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Abstract: Functional materials, in the combination of lignocelluloses, known as natural fibers, with
oxide materials, can result in cultivating functional properties such as flexibility, relativity good
electrical conduction, good electrical charge storage capacity, and tunable electric permittivity. This
study presents the morphological, dielectric, and impedance properties of lignocellulose–lead oxide
(LC/PbO2) composite sheets electrodeposited with silver metallic nanoparticles for various time
spans. The uncoated samples show a rather simple behavior where the impedance data fit well to
the two-system model with different relaxation times. On the other side, the impedance spectra
of the electrodeposited sample have varying features, which mainly depend upon the deposition
thickness of the Ag particles. The common feature is the drift of conductive species, as seen from
the straight-line behavior in the Nyquist plots, which were fitted using a Warburg element in the
equivalent circuit model.

Keywords: electric permittivity; electrodeposition; natural fibers; paper electrodes; energy storage

1. Introduction

Artificial dielectrics, a class of metamaterials, which are insulating materials but with
a controllable dielectric constant, are an interesting avenue in modern materials research. A
huge interest in these materials stems from their potential applications in negative capaci-
tance field-effect transistors, novel capacitors, and high-power microwave filters, etc. [1–3].
The negative permittivity behavior is usually achieved by fabricating artificial periodic
structures that are primarily used for electromagnetic metamaterials [4,5]. The properties
of electromagnetic metamaterials depend on their periodic structures, which include size,
shape, and orientation, rather than on their intrinsic composition and microstructure, as is
the case with conventional metamaterials. The materials with semi-intrinsic and negative
dielectric features, fabricated via universal and facile routes, have aroused tremendous
interest in the materials science research community [6–8]. These negative permittivity
are known as intrinsic metamaterials or meta-composites, which acquire their tunable
properties by altering their composition and/or microstructure.

Much emphasis has been placed on the methods to develop a-composites, in which
the negative permittivity can be modified by adjusting their ingredients rather than the
microstructures [7]. It has become a custom to fabricate meta-composites with wonderful
properties by mixing two or more ingredients with quire different properties from one

Energies 2022, 15, 8256. https://doi.org/10.3390/en15218256 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15218256
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-6405-1999
https://orcid.org/0000-0002-7787-1328
https://orcid.org/0000-0003-4713-7146
https://orcid.org/0000-0003-3553-9199
https://orcid.org/0000-0001-8012-9012
https://orcid.org/0000-0002-4808-9388
https://orcid.org/0000-0003-3855-8264
https://doi.org/10.3390/en15218256
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15218256?type=check_update&version=2


Energies 2022, 15, 8256 2 of 11

another because meta-composites derive their properties from the newly designed struc-
ture not the properties from their base materials as a-composites do. Many investigators
researched that carbon materials, such as carbon nanofibers, multiwalled carbon nanotubes,
graphene oxide, reduced graphene oxide, and graphene nanosheets, are appropriate for
achieving stable negative permittivity in the bulk materials because of their moderate
charge carrier concentration [9–13]. For instance, Sun et al. [1] observed that nanocom-
posite thin films composed of polydimethylsiloxane/multiwalled carbon nanotubes had
a negative permittivity with a dielectric resonance. Negative permittivity was obtained
for the polyaniline nanocomposites incorporating different loadings of carbon nanostruc-
tures, which could easily be tailored by modifying the loading, morphology, and surface
functionality of these carbon nanostructures [14,15].

The polymer-based meta-composites, having an added advantage of flexibility, offer
an attractive alternative to ceramic-based ones. The flexibility of polymer-based meta-
composites has great advantages in processing and applications, particularly in flexible
electronic devices, wearable electronic gadgets, strain sensors, and energy harvesting
devices [16–19]. On the other hand, silver (Ag) nanoparticles possess unique properties
of high electrical conductivity and chemical stability under the normal environment [20].
The Ag nanoparticles, therefore, find widespread use when compared with carbon, metals,
alloys, and ceramics [21–27] in applications such as biological sensors, flexible electronic de-
vices, and solar cells [28–31]. However, Ag can also create a conductive network in the sys-
tem to improve the overall electrical conductivity of nanocomposites. It has been reported
that in an Ag/yttrium iron garnet composite, the dielectric loss is mainly caused by the
conduction and polarization [30]. Moreover, in another report, a high-performance stretch-
able elastic conductor was achieved with an initial electrical conductivity of 6168 S.cm−1

by the incorporation of Ag nanoparticles [32,33]. However, composites with controllable
permittivity features using lignocelluloses (LC) coated with Ag nanoparticles have not
been reported yet. Therefore, in this paper, we report a study of flexible composites with
controllable permittivity. The LC\PbO2\Ag nanocomposite paper sheets offer a unique
combination for flexible, wearable, and stretchable devices due to their elasticity, biological
compatibility, and convenient preparation.

2. Experimental Section
2.1. Synthesis of LC/PbO2 Composite Sheets

The detail of the synthesis of LC/PbO2 composite sheets is presented in our previously
published paper [34]. All precursors were purchased from Unichem, Korea. The thickness
of the composite sheets was around 1 mm and could be cut to any further dimension with
the help of scissors.

2.2. Electrodeposition of Silver (Ag) on LC\PbO2 Sheet

To address the electrical properties of fabricated paper sheets, the direct electrochemi-
cal deposition of silver (Ag) was conducted on the LC\PbO2 sheet by using the chronoam-
perometry technique. The electrochemical deposition of silver on LC\PbO2 sheets was
performed with potentiostat/galvanostat (ECO Chemie, The Netherland), and a simple
chronoamperometry technique was used for all samples. The potentiostat deposition of sil-
ver was accomplished by using Ag/AgCl reference electrode immersed directly in the silver
electrolyte. A platinum wire served as a counter electrode for all depositions. The distance
of ~5 mm was maintained between two electrodes. By keeping deposition potential the
same and modifying the deposition time the thickness of deposited nanoparticles can vary.
The reduction potential of−0.95 V was maintained across the working electrode (LC\PbO2)
and a reference electrode (Ag/AgCl2). This potential difference was kept constant for all
samples while the deposition of Ag was conducted for different time intervals (i.e., 3000 s,
6000 s, and 9000 s). Dielectric and impedance behaviors were investigated by the precision
impedance analyzer (Wayne Kerr) 6500 B series. Figure 1 displays the different electrode
position curves of Ag metallic particles on LC\PbO2 sheets.
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2.3. Characterizations

The surface morphology of synthesized paper sheets was characterized by using LEO
Gemini 1550 field emission gun SEM from Zeiss. Dielectric and impedance measurements
were analyzed by the precision impedance analyzer (Wayne Kerr 6500B series).

3. Results and Discussion

Figure 1 displays the electrode position current versus time (I-t) curves acquired
during the deposition of Ag nanoparticles on an LC/PbO2 sheet. The first part of the
I-t curve shows a sudden decrease in the reduction current followed by an increasing
trend, and, finally, attaining the saturation current. The current saturation region (i.e.,
~2000–9000 s) indicates the uniform deposition within the pores of the LC/PbO2 sheet
that was later confirmed with SEM analysis as shown in Figure 2b. At the first step of
the Ag deposition process (0–50 s), the current drops abruptly due to the presence of a
double-layer charge between the working electrode (LC/PbO2) and the electrolyte. Later,
at 300 s, the current increases promptly to a maximum value (i.e., −0.09 mA) and attains
saturation. However, for 6000 s, an increase in the maximum reduction current (−0.15 mA)
is observed as compared to 3000 and 9000 s that may be due to the porosity of the sheet
(LC/PbO2). The decrease in the maximum reduction current might be due to an early stage
nucleation process for 3000 and 9000 s.
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Figure 1. Electrodeposition curves of LC\PbO2\Ag for 3000 s, LC\PbO2\Ag for 6000 s, and LC\PbO2\Ag
for 9000 s.

Scanning electron micrographs of LC/PbO2 composite paper sheets before and after
the electrodeposition of Ag are presented in Figure 2a,b, respectively. Figure 2c,d reveal
EDX spectra of barred and coated samples where a significant difference in the microstruc-
ture of the composite sheet with a different composition is observed. Figure 2a displays
the morphology of LC/PbO2, where it can be observed that LC fibers bind the PbO2
particles to provide the flexible matrix for modern bendable technology. To enhance the
electronically conductive properties of the LC/PbO2 binary composite, electrodeposition
of Ag nanoparticles is employed. In Figure 2b, the distribution of Ag nanoparticles on the
surface of LC\PbO2 fibers after electrodeposition can be seen. It can be concluded from
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Figure 2b that Ag particles of ~130 nm are embedded within the organic matrix of LC,
thereby suggesting a good integration of inorganic Ag, PbO2, and organic LC constituents,
whereas elemental analysis of LC/PbO2 and LC/PbO2 were measured by EDX. The spec-
trum shown in Figure 2c was recorded for LC/PbO2 and confirms the presence of Pb and
O without any impurities. An EDX spectrum of LC/PbO2/Ag after electrodeposition is
displayed in Figure 2d. It shows that the spectrum confirms the presence of Pb, O, and Ag
as the main constituents involved in the synthesis of the LC/PbO2/Ag composite sheet.
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Figure 3 shows the variation in the dielectric constant with the frequency of the applied
electric field for LC\PbO2, LC\PbO2\Ag3000s, LC\PbO2\Ag6000s, and LC\PbO2\Ag9000s
sheets. The LC\PbO2 sample has a very small permittivity, and it shows a little variation
in the frequency range displayed. The low value of permittivity is attributed to a small
number of polar species. The sample contains predominantly nonpolar LC fibers and some
PbO2, which are mildly polar. Thus, the only contribution to polarization comes from PbO2.
There is a slight decrease in permittivity at high frequencies. Among the Ag-coated samples,
the sample coated with the least amount of Ag has the highest value of permittivity at low
frequencies. This can be explained in terms of the space charge-type polarization (also
known as Maxwell–Wagner–Sillars polarization).



Energies 2022, 15, 8256 5 of 11

Energies 2022, 15, x FOR PEER REVIEW 5 of 12 
 

 

Figure 3 shows the variation in the dielectric constant with the frequency of the ap-
plied electric field for LC\PbO2, LC\PbO2\Ag3000s, LC\PbO2\Ag6000s, and 
LC\PbO2\Ag9000s sheets. The LC\PbO2 sample has a very small permittivity, and it 
shows a little variation in the frequency range displayed. The low value of permittivity is 
attributed to a small number of polar species. The sample contains predominantly non-
polar LC fibers and some PbO2, which are mildly polar. Thus, the only contribution to 
polarization comes from PbO2. There is a slight decrease in permittivity at high frequen-
cies. Among the Ag-coated samples, the sample coated with the least amount of Ag has 
the highest value of permittivity at low frequencies. This can be explained in terms of the 
space charge-type polarization (also known as Maxwell–Wagner–Sillars polarization).  

 
Figure 3. The dielectric constant of LC\PbO2, LC\PbO2\Ag for 3000 s, LC\PbO2\Ag for 6000 s, and 
LC\PbO2\Ag for 9000 s. 

The sample sheets have imperfect surfaces, containing a high number of voids, gaps, 
and places to store foreign particles. When Ag is coated on the surface, the metal particles 
enter these voids. The charge stored in these surface pockets creates charge in homoge-
neities, thereby giving rise to extrinsic polarization. This extrinsic polarization also re-
sponds to the external electric field, displaying a high value of electric permittivity at low 
frequencies. However, the response of the polarization slows down with an increase in 
frequency; therefore, there may remain the response of other species (if any). Thus, what 
we see at higher frequencies is the response of LC/PbO2. Moreover, it is interesting to 
note that at higher Ag depositions, the samples have a reduced permittivity as compared 
to that of the sample coated for 3000 s. The most obvious reason for this behavior is that 
initially for small times of depositions, the metal just enters pores and voids on the sur-
face. With all pores filled initially (for smaller times of deposition), the metal then forms 
uniform surfaces of itself on top of the pores and holes, therefore removing some of the 
charge-storing pockets. Thus, for higher deposition times, the sample surface behaves 
mostly as a metal, just as the electrode metal does, with a smaller number of extrinsic 
charges responding to the field. 

Figure 4 represents the loss tangent as a function of frequency for all samples. The 
value of the tangent loss is quite small for LC/PbO2 throughout the frequency range. For 
the Ag-coated samples, the value of the loss tangent is also constant and comparable to 

Figure 3. The dielectric constant of LC\PbO2, LC\PbO2\Ag for 3000 s, LC\PbO2\Ag for 6000 s, and
LC\PbO2\Ag for 9000 s.

The sample sheets have imperfect surfaces, containing a high number of voids, gaps,
and places to store foreign particles. When Ag is coated on the surface, the metal particles
enter these voids. The charge stored in these surface pockets creates charge in homo-
geneities, thereby giving rise to extrinsic polarization. This extrinsic polarization also
responds to the external electric field, displaying a high value of electric permittivity at low
frequencies. However, the response of the polarization slows down with an increase in
frequency; therefore, there may remain the response of other species (if any). Thus, what
we see at higher frequencies is the response of LC/PbO2. Moreover, it is interesting to note
that at higher Ag depositions, the samples have a reduced permittivity as compared to that
of the sample coated for 3000 s. The most obvious reason for this behavior is that initially
for small times of depositions, the metal just enters pores and voids on the surface. With all
pores filled initially (for smaller times of deposition), the metal then forms uniform surfaces
of itself on top of the pores and holes, therefore removing some of the charge-storing
pockets. Thus, for higher deposition times, the sample surface behaves mostly as a metal,
just as the electrode metal does, with a smaller number of extrinsic charges responding to
the field.

Figure 4 represents the loss tangent as a function of frequency for all samples. The
value of the tangent loss is quite small for LC/PbO2 throughout the frequency range. For
the Ag-coated samples, the value of the loss tangent is also constant and comparable to
that of the LC/PbO2 sample. However, at certain higher frequencies, it goes through a
peak-like behavior, then decreases fast and becomes negative. It shows a negative peak
at higher frequencies, with a sharp increase then taking it back to the same constant
small value. We call this a resonance-like behavior similar to what is observed in the
resonating inductor–capacitor (LC) circuit due to an AC voltage. All Ag-coated samples
display this behavior; however, the frequency range in which they show this resonance-
like behavior is markedly different. The frequency for resonance-like behavior for the
LC\PbO2\Ag3000 sample is close to Log f ~7 MHz, while for the LC\PbO2\Ag6000 and
LC\PbO2\Ag9000 samples, it is close to Logf~6 MHz and ~5.4 MHz, respectively. Thus,
with the increase in coating time/thickness, the resonance-like feature shifts to the lower
frequencies. Therefore, we can say that we can control the resonance frequency by control-
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ling the amount of electrodeposited Ag. In the next paragraph, we discuss the possible
physics behind the resonance-like behavior in more detail.
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The dielectric loss tangent quantifies the amount of heat energy being dissipated to
align the electric dipoles in the direction of the electric field. Any positive peak in the loss at
a certain frequency indicates the highest amount of energy being dissipated/absorbed. The
dissipation/absorption of energy can be related to the relaxation behavior of charges. Thus,
we can say that in a certain small frequency range, the charges require the largest amount
of energy to align and go back to their equilibrium/unperturbed state as soon as the field
frequency is removed. The inverse of this frequency gives the characteristic time required
by the relaxation species, after the removal of the electric field, to go back to their original
configuration. As already mentioned in the discussion related to the dielectric constant,
dipolar relaxation species, as well as free ions encaged in the pores, act cooperatively. This
cooperative behavior provides a basis for the relaxation process in these materials. Now,
what about the negative loss peak? Where does it stem from? The negative loss peak lies
next to a positive peak in the frequency spectrum. As we take the positive peak as the
absorption of energy, the negative peak can be treated as the emission of energy. Thus, in
these materials, they absorb energy at certain frequencies and re-emit the same energy at
certain other higher frequencies. The absorption of energy is related to the capacitive effect,
while the emission is inductive. Thus we can say that the samples show both capacitors
as well as the inductive characters simultaneously. One may ask the question, by which
mechanism is the energy stored such that it can be re-emitted at certain other frequencies?

As discussed above, there exists a charge separation due to the accumulation of free
charges at the pores, and at the grain boundaries due to an imbalance of charge densities.
In our case, the Ag is the charged species accumulating at the locations described above.
An alternating electric field causes the charge separation to extend gradually at certain
frequencies. However, this charge separation is meta-stable and can be removed by the
change in frequency. When this happens, it affects the surface structures the most. Under
these conditions, the surface cavities/pores, holding the charges, are shattered and the
charges are drawn out of these, thereby giving rise to avalanche-type behavior. Thus,
the charge separation collapses, and inductive behavior dominates due to the flow of
charges. The resonance-like behavior was also observed previously in a broad range
of samples [35–41].
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In the following section, relaxation mechanisms are discussed in more detail by em-
ploying the electric impedance and related data analysis. Real and imaginary parts of the
electric impedance are plotted on so-called Nyquist plots for all samples in Figure 5a–d. To
differentiate between various relaxations mechanisms, the experimental data of all samples
were fitted to various equivalent circuits. Each equivalent circuit is subdivided into simple
elements and their combinations, thereby enabling us to decipher which polar/nonpolar
species are causing this dielectric/impedance behavior. Let us analyze these one by one.
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The Nyquist plot for the LC\PbO2 sheet shows a single semicircular arc, and it was
fitted to a series combination of two parallelly connected RC circuits. The equivalent circuit
is shown on the inset of Figure 5a and is given theoretically by Equation (1)

Z( f ) =
R1

1 + i2π f R1C1
+

R2

1 + i2π f R2C2
(1)

Two parallel circuits signify two relaxation species, with slightly different (and over-
lapping) relaxation times. In normal circumstances, two different relaxations are two
distinct semicircles; however, due to their closeness in our case, they cannot be resolved
by the naked eye. These two relaxation entities can be the grain and grain boundaries.
Moreover, we can also say that these can be relaxations due to the bound charge of PbO2
and the dipoles due to the free charges residing at the grain boundaries. The various fitting
parameters are given in Table 1. This larger RC product represents the low mobility of
charge carriers across the boundary of that component and relaxes up at low frequencies.
In our case τ2 > τ1, which represents the larger time constant of grain boundaries than
grains of composite material.
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Table 1. Best-fitting parameters for sample LC/PbO2 sheet according to the circuit shown in Figure 5a.

Parameters R1 (MΩ) C1 (pF) τ1 (µs) R2 (MΩ) C2 (pF) τ2 (µs)

LC\PbO2 0.8 24 19 3 43.6 131

The Nyquist plot of LC/PbO2/3000s shows two semicircular arcs: a large one at low
frequencies and a small one at higher frequencies. Moreover, a peculiar feature is the
smaller arc subtending to negative values at higher frequencies. The theoretical modeling
of the plot is accomplished by an equivalent electrical circuit, which consists of an inductor
connected in series to two parallel circuits. Equation (2) is the corresponding mathematical
form of the circuit. One parallel circuit consists of a constant phase element (CPE) and
a resistor, while the other one consists of a Warburg element (W) and a resistor. The
inductor accounts for the negative arc at high frequencies, and the parallel circuit with
CPE represents the smaller arc at high frequencies, while the parallel circuit containing
the Warburg element represents the straight-line-like behavior at lower frequencies. The
high-frequency, inductor-like behavior is already displayed in the dielectric loss and was
explained accordingly. The middle frequency relaxation behavior is modeled with a leaky
capacitor (CPE) and a parallel resistor. At low frequencies, the Warburg element represents
the diffusion behavior of charges. A general rule for these scenarios is that whenever there
is a straight line in the Nyquist plot with an inclination of 45◦ with the x-axis, it represents
diffusion. The Warburg element is a manifestation of Fick’s law of diffusion [41]. In our
case, the graph line is a little bent toward the resistance line, which is due to the parallel
combination of resistance and Warburg as shown in the fitted circuit [41]. Since the Ag is
deposited on the surface, some portion of it goes through the samples due to voids and
pores in the sample. This adjustment of the Ag inside the sample gives rise to conductive
paths. Fick’s first law states that the overall density of ion flow in the system is the sum of
ion diffusion and ion conductivity. Conductive paths through the polymer sheets are not
fully developed at lower coating times. Thus, the only way for ion transport is diffusion,
which occurs due to the chemical potential differences along the path. Therefore, at low
frequencies, the charges may diffuse into the pores and voids in the direction of the applied
field, a behavior similar to DC current flow. The modelled parameters for this sample are
given in Table 2.

Z( f ) = i2π f L1 +
R1

1 + (i2π f )a1 R1Q1
+

√
2σ1R2

R2
√

i2π f +
√

2σ1
(2)

Table 2. Best-fitting parameters for sample LC/PbO2/Ag3000s according to the circuit shown
in Figure 5b.

Parameters L1 (µH) R1 (Ω) Q1 (Fsa−1) a1 R2 (Ω) σ1 (Ω.s−1/2)

LC/PbO2/Ag3000s 2.5 475 4.0 × 10−9 0.74 4500 10,507

The Nyquist plot of the LC/PbO2/6000s sample is somewhat similar to that of the
LC/PbO2/3000s sample. However, the smaller semicircular arc is somewhat flattened
out with just a kink replacing it. Thus, its modeling was also different from the previous
one. The theoretical model this time consists of four parts: one inductor and three parallel
circuits. Equation (3) is the corresponding mathematical form of the circuit. The relaxation
is modeled with the help of two parallel QR circuits, while the low-frequency Warburg
circuit and the high-frequency inductor remain as before. The inclusion of two QR circuits
signifies two relaxation species, with slightly different time constants. These species can
again be described by the grain and grain boundaries in the core of the material due to
PbO2 grains. The rest of the analysis remains the same as for the previous sample. The
parameters obtained from the fitting are given in Table 3.
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Z( f ) = i2π f L1 +
R1

1 + (i2π f )a1 R1Q1
+

R2

1 + (i2π f )a2 R2Q2
+

√
2σ2R3

R3
√

i2π f +
√

2σ2
(3)

Table 3. Best-fitting parameters for sample LC/PbO2/Ag6000s according to the circuit shown
in Figure 5c.

Parameters L1 (µH) R1 (Ω) Q1 (Fsa−1) a1 R2 (Ω) Q2 (Fsa−1) a2 R3 (Ω) σ1 (Ω.s−1/2)

LC/PbO2/Ag6000s 2.8 500 4.0 × 10−9 0.87 216 5.0 × 10−9 0.74 1900 5000

The last and the fourth Nyquist plot (for the LC/PbO2/9000s sample) is quite different
from all previous plots. It consists of two straight lines joining one another at an angle
slightly greater than 90 degrees. The straight line at high frequency is again to the negative
side, and therefore represents an inductor. The other straight line is certainly for the
diffusion process. The equivalent circuit model for this plot is a series combination of an
inductor, a resistor, and a parallel circuit of a Warburg element and resistor. Equation (4) is
the corresponding mathematical form of the circuit. The most plausible reason for this kind
of Nyquist plot can be related to the large amount of deposited Ag. For this much time of
deposition, Ag fills all the pores/holes on the surfaces of the sample; therefore, the effect
of the diffusing species is so large that the effect of the relaxation species inside the bulk
of the material is overshadowed. Thus, we witness only the Warburg-like diffusion and
induction in the impedance plots. Table 4 depicts the parameters obtained from the fitting.

Z( f ) = i2π f L1 +
R1

1 + (i2π f )a1 R1Q1
+

√
2σ2R2

R2
√

i2π f +
√

2σ2
(4)

Table 4. Best-fitting parameters for sample LC/PbO2/Ag9000s according to the circuit shown
in Figure 5d.

Parameters L1 (µH) R1 (Ω) S1 (Ωs−1/2) R2 (Ω)

LC\PbO2\Ag\9000s 2.408 46 1847 1550

4. Conclusions

LC/PbO2 composites were prepared followed by coating with Ag nanoparticles
for different time intervals ranging from 3000–9000 s. It can be concluded from SEM
results that Ag particles of ~130 nm are embedded within the organic matrix of LC/PbO2,
thereby suggesting a good integration of inorganic Ag, PbO2, and organic LC constituents,
whereas elemental analyses of LC/PbO2 and LC/PbO2 were measured by EDX. Electrical
characterizations of these samples were accomplished employing dielectric and impedance
spectroscopy techniques in the frequency range of 20 Hz to 20 MHz. It can be observed that
the dielectric loss tangent showed an LC resonance-like feature along with negative peak
values in the higher frequency range. The resonance-like feature is coating time-dependent
and its position moved toward lower frequencies when increasing the coating time of
Ag. Thus, coating time serves as a control feature of metamaterials. Moreover, various
relaxation mechanisms have been traced with the help of impedance spectroscopy and
its data analysis. The most prominent features in all coated samples include the inductor
response as well as the Warburg element, which represents the diffusion of the charged
species as a result of Fick’s first law of diffusion.
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