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With the depletion of fossil resources and the ever-increasing energy demand, it becomes crucial to address the
global challenge of sustainable routes to renewable dielectric materials, which can store energy electrostatically
for flexible electronics and pulsed power applications. Here, TEMPO-oxidized cellulose nanofibrils with tailored
charge density are synthesized and mixed with colloidal poly(vinylidene fluoride) nanoparticles using nontoxic
water as solvent to produce flexible and transparent dielectric films. The as-prepared nanomaterials and result-
ing composite films were extensively characterized. Compared to other biopolymer and ceramic dielectrics, the
cellulose-based nanocomposites sandwiched between two thin polyvinyl alcohol layers achieve a high energy
density of 7.22 J-cm™3 at breakdown strength of 388 MV-m~!. Furthermore, the stored energy in the laminated
composite is released at a rate of 1.60 microseconds, yielding a stable power density of ~3 MW-cm~3 under an
applied field of 300 MW-m~! over 1000 charge/discharge cycles, which is more than ten times greater than that
of biaxially-oriented polypropylene. Significantly, these findings pave the way toward environmentally-benign

processing of naturally-derived materials for applications in flexible and transparent energy storage devices.

1. Introduction

With the ever-increasing demand for flexible and affordable energy
storage technologies, electrostatic capacitors that are able to store en-
ergy in the form of an electrostatic field via dielectric polarization have
attracted much attention [1-3]. They possess the outstanding character-
istics of intrinsic high power density, high charge-discharge efficiency,
and long-term stability, holding a great promise for applications in hy-
brid and electric vehicles, pulse electronics, and electric power systems
[4,5]. The rising integration of power electronics and their ever growing
miniaturization necessitate an increase in the energy density of dielec-
tric capacitors. Theoretically, the discharged energy density, U,, of a
dielectric material can be expressed as [6]

0
U, = / EdD ()
D,

where E is the electric field and D, is the electric displacement (charge
density) at the highest field (E,). For a linear dielectric material, the

equation becomes
U,= %DE = %e,&OEz )

where ¢,is the relative permittivity, ¢, is the permittivity of free space.
Therefore, the development of high-k materials with high breakdown

* Corresponding authors.

strength and low losses is of tremendous importance to increase the
energy density.

Conventional dielectrics are metal oxides, such as BaTiO5 and SrTiO5
[71. They typically enjoy strong polarizations but tend to suffer from lim-
ited flexibility and low breakdown strengths. As alternatives, polymeric
materials are more appealing due to their superior flexibility, higher di-
electric strength, and potential for manufacturing scalability [8]. How-
ever, their low permittivity (k<10) limits the energy density to values as
low as 3 J.cm~3. Moreover, most of the existing dielectric polymers are
fabricated using synthetic chemicals or petroleum derived materials that
are non-biodegradable and non-renewable. As a result, the production
process is not sustainable and the end disposal of discarded electronics is
not eco-compatible, pausing serious environmental concerns [9-11]. It
has long remained challenging to develop novel dielectrics with a high
energy density that can be compostable or biodegradable.

As the most abundant biomass resource on Earth, cellulose is a re-
newable and compelling alternative to traditional synthetic polymers.
It is featured with non-toxicity, eco-friendliness, biodegradability, low
cost, and innate dielectric properties. Specific interest has been given to
nanostructured cellulose, such as cellulosic nanofibrils (CNF) and cellu-
lose nanocrystals (CNC), due to their large surface area and dispersive
qualities in aqueous media [12-14]. The strong polarization induced by
the polar groups of nanofibrillated cellulose and the spontaneous align-
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ment of dipoles under an electric field give rise to excellent dielectric
properties [5,15,16]. In addition, the excellent mechanical attributes of
CNF from the high-aspect-ratio nanofibrils combined with their trans-
parent appearance allows for increased versatility in device design [13].
In the past years, cellulosic materials have triggered extensive research
in the field of energy storage and harvesting [14,17]. A series of flexible
dielectric composites have been demonstrated based on the combination
between regenerated cellulose and diverse inorganic nanofillers, such as
BN nanosheets [5,18], NaNbO5; nanowires [19], and carbon nanotubes
[20]. However, the high density of ceramics or the inorganic/organic
discrepancy in physicochemical properties usually lead to sedimentation
issues and hinder the dispersion of nanofillers, making scale-up process-
ing efforts extremely challenging.

In this work, we proposed an all-organic cellulosic nanocomposite
by mixing CNF with polyvinylidene fluoride (PVDF) latex in aqueous
media for use as flexible, transparent, and sustainable dielectrics. The
effect of CNF morphology, surface charge, and addition of PVDF on re-
sulting film performance were thoroughly studied. In order to confine
mobile charges in the cellulose film and enhance its high voltage toler-
ance, water-soluble insulating polyvinyl alcohol (PVA) layers have been
coated on the external surfaces of the cellulosic films, forming a lami-
nated composites structure. As-prepared multi-layered composite films
demonstrated an enhanced breakdown strength and energy storage ca-
pabilities compared to single-layer cellulose films. The use of biopoly-
mers and non-toxic water as solvent have a great potential to reduce the
cost and environmental footprint of high-performance dielectrics.

2. Experimental methods
2.1. Materials

Bleached Kraft softwood pulp was kindly provided by the WestRock
mill in Tacoma, WA in a dried mat form after chipping, screening,
washing, and digesting. Sodium bromide (NaBr, 99+%) and sodium
hypochlorite (NaClO, 12.5 w/w%) were purchased from VWR. 2,2,6,6-
Tetramethylpiperidine (TEMPO, >98%) was obtained from Tokyo
Chemical Industry Co., while hydrochloric acid (HCl, 1M) and sodium
hydroxide (NaOH, 1M) were supplied by Fischer Scientific. PVDF latex
was provided by Arkema (Kynar ARC latex, aqueous) with an estimated
initial solids concentration of 44 wt% and a mass ratio of fluoropolymer
to acrylic resin of 70:30. PVA was purchased from Sigma Aldrich (CAS
number 9002-89-5) with a molecular weight of 89,000-98,000 g/mol
and a degree of hydrolysis of 99%. All chemicals were used as received
unless otherwise specified. Prior to nanocellulose synthesis, the TEMPO
reagents were dispersed in deionized (DI) water at a concentration of
9.6 mg.mL~!, and the NaOH solution was diluted to 0.5M. Before film
casting, the PVA was dispersed in DI water at 5 wt%, and stirred at 60°C
for at least 2 hours, or until it had been completely dissolved.

2.2. Synthesis of cellulose nanofibrils

CNFs were synthesized following a previously described TEMPO-
mediated oxidation process, on the basis of 5 mmol NaClO per gram
of pulp, followed by mechanical defibrillation (Fig. 1a) [21]. Briefly,
bleached softwood pulp was soaked in 3 L DI water for 24 hours under
constant agitation. Sodium bromide (NaBr) was added to the pulp (10
w/w %) followed by a 9.6 mg.mL~! aqueous solution of TEMPO un-
der continuous stirring. A 15-mmol NaClO solution (5 mmol.g~! pulp)
was then slowly introduced to the mixture to initiate the oxidation re-
action, which then proceeded at a constant solution pH of 10 based on
the dropwise addition of 0.5M NaOH. The oxidation time was controlled
by stopping the reaction after 5, 30, 105 and 180 minutes through the
adjustment of the solution pH to neutral using 1M HCI. The resulting sus-
pension was centrifuged at 5000 rpm for 10 min, with the precipitate
undergoing dialysis against DI water until a solution conductivity of <1
uS was achieved. The CNFs were then released by blending the washed
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material dispersions in a household blender for 30 min followed by 2-
min sonication using a Sonics Vibracell VCX750 horn equipped with a
13-mm stepped tip. The resulting solution was centrifuged once again
at 5000 rpm for 15 minutes, discarding the precipitate.

2.3. CNF characterization

Conductometric titration of CNFs prepared under different oxida-
tion times was used to determine the charge density by estimating
the quantity of negatively charged carboxylate (COO~Na't) moieties on
the surface of each nanofibril (Fig. 1b). Measurements were performed
using an Oakion Cond 6+ TDS 6+ Salt 64+ meter based on a previ-
ously described procedure [22]. The morphological characteristics of
as-synthesized CNFs were studied by atomic force microscopy (AFM).
AFM analyses were conducted using an Asylum Research Cypher instru-
ment equipped with ArrowUHF probes and operated in tapping mode
at a scan rate of 1 Hz. Samples were prepared by drop casting 0.0005
wt% CNF dispersions onto freshly cleaved Mica discs (TedPella Inc., 12
mm) and air dried for 2 hours prior to imaging. Finally, the mixture
of CNF and PVDF was characterized by scanning transmission electron
microscopy (STEM) using a FEI XL830 microscope equipped with a field-
emission column and a through-the-lens (TTL) detector.

2.4. Preparation of nanocomposite films

Single-layer (Fig. 1c) and laminated (Fig. 1e) nanocomposite films
were prepared based on a solution casting method. The former involved
the magnetic stirring of aqueous CNF dispersions either in the absence
or presence of 10 wt% PVDF for 2 hours, followed by bath sonication
for 45 minutes. As-prepared solutions were poured into glass crystaliz-
ing dishes and oven dried at 50°C for 36 hours. The dried films were then
hot pressed between two sheets of Kapton film at 100°C for 5 minutes
(Rosin Tech Products, Rosin Tech Smash). The latter laminated struc-
tures were prepared by sandwiching a CNF/PVDF composite layer be-
tween two PVA layers. To this aim, a 7-mL aqueous PVA solution (1.1
wt%) was first poured into a 7-cm diameter glass crystalizing dish and
dried under an infrared lamp for 90 minutes. The CNF/PVDF dispersion
(10 wt% PVDF) was then slowly poured onto the bottom PVA layer, and
oven dried at 50°C for 32 hours. The top PVA layer was formed by gen-
tly pouring another 7-mL aqueous PVA solution (1.1 wt%) on top of the
partially dried CNF/PVDF layer. The resulting sandwich structure was
oven dried at 50°C for 12 hours and hot-pressed between Kapton films at
100°C for 5 minutes. For brevity purposes, the following sample naming
was established in the figures reported in this study: the letter M or S, re-
spectively indicating a monolayer or a sandwiched structure is followed
by the CNF oxidation time in minutes (i.e. 5, 30. 105 or 180 minutes)
with the possible addition of PVDF nanoparticles to the CNF network at
10 wt.% loading unless otherwise specified (e.g. M180, S5+PVDF, etc.).

2.5. Nanocomposite characterization

The morphology of as-prepared nanocomposite films was examined
by a scanning electron microscope (SEM). All samples were coated with
a 4-nm layer of gold-palladium and observations were conducted on a
Sirion XL30 microscope under high vacuum conditions at an accelerat-
ing voltage of 5 kV. The transmittance of the different films was mea-
sured within the [200-800] nm range using a Perkin Elmer Lambda 750
spectrophotometer equipped with a 100-mm InGaAs integrating sphere.
The chemical and crystalline structures of both pure CNF and composite
films were analyzed by Fourier transform infrared spectroscopy (FTIR)
and X-ray diffraction (XRD), respectively. FTIR spectra were collected
on a Shimadzu spectrophotometer with a resolution of 1 cm™! in at-
tenuated total reflectance mode. XRD measurements were conducted
at 50 kV on a Bruker D8 powder diffractometer equipped with a high-
efficiency Cu (1.54056 A) anode, a 100-pA microfocus X-ray source, and
a 100K Pilatus large-area 2D-detector.
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Fig. 1. Nanocellulose extraction and cellulosic nanocomposites film preparation. (a) Representative schematic of CNF extraction for various oxidation times and (b) CNF
charge density and fiber morphology as a function of oxidation time. The dotted line shows the fitting with the Langmuir Isotherm equation. (c) Single composite
layer film preparation schematic and (d) representative SEM image of resulting film cross section with inset showing STEM image of PVDF nanoparticles dispersed
in CNF. (e) Laminated film preparation schematic and (e) SEM image of film cross section with inset showing enlarged view of the interface between top and middle

layers.

The dielectric properties of films were recorded from 10 Hz to 1 MHz
at room temperature by an impedance analyzer (MaterialsMates 7260,
Italia). The dielectric breakdown strength and electric polarization-
electric field (P—E) loops were acquired at room temperature and 100 Hz
in silicone oil via a PolyK ferroelectric polarization test system. Fast dis-
charge experiments were carried out using a capacitor charge/discharge
system (PolyK Technologies). A thin Au layer was sprayed onto the sur-
face of each sample prior to the electrical characterizations.

3. Results and discussion

CNFs were produced from bleached softwood pulp fibers follow-
ing a previously described TEMPO-mediated oxidation process (Fig. 1a)
[21]. The oxidation yields the formation of anionically charged carboxy-
late groups on the cellulose surface [21,23], whose quantities can be
tailored by adjusting the reaction time (i.e. 5, 30, 105 and 180 min-
utes). As-oxidized pulp fibers underwent mild mechanical defibrillation
by subsequent blending and probe sonication to release CNFs with a
mean diameter and length of 2.1 nm and 0.71 um, respectively, and
a charge density in the [0.36-0.75 mmol-g~1] range depending on the
oxidation time (Fig. 1b). Conductometric titration data reveal that the
CNF charge density increases with the oxidation time up to a maximum
of 0.75*0.06 mmol COOH/g CNF after 180 minutes of oxidation. In-
terestingly, the majority of carboxylate groups developed in the first 30
minutes of the oxidation reaction, and leveled off soon thereafter, which
is consistent with other nanocellulose synthesis studies reported in the
literature [23]. The trend in charge density as a function of oxidation
time fits well with the Langmuir Isotherm equation (R2=0.99), suggest-
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ing a monolayer formation of carboxylic moieties on the CNF surface,
which is representative of the TEMPO-induced regioselective conversion
of cellulosic C6 hydroxyls to carboxylates [21]. Although radicals gen-
erated from possible side reactions during the TEMPO oxidation have
been reported to cleave p-1,4-glycosidic bonds in cellulose, hence re-
ducing the polymerization degree of CNFs. AFM analyses reported in
Fig. 2 suggest that the oxidation time has little to no effect on the mor-
phological characteristics of CNFs under the conditions studied in this
research.

Since the presence of charged functional groups on a material’s
surface contributes to its dielectric polarization, the present approach
provides a simple way to make renewable dielectric films with tai-
lored properties. CNFs synthesized across all oxidation times studied
were used to prepare single- and multi-layered transparent films with
an average thickness of 29.6*3 um. Electron microscope analysis of
CNF/PVDF composite films (Fig. 1d) demonstrates the uniform distri-
bution of PVDF nanospheres with a mean individual particle size of
143.2%9 nm in the CNF network. Minimal PVDF aggregation was ob-
served at loadings as high as 10 wt%. The formation of homogeneous
composite films with evenly distributed CNF and PVDF nanoparticles
is attributed to the excellent colloidal stability of these nanoparticles
in aqueous suspensions, which is due to coulombic repulsive interac-
tions between negatively charged functional groups. The electrostatic
stabilization arises respectively from the ionization of oxygen groups
on the TEMPO-oxidized CNF surface and that of carboxyl groups of
acrylic resin in the PVDF nanoparticles. In addition, cross-sectional im-
ages of the laminated composite films (Fig. 1f) shows that the middle
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Fig. 2. Morphology of as-synthesized cellulose nanofib-
rils. Representative titration curves and AFM images,
with corresponding histograms of fibril diameter and
length distributions, are shown for (a) 180, (b) 105, (c)
30 and (d) 5 minutes of TEMPO-mediated oxidation.
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CNF/PVDF layer (11.8+0.7um thick) was successfully sandwiched be-
tween two PVA layers, with an average thickness of 4.4 + 1 um each.
The rationale for the sandwiched structure is that the middle layer com-
prising CNF and PVDF latex nanoparticles endows the composite with
a high polarizability, while the external PVA layers bearing high break-
down strength (i.e. ~500 MV/m) confine the mobile charges to the mid-
dle layer, hence preventing electrical leakage and enhancing the high
voltage tolerance of the composite. All films exhibited excellent flexibil-
ity (Fig. 3a) and transparency (Fig. 3b). The small variations in optical
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transmittance measured at different locations across the nanocompos-
ite films further confirm the good distribution of PVDF nanoparticles
within the CNF matrix (Fig. 3¢), which is consistent with SEM observa-
tions. The presence of PVDF reduced the transmittance of all CNF films.
Noteworthy, the effect of CNF oxidation time on the materials transmit-
tance was more pronounced when PVDF nanoparticles were introduced
into the film composition. When the oxidation time was reduced from
180 to 5 min, the transmittance at 500 nm of neat CNF films decreased
by less than 10%, while that of the corresponding CNF/PVDF compos-
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Fig. 3. Nanocomposite film morphology and microstructure. (a) Bent laminated CNF composite film demonstrating film flexibility, (b) transmission spectra for all pure,
composite, and laminated films compared to that of a pure PVA film of similar thickness, and (c) Uniformity of multilayered film shown by histogram of transmittance
at 500 nm taken at 10 locations across the film. Representative images of multi-layered and single layer 5 minute oxidized composite film are shown for comparison.
(d) FTIR and (e) XRD spectra of single layer pure and composite 5-minute oxidized films compared to pure PVDF film.

ites dropped by nearly 50%. Furthermore, the addition of external PVA
layers greatly improved transparency in the visible region and the lam-
inated composite films achieved higher transmittance values than their
single layer counterparts. This can be attributed to the larger volume
fraction of highly transparent materials (i.e. PVA exhibited higher trans-
mittance (~90 %) than CNF and PVDF) in the laminated composites at
similar film thicknesses.

PVDF exhibits four possible configurations, namely f, «, y, and §,
depending on how the dipoles are aligned in the polymer chain crystal
structure [24]. Although the a configuration is the most common, the
phase is desired because it produces the highest dipole moment due to
an all-trans planar zig-zag conformation, where all fluorine atoms are
located on one side of the polymer chain [24-27]. FTIR spectroscopy
(Fig. 3d) and X-ray diffraction (Fig. 3e) were conducted to gain some
insight about the PVDF chain configurations in the nanocomposites.
Comparing the FTIR spectra of pure CNF films and CNF/PVDF com-
posites reveals that the band centered around 3300 cm™! in the FTIR
spectra of pure CNF, which is indicative of hydroxyl groups in cellu-
lose components, shifts to higher wavenumbers with the addition of
PVDF nanoparticles. This suggests hydrogen bonding interactions in the
nanocomposites [25,26], revealing good interfacial properties between
CNF and PVDF. This is likely due to induced dipoles from the oxygen
groups on the CNF surface and from the F- and/or COO- on the flu-
oropolymer and acrylic resin of the PVDF latex particles [28,29]. The
FTIR spectra of sole PVDF nanoparticles shows a band at 763 cm™1,
which is typically associated with the a-phase conformation of PVDF
[25,26,30]. This band is less pronounced in the nanocomposite spec-
tra, suggesting the possible transformation of the non-polar a-phase of
PVDF into the more electrically active y-phase as a result of polar inter-
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actions with CNF [25]. The bands at 840 cm~! and 1275 cm™! indicate
the presence of the f-phase, while the band at 1180 cm™! is charac-
teristic of either the - or y-phase, both of which possess electroactive
properties [25,26]. The XRD profiles of the PVDF and composite spec-
imens are in a good agreement with the above FTIR results, validating
the presence of a- and #-phase configurations in the PVDF, as evidenced
by the diffraction peaks at 18.4° and 20.6°, and 41.1°, respectively [25].
The XRD of pure CNF films made from the 5-min oxidation samples
is consistent with previous literature reports of TEMPO-oxidized cellu-
lose, with peaks centered at ~15.3° and ~22.3°, indicating a cellulose
I structure [25]. A slight shift and broadening of these representative
cellulose peaks are observed upon the introduction of PVDF into the
composite films. This result further confirms the interfacial interactions
between CNF and PVDF nanoparticles, as the introduction of nanofillers
is known to hinder the formation of crystalline regions along cellulose
chains throughout the nanocomposite structure [25,31].

The influence of both the charge density and the addition of PVDF
nanoparticles on the frequency-dependent dielectric properties of re-
newable thin films were studied thoroughly and the results are presented
in Fig. 4. The relative permittivity of all films, regardless of either oxida-
tion time or PVDF content, tend to decrease with increasing frequency,
as shown in Fig. 4a. This response is consistent with other cellulose and
PVDF based dielectric materials reported in the literature [12,16,32]. It
may be attributed to the frequency-dependent relaxation phenomenon
of ionic polarizations and the momentary delay in dipole polarizations
as well. Both contributes to an increase in dielectric loss [32]. Across
the frequency range studied, the relative permittivity decreases with
decreasing oxidation time and the addition of PVDF, which can be as-
sociated with the reduced number of anionically charged polarizable
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Fig. 4. Frequency dependent dielectric properties for pristine and composite single layer CNF films and laminated composite CNF film. (a) Relative permittivity, (b) AC

conductivity), and (c) loss tangent.

functional groups that are able to contribute to the net polarizations
of the material [24,27], and the increased contribution of interaction
zones due to the presence of the PVDF nanoparticles, respectively [24].
This trend was observed across composite films prepared with all tested
PVDF loadings of 3, 5, and 10 wt% (Fig. S1). The significant reduc-
tion in dielectric constant of the nanocomposites compared to the pris-
tine CNF films, which is what Jonscher referred to as “low-frequency
dispersion”, is an indication of charge carriers having limited freedom
of movement within a composite [24,27]. In regions where there are
sub-percolation-level interaction zones, a mitigation of space charge ac-
cumulation may occur, resulting in a reduced dielectric constant [24].
Regardless of oxidation time, the dielectric constant of pure CNF films
at lower frequencies (i.e. 10 Hz) are among the highest reported to date
for cellulose-based films [12,24,27]. Interestingly, the laminated com-
posite film showed a slight increase in the dielectric constant compared
to its single layer counterpart, likely due to the additional polarizability
of the PVA chains in the top and bottom layers, contributing to the over-
all permittivity of the multi-layered structure [26]. As with permittivity,
decreasing oxidation time leads to a reduction in film AC conductivity,
as shown in Fig. 4b. This is due to the reduced number of charge trans-
port routes throughout the CNF network as fibers oxidized for shorter
durations exhibit reduced charge densities.

The addition of PVDF nanoparticles to composite CNF/PVDF films
also reduced AC conductivity, due to the disruption of inter-fiber bond-
ing within the CNF network, further reducing charge transport routes
throughout the film [33]. Relative to a compositionally equal single-
layer film, the laminated composite film demonstrated comparably low
conductivity at low frequencies and a slight increase at higher frequen-
cies, maintaining a conductivity below 10~ S.m~! across the frequency
range tested. Although the 5-minute oxidized CNF/PVDF composite film
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possessed the lowest dielectric constant (~2), it demonstrated the great-
est reduction in losses compared to a pristine CNF film, with losses as
low as 0.06 at 100 Hz (Fig. 4c). Interestingly, the laminated composite
film demonstrated maintained losses at 100 Hz yet a higher dielectric
constant (~5). Consistent with other layered film structures reported in
the literature, this is likely due to the interfacial regions between layers
acting as barriers capable of slowing or even stopping the propagation of
charges between layers [34,35]. The laminated films stored in a vacuum
chamber also demonstrate maintained frequency dependent properties
when measured over a five-day period (Fig. S$2), indicating dielectric
stability in the moisture-free surrounding environment, as the case of
being encapsulated by packing materials in embedded capacitor tech-
nologies [36,37].

An efficient pathway to improve the energy density consists of de-
veloping composite materials that present a simultaneous increase in
both permittivity and breakdown strength. The characteristic break-
down strength (E,)) values of all neat and composite films were analyzed
by a two-parameter Weibull statistical distribution, described as

pe =1 e -(55))

where P(E,) is the cumulative probability of electric failure, E is the
experimental breakdown strength, E, is a scale parameter representa-
tive of the characteristic E, when the cumulative failure probability is
63.2%, and f is a shape parameter to analyze the scatter state of the data
and indicate the reliability and uniformity of the film [38-40]. Fig. 5a
shows the Weibull distribution for representative E; values (scatter plot)
for all pristine and composite single layer films, as well as the laminated
composite film. A reduction in oxidation time, corresponding to reduced
fibril surface charge, resulted in an increase in breakdown strength. The

3
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Fig. 5. Breakdown strength and polarization-electric field loop for all CNF films. (a) Failure probability determined from Weibull distribution and (b) Breakdown strength
as a function of oxidation time for all pure and composite single layer and laminated composite films. (c) P-E loops of pure and composite single layer films and
laminated composite film and (d) discharge energy density and charge/discharge efficiency of single layer 5-minute oxidized composite and laminated composite

film as a function of applied electric field.

addition of PVDF also enhanced the breakdown strength across all ox-
idation times studied, with the greatest improvement seen for the less-
oxidized films prepared at 5 and 30 minutes. Composite films prepared
from CNF oxidized for only 5 minutes resulted in the highest breakdown
strength of 157 MV.m~!. Notably, although the 5-minute oxidized com-
posites demonstrated enhanced breakdown compared to the pure CNF
films, it remained below that measured of neat PVDF films (15-25 um),
prepared from aqueous PVDF dispersions received from Arkema, mea-
sured at 222.6 MV.m~! [32]. However, upon the formation of a lam-
inated composite structure, utilizing the 5-minute oxidized composite
CNF solution, the breakdown strength was significantly enhanced to 388
MV.m™!, surpassing the E;, of both CNF and PVDF alone. The addition of
nanofillers is known to generate large interface regions within a compos-
ite, which have been found to suppress space charges and limit charge
mobility throughout the composite at higher applied electric fields, di-
minishing the likelihood of electrical breakdown [40,41]. This trend is
more clearly demonstrated in Fig. 5b where the E, of each pure, com-
posite, and laminated films is plotted as a function of oxidation time. It
is evident from the graph that while the addition of PVDF does enhance
the breakdown strength across all oxidation times, the laminated film
structure yields the highest measured breakdown strength, with a 147%
increase compared to its single layer composite counterpart, exceeding
that of both CNF and PVDF alone. This significant improvement is likely
due to a combination of the high breakdown strength of PVA and the
interfacial regions between layers acting as barriers for space charge,
similarly to the interfacial regions surrounding the PVDF nanofillers,
reducing the likelihood for electrical breakdown [34,35].
Polarization-electric field (P-E) loops were measured to assess the
linearity and hysteresis of both pristine and composite films made
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with 5-minute oxidized CNFs. By applying incrementally increasing
electric fields, approaching the level of electrical breakdown, the di-
electric strength, charge storage capabilities, device efficiency, and
charge/discharge energy density of the materials were determined. As
observed in Fig. 5¢, although the pure 5-minute oxidized film demon-
strated significant charge storage capabilities, the high dielectric losses
result in behavior resembling a lossy capacitor and predict poor device
performance. While the addition of PVDF to the 5-minute oxidized CNF
film significantly increased the charge storage performance and made
the film resilient to electric fields as high as 133 MV.m™1, the relatively
high conductivity of the CNF matrix prevented device performance be-
yond this limit. Incorporating the 5-minute CNF/PVDF composite into
a laminated sandwich structure enabled optimized charge storage capa-
bilities in applied electric fields as high as nearly 400 MV.m~! due to the
confinement of mobile charges into the middle layer by the external PVA
layers. This translates to greater charge storage compared to single layer
films prepared from the same composite CNF/PVDF network, achieving
one of the highest values reported to date for bio-polymer-based energy
storage materials (Table S1) [5,16,18,19,42-47].

For practical charge storage applications, the discharge energy den-
sity and efficiency are key parameters in predicting device performance.
The discharge energy density was determined at each applied elec-
tric field until breakdown was reached for a single layer composite
CNF/PVDF film prepared from 5-minute oxidized CNF and a laminated
composite prepared from the same composite CNF solution. As can be
seen from Fig. 5d, the discharge energy density increased from 1.3
J.cm~3 for a single layer composite film to 7.22 J.cm~3 for a laminated
composite film structure. Such record-high energy density for a green
polymeric film (Table S1) [26,32,48], is also much greater than that of
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Fig. 6. (a) Voltage and (b) discharge energy density as a function of time for the laminated composite structure compared to a BOPP film and (c) discharge energy
density performance as a function of cycle under an applied electric field of 300 MV.m™'.

BaTiO3-based ceramics [49]. The efficiency, #, defined as
Ue UI
n=—=<=1-— x100%
U U

where Uy, U,, and U, represent the stored energy, discharge energy, and
energy loss, respectively, were calculated for each applied electric field
[32]. The aforementioned energy loss parameter is determined from the
numerical integration of the area under the P-E loops, caused by the
hysteresis of the material. Fig. 5d shows that although the efficiency of
the laminated composite decreases rapidly as the applied electric field
increases, at lower operating voltages, it maintains a higher efficiency
than the single layer composite film, suggesting improved device per-
formance in flexible and translucent energy storage applications.

Besides the extremely high energy density, achieving a fast discharge
rate is desirable for power energy storage applications [32]. A high-
speed capacitor discharge circuit with a high-voltage metal oxide semi-
conductor field-effect transistor (MOSFET) switch was used to measure
the discharge speed of the laminated composite film compared to that
of a commercial biaxial oriented polypropylene (BOPP) film [32]. After
being charged at 300 MV.m~!, both film samples were then discharged
in series across a 10 kQ load resistor, R;. The discharge curves, shown
in Fig. 6a, indicate that the voltage across the load resistor exponen-
tially decreased over time for both samples, allowing for comparison
between respective power densities. From the corresponding discharge
curves reported in Fig. 6b, the instant power, P, can be calculated as
follows
v’
Ry
where U(t) is the measured voltage and R;, is the resistance of the load
resistor. The discharge energy density of the dielectric films can then be

“

s s

P, = ®)
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deduced by

® P dt
Ue = 7
0

where V is the volume of the dielectric material being measured [32].
Fig. 6b shows the calculated energy density as a function of discharge
time, which is here defined as the time needed to reach 95% of the final
discharge energy in the load resistor [32,50]. The laminated composite
was capable of releasing 4.72 J.cm~3 of stored energy at 300 MV.m™!
over a duration of 1.60 us, while the BOPP film released 0.29 J.cm~3
over a duration of 1.16 ps. This superior discharge energy density over
a longer time period corresponds to a significantly higher power den-
sity of 2.95 MW.cm™2 for the laminated composite, which is one or-
der of magnitude higher than that of BOPP (i.e. 0.25 MW.cm~3). The
cyclic charge/discharge performance of both the laminated composite
film and BOPP was tested under 300 MV.m~1. Fig. 6¢ demonstrates that
the cellulose-based specimen exhibited very stable performance with
minimal to no degradation, maintaining a consistent discharge energy
density above 5 J.cm~3 over 1000 cycles.

(©)

4. Conclusion

Pristine CNF and composite CNF/PVDF films were fabricated using
a sustainable water-based solution casting method, limiting the use of
harsh chemicals typically needed to solubilize PVDF. The influence of
oxidation time on resulting CNF morphology and charge density, and
the effect on dielectric performance and energy storage were studied
in detail. Results indicate that composite films prepared with 10 wt%
PVDF and CNF oxidized for the shortest amount of time resulted in the
highest breakdown strength while maintaining the lowest losses. Lam-
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inated composite films were prepared by sandwiching a 5-minute ox-
idized composite CNF/PVDF layer between two thinner PVA layers to
achieve a significantly enhanced dielectric breakdown strength of 388
MV.m~!, surpassing that of both pure CNF and PVDF films. The lami-
nated composite films achieved an energy density of 7.22 J.cm~3, repre-
senting a 455% increase compared to single layer composite films. This
simple water-based solution casting process demonstrates an alternative
film preparation technique capable of producing polymer nanocompos-
ites with enhanced energy storage capabilities and maintained dielectric
performance.
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