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Abstract: The development of innovative materials with improved properties is required for the
field of energy storage. This article proves that it is possible to utilize bio-derived fillers to tune the
performance of biodegradable polymers. For this scope, eco-composites were attained by loading
several amounts of walnut leaf powder (WLP) in hydroxyethylcellulose (HEC). Basic testing was
conducted to emphasize the sample’s suitability for the pursued application. The rheological behavior
was altered with the addition of WLP at low shear rates, which became more pseudoplastic, resulting
in composite films with higher thickness uniformity. Wettability characteristics were used to analyze
the macro-level adhesion of the platinum-containing samples, and the results showed that the
presence of WLP led to the augmentation of interfacial compatibilization of the composite with
the metal layer. The electron microscopy and atomic force microscopy scans showed the proper
distribution of the WLP in the matrix. Local adhesion data derived from DFL-height curves further
showed that the inclusion of WLP improves the adhesion capabilities at the nanoscale. The dielectric
spectroscopy tests proved that the used biofiller leads to an enhancement in the permittivity of the
composite with respect to the neat HEC. By accounting for all results, the generated eco-composites
are suggested as alternative dielectrics for usage in the energy storage domain.

Keywords: eco-composites; metallization; morphology; adhesion; dielectric behavior

1. Introduction

Polymer-based coatings are widely studied owing to their advantageous flexibility,
versatile shaping, and resistance to corrosion [1], which are explored in a multitude of
applications. To render additional properties, the reformulation of coatings is needed, and
this is performed with chemical modification [2] or the insertion of particular additives [3,4].
The conjunction of polymer performances with those of micro/nano-particles is widely
investigated, especially for enhancement of the electrical [5] or thermal conduction [6] and
also for improving the dielectric constant (ε) [7]. High-permittivity insulating materials are
useful for manufacturing components for energy storage systems. The principal element
of a capacitor is represented by the polymer dielectric medium. However, the majority
of macromolecular compounds do not fulfill the requirement of ε > 3, so they are doped
with fillers that augment the molecular polarizability of the corresponding composite [8].
The most utilized fillers of polymer-based dielectrics for such purposes are ceramic [9],
semiconducting oxides [10], metal [11], and carbon [12], which enhance the polarization
behavior and hence the permittivity. To attain a more powerful polarization, the solution
relies on larger interfacial domains, so nanofillers are preferred, but bulk dielectric proper-
ties are not the same at the nanoscale. A clear example is that of barium titanate, which is a
ceramic having a permittivity in bulk of about 5000, and this value is reduced as the grain
dimension is changed from microns to nanometers [13]. In addition to this, the inorganic
particles lack biodegradability, and this affects the environment after the device’s lifetime
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ends. Also, the insertion of nonmetal fillers into polymers limits the processability and
mechanical performance of the composites, while metallic fillers have the drawback of
augmenting the leakage current [8].

A less addressed topic is that of improving the dielectric characteristics of poly-
mers by loading them with bio-based additives. Lee and Chang [14] studied the role
of mica in enhancing the permittivity of polypropylene while diminishing the dielectric
loss. A few reports deal with the role of bentonite on the dielectric behavior of modified
poly(ε-caprolactone) [15] and polypyrrole [16], showing that this clay is suitable for ren-
dering higher permittivity of the composites. Wood ash seems to be another important
additive for producing polymer composites with increased permittivity [17]. Since the
literature reports on this domain are not abundant, there are many opportunities to test
other sorts of bio-originating materials for high-ε polymer composites. For instance, walnut
is known to contain iodine, which is a highly polarizable molecule. When polymers are
doped with iodine, the material’s dielectric constant increases [18]. Iodine is abundantly
found in nature walnut kernels, shells, and leaves. These biomaterials contain additional
components that might be advantageous for increasing the polymer’s permittivity, but
this possibility has not been studied yet. The leaves of the European walnut are made of
ellagitannins, phenolic acids, and flavonoids [19]. The incorporation of walnut leaf powder
(WLP) into biodegradable polymers seems to be an intriguing pathway for designing green
materials with tuned dielectric features for targeted applications.

To prepare high-ε dielectric composites that are not damaging to the environment,
it is desirable to use polymers characterized by good biodegradability. Cellulose ethers,
such as hydroxyethylcellulose (HEC), appear to be an optimal choice for this purpose
since they are soluble in non-toxic solvents, display excellent film-forming capacity, and
have huge mechanical flexibility. Due to its range of properties, HEC is broadly used in
biomedicine, agriculture, cosmetics, membranes, food, and so on [20,21]. The involvement
of this biodegradable polymer in energy storage uses is less examined in the literature.
The few available studies suggest that the insertion of NH4Br or NaPF6 salt into HEC
leads to electrode separators for batteries [22,23], while KCl-assisted compounding of
HEC is adequate for adapting the electrochemical features of supercapacitors [24]. Other
recent reports show that HEC is suitable for electrolytes formulations (derived using
association with other polymers and fillers/salts/acids) in a gel state for capacitors or
supercapacitors [25,26] and in a solid state for Zn batteries [27]. When fabricating capacitors,
it is necessary to ensure uniformity in the dielectric layer thickness. To achieve this, the
solution processing should be performed in precise conditions that are extracted from the
rheological behavior [28–31]. There is a strong relationship between the material thickness
and resulting morphology [32]. The latter affects the adhesion between the dielectric [33,34]
and neighboring metallic layer from the capacitor structure. Their good compatibility is
vital to ensure the desired device operability.

Given the illustrated context, this paper provides an original scientific method for
making eco-compatible composites by exploring the possible advantages introduced with
bio-originating compounds regarding the dielectric performance of biopolymers. Thus, this
study attempts to tune the dielectric properties of HEC by adding increasing amounts of
WLP and analyzing the eco-composite performance for energy storage uses. Novel insights
are extrapolated from the correlation between the composite microstructure (tested using
rheological and morphological techniques) and the polarization mechanisms (elucidated
from broadband dielectric spectroscopy). Another aspect that is new in this work resides in
the evaluation of the micro/nanoscale interfacial compatibility of the reinforced HEC films
with a conductive metal layer, which is relevant for capacitor construction and viability.

2. Materials and Methods

The cellulose ether, namely, hydroxyethylcellulose (HEC) type NATROSOL 250, was
obtained from Hercules.
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Walnut leaf powder (WLP) was used as filler for composite manufacturing in this
work. The leaves were collected from trees in the autumn season when they naturally dried.
Subsequently, they were ground to attain the biofiller powder.

The samples were obtained mainly using a mixing approach. The HEC matrix was
weighted (~0.208 g) and solved in 5 mL water. Variable amounts of WLP were incorporated
into an HEC aqueous solution to acquire the following gravimetric ratios: 5, 10, and 20 wt%.
Hence, the acronyms for the samples are HEC, WLP/HEC 5, WLP/HEC 10, and WLP/HEC
20. All systems were homogenized using mechanical stirring for 5 h and then deposited on
glass supports using the tape casting technique, followed by drying at 60 ◦C for 48 h. At
casting speeds of 8 mm/s, uniform films were obtained with a thickness of 45 µm for HEC
and 47 µm for WLP/HEC 20, as indicated using digital micrometer measurements.

The electrode metal layer was deposited on the HEC-based samples using the sputter-
ing method. Thus, a fine-grained, homogeneous, robust, and stable platinum coating with
a thickness of 6.3 nm was placed on the samples using a Leica EM ACE200 sputter coater
device (Leica Microsystems, Vienna, Austria). The sputter current was 30 mA, the sputter
time was 45 s, and the sputter rate was 0.14 nm/s.

Rheometry analyses were performed on Bohlin CS50 equipment (Malvern Instruments,
Malvern, UK).

The wettability of the films was assessed with contact angle experiments using glycerol
(Gly) and formamide (F) liquid drops on the sample surface.

The morphology of the systems was acquired with a scanning electron microscope
(SEM), Verios G4 UC Type (Thermo Scientific, Brno, Czech Republic), using a backscatter
electron detector—ABS (angular backscattered detector)—at an accelerating voltage of
5/10 kV for better topographic contrast.

Atomic force microscopy (AFM) tests were conducted using an NTEGRA multifunc-
tional Scanning Probe Microscope (NT-MDT Spectrum Instruments, Zelenograd, Moscow,
Russia). The morphological aspects were evaluated in tapping mode, using an NSG10 can-
tilever, produced by NT-MDT Spectrum Instruments, Zelenograd, Moscow, Russia, having
the following characteristics: tip curvature radius of 6 nm, resonant frequency of 243 kHz,
and force constant of 6.2 N/m. The adhesion force between platinum and the surface of the
samples was evaluated using the retract DFL–height curves (where DFL is the deflection
of the cantilever), using force spectroscopy in contact mode. The cantilever used for this
kind of measurement was NSG10/Pt, manufactured by TipsNano Co, Tallinn, Estonia.
The specific features of this scanning probe were a tip curvature radius of 35 nm, tip side
platinum coating layer of 20–30 nm, resonant frequency of 198 kHz, and force constant of
18 N/m. The type of the xy point set was a 5 × 5 grid. In this way, 25 force–distance curves
were measured for the HEC and WLP20/HEC samples over a scanning area of 5 × 5 µm2.

Dielectric analysis was conducted using a broadband dielectric spectrometer (Novo-
control Technologies, Montabaur, Germany) functioning in connection with the Alpha-
A analyzer.

Electrical breakdown experiments were performed using a lab-made device accounting
for international standards (IEC 60243–1 (1998) and IEC 60243–2 (2001)). The sample
thickness was determined using a high-precision digital micrometer. The samples were
introduced between two spherical electrodes, and the breakdown was evaluated at the
point of contact by setting a stepwise varying voltage (50–100 V/step).

3. Results and Discussion

The preparation of solid uniform coatings involves a deep examination of the shear
response of the material in the fluid phase, as analyzed using rheology. The influence of the
bio-derived filler on the polymer morphology is examined using microscopy techniques,
emphasizing the homogeneity of the samples. For the implementation of the studied
eco-composites in energy storage systems (i.e., capacitors), it is necessary to attain proper
metal/dielectric adhesion and an enhanced dielectric constant. This balance of properties
is detailed in the next sections of this paper.
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3.1. The Influence of Shear Flow Behavior on Coating Uniformity

The coating ability of leveling is considerably affected by the rheological behavior
of the samples. Viscosity tests were undertaken to observe the changes caused by the
insertion of WLP into the HEC aqueous solutions. The recorded viscosity and shear stress
dependencies on the imposed shear rate are illustrated in Figure 1a,b, respectively.
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and WLP/HEC systems.

The investigated systems display no zero-shear viscosity plateau, regardless of the
filler amount. When no shear is applied, the cellulosic chains are intertwined and entangled.
Knowing that the entanglements oppose the flow, under approximately static conditions,
the resistance to flow could be found at the highest level and, as a result, the zero-shear
viscosity might be assessed at the smallest shear rate. Therefore, the differences in the
viscosity curves upon the addition of WLP into HEC are particularly visible at shear rates
below 10 s−1. In this interval of shearing, the analyzed solutions present an increasing
viscosity as the amount of the biofiller is increased in the matrix. The main components
of the filler are biocompounds (e.g., ellagitannins, quercetin, kaempferol glycosides, and
phenolic acids) containing oxygen-derived functionalities that are able to bind to hydroxyls
from the HEC structure by hydrogen bonding, and hence, an increase the system’s viscosity
is noted. Across the entire shear rate interval of 0.06–1000 s−1, one can notice a non-
Newtonian behavior, meaning that the viscosity decreases upon higher shearing of the
samples. The shear thinning behavior is characterized by two regions having distinct
slopes. In the shearing domain of 0.06–10 s−1, the viscosity ranges more suddenly since
the macromolecules are aligning as a consequence of the imposed shear forces, and this
diminishes the internal friction and hence the viscosity. In the range of 10–1000 s−1, it seems
that the slope of the viscosity curve is smaller, possibly because at this point, a smaller
number of cellulosic chains remained that were still orientating during shear flow.

The shear stress curves are fitted using the power law proposed by Ostwald-Waele [35],
as noted in Equation (1):

σ = Ci
.
γ

b (1)

where σ—shear stress, Ci—consistency index,
.
γ—shear rate, and b—the flow behavior index.

The linearization of Equation (1) is suitable for estimating the Ci and b parameters
describing the shear flow of the samples. From the slope and intercept of the graphs
displayed in Figure 1b, results for the shear flow and consistency indices were extracted
and summarized in Table 1. It is widely recognized that a shear-thinning fluid has a flow
index under unity, whereas a Newtonian liquid is characterized by b = 1, according to
reports in the literature [28,36]. In this study, the results concerning the b parameter reveal
that the flow index values decrease upon WLP introduction into HEC. This is probably
due to the fact that the filler diminishes the interactions among the cellulosic chains and
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favors their orientation during shear deformation. Moreover, the consistency in the system
increases as the filler loading into HPC is enhanced.

Table 1. The attained results for the shear flow index (b) and consistency index corresponding to the
HEC and WLP/HEC systems.

System b Ci, Pa·s b

HEC 0.77 17.87
WLP5/HEC 0.73 18.41

WLP10/HEC 0.72 23.23
WLP20/HEC 0.68 25.59

The oscillatory experiments provide data on the viscoelasticity of the samples. The
shear moduli variations with frequency for all systems are depicted in Figure 2. All
examined solutions present a transition from viscous to elastic flow. In the zone of small
frequencies (up to 9 Hz), the viscous modulus is larger than the elastic modulus. Also, here,
the shear moduli dependencies on the frequency are fitted using the power law, as shown
in Equations (2) and (3):

G′′ ∼ f1 (2)

G′ ∼ f2 (3)

where G′′—viscous modulus, G′—elastic modulus, and f—shear frequency.
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These aspects are commonly encountered with viscoelastic fluids, as revealed by data
in the literature [36]. For such fluids, there is a point where the elastic component gradually
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increases and then exceeds the viscous component. The frequency denoting the equality
between G′′ and G′ is known as the overlapping frequency (fo). As observed in Figure 2,
this parameter varies with the system composition.

In other words, the overlapping frequency is slightly diminished with the incorpora-
tion of the biofiller into the polymer, namely, 9.18 Hz for HEC, 8.41 Hz for WLP5/HEC,
7.94 Hz for WLP10/HEC, and 7.26 Hz for WLP20/HEC. The crossing point of the shear
moduli from Figure 2 are important because they reveal the transition from viscous to
elastic flow for the samples. The reverse of the crossing frequency is the relaxation time.
The imposed deformation produces anisotropy, and the process to regain the initial state is
based on the relaxation of the sample until the overall isotropic state is attained. Since fo
decreases upon reinforcement, it appears that the relaxation time of the composite increases,
and this is characteristic for solid-like behavior.

The flow curves are essential for predicting the quality of the coating leveling upon
deposition with tape casting. Tape casting or the doctor blade method is a procedure for
making polymer films by casting a solution layer on a support, and then the leveling of
the solution is performed with a moving blade. Since the shape of the viscosity graph for
the HEC solution does not differ much from those for the composites, only the processing
conditions for the matrix and composite with 20 wt% filler are further analyzed. During
the processing of polymer liquids with this method, the viscosity varies when coming out
of the reservoir and when it is leveled with the blade. This is why the shear response of
the samples influences the coating uniformity in terms of thickness. Comparing the data
from Figures 1 and 2, it appears that a more pronounced shear thinning flow produces less
variation in thickness using the blade casting processing, namely, for the HEC sample, the
thickness variation is 0.32 µm, while for the WLP20/HEC sample, the thickness change is
0.21 µm. The analysis of the deposition must consider the forces involved in the processing
stage, namely, the pressure-induced flow and drag-driven flow. Jabbari [37] constructed
model to examine the implications of the effects arising from the shear rate and the pressure-
related flow. It is paramount to account for the fact that the casting speed is strongly linked
to the velocity profiles under the blade. This aspect is expressed in Equation (4):

vx = v
z
h
+ h2P

z
h
·
(

1− z
h

)
(4)

where z—a coordinate of the Cartesian system along the fluid height, h—casting gap,
v—draw velocity, and P—a parameter connected to the flow under pressure and certain
geometrical features.

The rheological information registered for the samples was further linked to the
velocity profiles during tape casting at variable casting speeds. The graphs illustrated in
Figure 3a,b shows that when applying distinct draw velocities, the shape of the velocity
curves below the casting blade is different. The shape of the obtained graphs is far from
parabolic (typical for hydrostatic pressure effects). Thus, it can be noted that the linear
aspect of the velocity profiles for the samples is linked to the dominant drag flow. It
appears that the WLP reinforcement of HEC does not have much of an effect on the curves
of velocity depicted in Figure 3.

The following step is focused on an evaluation of the interval of shear rates at which
the samples are affected during blade casting. Such aspects are highly relevant because the
modification of velocity is transferred into a scattering of the shear rate values. According
to Figure 4a,b, the HEC and WLP/HEC systems present distinct local shear rates. For the
HEC solution, it is found that as the casting speed increases, the local shear rate increases
from 5.06 to 50.07 s−1. A similar trend is observed for the WLP/HEC sample, but the shear
rates acting under the blade are a bit smaller (5.03–50.04 s−1). Selecting this shear interval
from the rheological data, it is possible to understand the manner in which sample viscosity
is modified during processing, meaning that the studied systems are shear thinning fluids
in that range.
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To elucidate the relationship between the leveling of samples in the process of tape
casting, the thickness variation was analyzed at several casting speeds. For this purpose, the
model reported by Tok et al. [38] was used. This approach enables a connection between the
coating thickness and rheological data expressing the shear thinning and fluid consistency,
as shown in Equation (5):

t =

[
0.5 h +

2(h/2)
1

2+b (∆P)
1
b

LU(1/b + 2)Ci
1
b

]
αβρs
ρt

(5)

where t—thickness, ∆P—pressure, U—blade speed, L—blade width, ρs—fluid density,
ρt—tape density, α and β—correction factors [37].

During the casting stage, the solution is deformed as a consequence of the surface
tension and thus, the viscosity is distinct at low and high coating speeds. Figure 5 shows
how the thickness varies at several applied casting speeds for both studied systems. In the
case of the HEC solution, the values of the t parameter decrease more abruptly between
1 and 5 mm/s in comparison with those attained for WLP20/HEC, which varies more
significantly between 1 and 2 mm/s. The literature [37,38] supports the idea that the drag
force is larger at increasing velocities, being an important effect with regard to the pressure
force. As seen in Figure 5, for the HEC and WLP/HEC systems, it is remarked that at
casting speeds beyond 2 mm/s and 5 mm/s, respectively, the impact of shear-driven flow
on the coating thickness values is strong. The prepared WLP20/HEC eco-composite leads
to a wider range of casting speeds where the coating thickness is uniform, as required for
dielectrics used in energy storage.
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3.2. Interfacial Adhesion with the Metal Layer

The interactions occurring at the interface of polymers and other contacting materials
are dictated by the wettability characteristics. For the WLP/HEC composites, the polar and
dispersive components of the surface tension are computed based on the contact angle (θ)
measurements and Fowkes relation [39]:

1 + cos θ =
2
γl

√
γ

p
l γ

p
s +

2
γl

√
γd

l γ
d
s (6)

where γ is the surface tension, the letters “p” and “d” symbolize the polar and dispersive
components of the surface tension, and the indices “l” and “s” denote the liquid and solid
phases, respectively.

In the above equation, the parameters corresponding to the measuring liquids are
obtained from literature [40]. The contact angle and surface tension parameters values
are illustrated in Table 2. The neat HPC film displays contact angle values around 60◦,
as reported in another study for another test liquid [41]. The insertion of WLP, which
contains compounds rich in hydroxyl groups, leads to hydrogen bonding with the HEC
matrix. This enhances the surface polar character, namely, larger γp

s values are attained
upon progressive addition of the bio-derived filler. On the other hand, the dispersive
contribution to the surface tension gradually decreases with the presence of WLP in HEC.

Table 2. The values of the contact angle, surface tension parameters (disperse and polar contributions),
and work of adhesion with platinum for the WLP/HEC composites.

Sample Code
θ, ◦

γd
s , dyn/cm γ

p
s , dyn/cm Wa, dyn/cm

F Gly

HEC 60.0 ± 0.6 68.7 ± 0.6 29.2 ± 1.7 4.9 ± 0.9 73.2 ± 0.7
WLP5/HEC 62.7 ± 0.6 67.0 ± 0.0 18.6 ± 1.5 12.6 ± 1.1 76.2 ± 0.2
WLP10/HEC 65.7 ± 0.6 62.7 ± 0.6 5.7 ± 0.1 35.8 ± 0.2 82.7 ± 0.5
WLP20/HEC 70.0 ± 1.0 59.7 ± 0.6 0.2 ± 0.1 70.3 ± 2.8 88.0 ± 0.4

These data were further utilized to check how the composite would adhere to platinum,
which is a common material used for the fabrication of electrodes. The work of adhesion
(Wa) is a function of the surface tension parameters of the materials that come in contact,
as expressed with the following equation:

Wa = 2·
[(
γd

s ·γd
m

)0.5
+
(
γ

p
s ·γ

p
m

)0.5
]

(7)

where the index m describes the metal phase.
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The adhesion of the samples with platinum is quantified by Wa parameter, which is
summarized in Table 2. It was found that the adhesion is intensified under loading HEC
with increasing quantities of WLP. This might be attributed to the improvement in the
polarity of the samples since the organic components from the WLP contain numerous
hydroxyls. As supported by the literature describing the adhesion theory, the occurrence
of functional groups, like hydroxyl and carboxyl, is beneficial for chemical bonding [42].
Thus, the supplementary -OH functionalities from the biofiller are favorable for enhancing
the interfacial binding of the analyzed samples to the metallic phase.

3.3. Morphology and Local Adhesion Features

The surface morphology of the HEC matrix, WLP biofiller, and WLP20/HEC com-
posite was first investigated using the SEM technique. According to the SEM micrographs
presented in Figure 6, the surface of the HEC matrix is smooth and uniform and free of
defects, observable both at a lower magnification of 150× (Figure 6(a1)) and at a higher
magnification of 1000× (Figure 6(a2)). The general appearance of the WLP biofiller at the
micrometric scale is presented in Figure 6b. To investigate the influence of the inclusion of
bio-derived filler in the polymer matrix on the morphology, the WLP20/HEC composite
sample was analyzed both on the surface (Figure 6(c1,c2)), as well as in the bulk, by exam-
ining the cross-section of the film (Figure 6d). These images emphasized the optimal and
efficient embedding of the biofiller into the HEC matrix, leading to homogeneity in the
composite by creating physical links between the two components. As a result, a certain
structural organization can take place, and circular formations can be observed at the
surface of the composite at a magnification of 1000× (Figure 6(c2))
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To analyze more deeply the morphology of the investigated systems, atomic force
microscopy was used. The AFM (height and phase) images obtained with nanometric reso-
lution are presented in Figure 7(a1–a3) for the HEC matrix sample and in Figure 7(b1–b3)
for the WLP20/HEC composite. The AFM height images show that the surface of the
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HEC matrix is very smooth; the maximum scanning points being at a height of not even
10 nm. It presents discrete pores with a diameter varying between 100 and 150 nm, which
are uniformly distributed over the entire investigated surface. The average roughness
calculated on the surface of 5 × 5 µm2 does not exceed the value of 0.5 nm. The image with
phase contrast (Figure 7(a3)) shows an extremely small phase shift between the furthermost
points, which indicate that the HEC matrix is uniform and consists of a single phase.

With the insertion of the WLP biofiller into the HEC matrix and the formation of
the WLP20/HEC composite, the surface morphology at the nanometric scale changes
considerably (Figure 7(b1,b2)). Thus, the appearance of large formations, even of 500 nm,
of different sizes and shapes (globular or ellipsoidal), although not very well defined, can
be observed. These cause the average roughness to increase considerably from 0.5 nm to
8.3 nm due to the increase in maximum heights up to 124 nm.

Due to the fact that in the phase contrast image (Figure 7(b3)), the formations appear
with a considerable phase shift of over 50 degrees, it can be clearly concluded that these
formations are represented by the WLP biofiller, and the background part can be attributed
to the HEC matrix.
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The average local nanoscale adhesion force between the covered NSG10 cantilever’s
tip with a platinum layer at a thickness of 20–30 nm and the HEC matrix and WLP20/HEC
system was calculated using the blue retract DFL-height curves (presented in Figure 8a,b).
This adhesion force computed using Hooke’s law proved to be higher (even almost dou-
ble) in the case of the WLP20/HEC composite due to the fact that the biofiller creates
hydrogen bonds with the polymer matrix, thus increasing both the surface polarity and the
polarizability in volume.

To test the efficiency of the deposition of the metallic phase both on the surface of the
HEC matrix surface and on the WLP20/HEC composite, the sputtering method was used.
The AFM analysis of the surfaces at the nono-scale performed after the deposition of the
platinum layer is presented in Figure 9(a1–a3) for the HEC/Pt sample and in Figure 9(b1–b3)
for the WLP20/HEC/Pt system. On the surface of the HEC matrix, the platinum particles,
with an average diameter between 30 and 40 nm, were evenly distributed over the entire



Coatings 2023, 13, 1390 11 of 15

area (Figure 9(a2)), covering the surface very efficiently. This was tested using the image
obtained in phase contrast (Figure 9(b3)), which, due to the phase shift of several degrees,
does not show the existence of two distinct phases on the surface but only one (the metallic
one). This phase shift of a few degrees was recorded because of the height differences in the
formations that make up the nanorelief. Due to the deposited metal layer, the maximum
height increases to almost 40 nm, determining the augmentation of the average roughness
to 1 nm.
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3.4. Dielectric Behavior  

Figure 9. Height and phase AFM images recorded for the HEC/Pt and WLP20/HEC/Pt systems.

The platinum coating is also very good in the case of the WLP20/HEC/Pt system. The
morphological aspect of the AFM images (Figure 9(b1,b2)) confirms a greater adhesion of
the platinum than in the previous case. The deposited metallic layer, although it follows a
rather complex morphology, can still be perceived as a unit since the individual platinum
particles are not so visible. Regarding the image in Figure 9(b3), the phase contrast is
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influenced by a rather low phase shift, of about 10–15 degrees, which indicates that the
platinum layer should be thicker in this case, so the deposition time should be extended.
The thickness of the metal deposition should be greater than 6.3 nm to better cover the
formations of the surface relief, which are larger in the case of the WLP20/HEC system
compared with HEC, where the roughness is very small and the morphology is uniform
and homogeneous.

Regarding the texture amplitude parameters, they increase after the deposition of the
metal layer. However, a comparison with the starting sample is not auspicious since the
same types of formations are not captured on the images.

3.4. Dielectric Behavior

The dielectric behavior of most polymers can be tailored with the incorporation of
certain additives. Using dielectric spectroscopic data collected at room temperature, it
was possible to clarify the impact of the bio-originating filler on the development of the
HEC-based composite permittivity. According to Figure 10, it is noticed that the presence of
WLP causes an increase in the dielectric constant. Within the studied frequency interval, it is
generally known that the occurring polarization mechanisms are dipolar and atomic, which
overlap with electronic polarization. The enhancement in the permittivity is generated
by the presence of the WLP components, which contain many hydroxyls, and render
supplementary dipoles that contribute to the permittivity magnitude enhancement.
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The breakdown characteristics of the samples were also measured. It can be observed
in Table 3 that the breakdown voltage is influenced by the material composition. Accounting
for the thickness of each studied film, it was possible to determine the breakdown strength
(Eb). The results reveal that the incorporation of a higher quantity of WLP into HEC
produces a slight reduction in the Eb parameter.

Table 3. The values of breakdown voltage (Vb), sample thickness, and breakdown strength (Eb).

Sample Vb, V Thickness, µm Eb, V/µm

HEC 2860 33 86.7

WLP5/HEC 2673 47 56.9

WLP10/HEC 2571 55 46.7

WLP20/HEC 2402 59 40.7

4. Conclusions

This work aimed to reveal the importance of bio-derived fillers in tailoring the mor-
phological, adhesion, and dielectric performance of biodegradable polymers. In order to do
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this, WLP was added to a cellulose derivative called HEC, and a basic characterization was
carried out to determine the material’s potential for energy storage. The shear flow char-
acteristics became more pseudoplastic after inserting the WLP filler. This was transferred
as less variation in the thickness profile of the composite films attained with the doctor
blade procedure. The wettability measurements allowed for an evaluation of the adhesion
work of the WLP/HEC samples with platinum electrodes, which indicated that interfacial
compatibility is ensured with the addition of WLP. The homogeneity in the multicomponent
material was checked using SEM scans, which proved a good distribution of the biofiller
in the HEC medium. A platinum layer was deposited on the prepared composite, and
the local adhesion was tested with AFM. The acquired information demonstrated that
the addition of WLP resulted in improved adherence of the composite to the metal phase.
Dielectric spectra showed that doping HEC with a filler rich in hydroxyls led to an increase
in the dipolar polarization mechanisms and, implicitly, to a higher dielectric constant.
It was concluded that these environmentally friendly composites can be suggested for
energy storage applications due to the enhancement in composite–metal adhesion and
dielectric perfosrmance.
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