficiency
of the nanocomposite thin films at different
CCNF-BTO@PDA loadings. The energy density
has been calculated by integrating the area between
the discharge curve and the ordinate [35] (See
Supplementary Section 2). The energy efficiency
is instead represented by the ratio between
discharged and charged energies. Figure 8b shows
that starting from an initial value in the pure
P(VDF-TrFE) of 0.58 Jem™ energy density and 14%
energy efficiency, these parameters improved to 0.92
Jem™ and 28%, respectively. Remarkably, the

P(VDF-TrFE) based nanocomposite with a 15%
weight fraction of CCNF-BTO@QPDA demonstrated
a twofold increase in energy efficiency and nearly a
60% improvement in energy density.

Conclusion

The study presents the synthesis of a nanoparticle
mixture comprising carboxyl cellulose nanofibers
and BTO coated with polydopamine nanoparticles,
introduced into a P(VDE-TrFE) ferroelectric poly-
mer matrix. Fabricated through the spin-coating
method, the resulting nanocomposite thin films
result in a thickness of ~1 um, considerably thinner
than the standard for energy storage characteristics
studies which are typically about 10pum or even
above. Remarkably, we achieved a nanofiller loading
up to 15% weight fraction and conducted a compre-
hensive analysis of ferroelectric and energy charac-
teristics. Despite the challenges associated with
thinner layers, such as potential surface and bulk
defects that could have a significant impact on the
device performance compared to thicker films,
adopting this fabrication technique enabled us to
operate at lower voltages (~150V,,) than usually
suggested in the literature, while still providing valu-
able insights for energy storage applications. FTIR
and XRD analysis revealed no change in the crystal-
line phase from the pure P(VDF-TrFE) thin film.
The chain conformation remained the ferroelectric
p-phase, characteristic of P(VDF-TrFE). However, a
reduction in peak intensity was observed with
increasing nanoparticle loadings. This phenomenon
has been addressed by the presence of the nanocel-
lulose fibers, which, in contrast to their effect on
homopolymer PVDF presented in previous publica-
tions, reduced the electroactivity of the polymer
matrix. In the dielectric characteristics, we observed
an almost linear increase in the dielectric constant
as a function of CCNF-BTO@PDA loadings. The
combination of the two effects brought by the intro-
duction of the nanofillers, i.e. the reduction of the
remnant polarization and an optimization dielectric
constant, resulted in an improvement in energy
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Figure 8. Ferroelectric and energy storage characteristics of the P(VDF-TrFE) thin films. (a) Variation of E. and P, (b) energy
density and energy efficiency of P(VDF-TrFE) thin films at different CCNF-BTO@PDA loadings from 0% to 15% weight fraction.

The inserted straight lines serve as a guide to the eyes.

storage characteristics. Compared to the pure
P(VDF-TrFE), which exhibited an energy density
of 0.58 Jem™ and an energy efficiency of 14%,
we enhanced these energy characteristics to
0.92 Jem™ and 28%, respectively, with the 15%
weight fraction CCNF-BTOQPDA nanocomposite
thin film. Overall, we doubled the energy efficiency
and improved the energy density by 60%. In conclu-
sion, our study not only demonstrates the feasibility
of achieving enhanced energy storage characteristics
in thin films for lower voltage applications but also
highlights the importance of nanofillers. This opens
a new promising path for advancing the practical
applications of P(VDE-TrFE) nanocomposite thin
films at the micrometer range in energy storage
devices.
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