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In this work, the electrical properties of green nanocomposites based on natural rubber (NR) had been explored.

Nanocellulose was extracted from the rachis of date palm tree and used as nanofillers in two forms:

nanofibrillated cellulose (NFC) and cellulose nanocrystals (CNCs). The resulting samples were characterized by

dielectric spectroscopy in a board temperature range (20 °C–200 °C) and in the frequency range of 0.1 Hz to

1MHz. The temperature and frequency dependencies of conductivity give evidence for ion transportmechanism

via the occurred agreement of experimental results with the employed hopping model (Random Free-Energy

Barrier model). Conductivity was found to increase highly for filled nanocomposite, especially at high CNC

content. Favorable interactions between NFC and NR were evidenced and assumed to be partially responsible

for the lower conductivity of NFC-filled nanocomposites. The NR–CNC green nanocomposite films had a high

potential to be used for electrical applications and they should be a very promising candidate for battery

separators.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The development and the application of polymeric nanocomposite
materials filled with nanosized rigid particles have attracted both
scientific and industrial interests. It is accepted that the term ‘nano-
composite’ describes a class of two-phase materials where one of the
phases has at least one dimension lower than 100 nm. Over the last
few years, much effort has been devoted to the use of nanocrystals
obtained from polysaccharides, viz. cellulose [1,2], starch [3,4] or chitin
[5,6] as reinforcing agents in polymericmatrices. As it's known, cellulose
is one of the most abundant, renewable resources on the earth and
possesses outstanding properties such as biocompatibility, desired
chemical stability, superior thermal stability and environmental
benignancy [7–9]. Further the nanoscale dimensions of cellulose
crystals enable cellulose nanocomposites to have unique characteristics
and to provide newgreater opportunities. Cellulosic nanoparticles consist
of either nanofibrillated cellulose (NFC) or cellulose nanocrystals (CNCs).
These abundance and renewable character could qualify cellulose a very
promising material for electrical application domain as separators in
lithium-ion battery [10–12], electrolyte additives [13,14] and humidity
sensors [15,16].

Natural rubber, naturally occurring substance, can be used as matrix
for cellulose nanofillers to form green nanocomposites. Natural rubber

(NR) has a low glass transition temperature, Tg, soft elastomer charac-
teristics at room temperature, and good elastic and adhesive proper-
ties [17]. The choice of the matrix was dictated by the fact that it is a
natural polymer, often reinforced with nanoparticles and available as
latex. Such characteristics allow NR to form a good polymer–host in
polymer electrolytes. These materials happen to provide good contact
between electrodes and electrolyte [1,2]. Rubber has been also used
for microporous separators in batteries that operate at ambient and
low temperatures (b100 °C) [18].

The current study is in keeping with the general pattern aiming at the
valorization of lignocellulosics from rejected palms of the date palm tree
[19–22]. Recent papers reported the extraction of nanofibrillated cellu-
loses (NFCs) and cellulose nanocrystals (CNCs) from the leaflets and
rachis (axis that bears the leaflets) of palm tree [23,24]. The processing
and properties of nanocomposite materials based on natural rubber
(NR) and cellulose nanoparticles extracted from the date palm tree
were investigated. This work is a continuation of previous studies
[24–26] that dealt with the thermal, mechanical and dielectric behavior
of NR–NFC and NR–CNC nanocomposites. The properties of the ensuing
nanocomposite films were investigated using scanning electron micros-
copy, differential scanning calorimetry, dynamic mechanical analysis,
tensile tests and dielectric spectroscopy. Including small amounts
of cellulose nanoparticles onNRmatrixwas found to increase its Young's
modulus, tensile strength, and thermal stability. For the dielectric study,
the emphasis was addressed to the Maxwell–Wagner polarization to
evaluate the effect of the filler content on the fibers/matrix interfacial
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adhesion. The interfacial polarization is often dominated by a conduction
phenomenon at high temperatures and low frequencies. In this studywe
are presenting results of nanocomposites filled with 7.5 and 15 wt.% of
nanocellulose. Lower nanocellulose content does not bring any signifi-
cant improvement of the ionic conductivity compared to the neat NR
(results are not presented in this paper). The aimof this paper is to inves-
tigate the physical origin of the occurring charge transport and the
conduction mechanisms in cellulose nanocomposite systems. The direct
current (DC) and alternating current (AC) conductivity of green nano-
composites consisted of a NR matrix and cellulose nanofillers are
examined with varying the filler content, cellulose form, temperature
and frequency in the case of the AC field.

2. Experimental

2.1. Materials

2.1.1. Polymer matrix

Natural rubber (NR) was kindly supplied as NR latex by Michelin
(Clermont Ferrand, France) and used as matrix material. It contained
spherical particles with an average diameter around 1 μm and its solid
content was about 50 wt.%. The density of dry NR, ρNR, was 1 g cm−3

and it containedmore than98%of cis-1,4-polyisoprene. Its glass transition
temperature is Tg =−61 °C [24].

2.1.2. Nanofibrillated cellulose and cellulose nanocrystals

Nanofibrillated cellulose (NFC) and cellulose nanocrystals (CNCs)
were extracted from the rachis of the date palm tree. Colloidal
suspensions of NFC and CNC in water were prepared as described
elsewhere [27–30]. The schematic procedure is reported in Fig. 1. The
main difference between the preparation of NFC and CNC is the last
step in which the bleached cellulose is disintegrated by pumping
through a microfluidizer processor (Model M-110 EH-30) instead of
submitting it to an acid hydrolysis treatment. The solid content of the
suspensions was around 0.3 wt.%. The average length and diameter of
CNC extracted from the rachis of the date palm tree were determined
in a previous study [23]. Values around 260 and 6.1 nm, respectively,
were reported giving rise to an aspect ratio around 43. The lowest lateral
size of the NFC is in the order of some nanometers (5–10 nm). Atomic
Force Microscopy analysis showed some short NFC (b2 μm in length),
obtained from mechanical degradation of cellulose microfibrils during
the mechanical treatment [24].

The NR latex and the water suspension of cellulose nanoparticles
were first mixed in various proportions to obtain final dry films around
1 mm thick. The mixture was stirred using a magnetic stirrer for 8 h.
Preliminary water evaporation was done using a rotavapor before
casting themixture in Teflonmolds. The filmswere dried in a ventilated
oven at 40 °C for 2 or 3 days depending on the filler content in the film.
Further drying of the films was performed under a vacuum at 40 °C for
12 h. In this study, five samples are used: NR, NR–NFC7.5, NR–NFC15,
NR–CNC7.5 and NR–CNC15 where the digits indicate the nanoparticle
content, in weight.

2.2. Experimental methods

In BDS (Broadband Dielectric Spectroscopy), the interaction of an
electric field with any kind of material may be investigated over a
broad frequency range (mHz up to GHz), with the temperature as a
parameter, resulting in an information about polarization and charge
transport mechanisms in the inner of the material. Dielectric measure-
ments were carried out using a Novocontrol concept Alpha-Aanalyzer.
The sample temperature was controlled with a stability of ∆(T) =
0.1 °C (Novocontrol quarto system controller BDS 1330). The sample
was fixed between two additional external electrodes of 20 mm in
diameter in the sample holder andplaced in a cryostat. Themeasurement
was performed in a temperature range from 20 °C to 200 °C on heating at
a rate of 5 °C/min. The frequency varied from 0.1 Hz to 1 MHz at an
oscillation voltage of 1 V. The measured dielectric permittivity data
were collected and evaluated byWinDETA impedance analysis software.
According to the planar capacitor rule, the complex dielectric function for
the polymer is expressed as [31–34]:

ε! ωð Þ ¼ ε′ ωð Þ− jε″ ωð Þ: ð1Þ

The AC conductivity of all samples has been calculated from the
dielectric losses according to the relation:

σ! ¼ jε0ωε! ωð Þ ¼ jε0ω ε0− jε″ð Þ ¼ ε0ωε″þ jε0ωε0: ð2Þ

The real part of σ⁎(ω) is given by:

σAC ωð Þ ¼ ε0ωε″ ωð Þ ð3Þ

Fig. 1. Extraction of cellulose nanocrystals and nanofibrillated cellulose from the date palm tree.
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where ε0 is the dielectric permittivity in vacuum (8.85 × 10−12 F·m−1)
and ω is the angular frequency.

For DC electrical conductivity measurements, the sample is placed
between two electrodes of identical size and shape. DC voltages (5 V,
10 V, 15 V and 20 V)were applied across the thin film. The sample resis-
tance was measured by a digital electrometer (Keithley617) at various
temperatures ranging from20 °C to 200 °C. The temperature of the sam-
ple was controlled by an Oxford temperature controller. DC electrical
conductivity, at a given temperature, can be found using the following
well known relation [35,36]:

σDC ¼
1

ρDC

¼
L

R & A
ð4Þ

where ρDC is the resistivity, L is the thickness, A is the cross-sectional
area and R is the resistance of the studied sample.

3. Results and discussion

3.1. Dielectric studies

Dielectricmeasurementswere carried out in bothNFC andCNCfilled
nanocomposites. Fig. 2 shows the temperature dependence of the
dielectric permittivity ε′ and loss factor ε″ at 0.1 kHz for NR and NR–
cellulose nanocomposites. According to our previous works [25,26],
NR matrix shows a water relaxation peak in a temperature range from
50 °C to 100 °C. Since NR has no hydrophilic groups, this observation
suggests that water is connected to the hydroxyl groups (\\OH) of the
lipid present in the natural rubber [24]. The second relaxation was

attributed to the ionic conduction appearing for high temperature and
low frequency ranges, which arises from the increase in the mobility
of the electric charges in the molten NR with temperature, increasing
both the real and imaginary parts of the dielectric function [25]. It is to
notice that Teflon spacers were placed between electrodes (on the
dielectric cell) to keep the thickness of the samples unchanged during
measurements.

The addition of cellulose nanoparticles into NR matrix increases the
dielectric losses and generates other relaxation processes, directly related
to the fillers. The presence of the water becomes more significant for
nanocomposite samples. Water molecules linked to cellulose nanoparti-
cles are absorbed to form amonomolecular layer enveloping the external
surface of the fillers [25,26]. In addition, the peak observed at higher
temperatures, which is attributed to the interfacial polarization [37–39],
increases with cellulose nanoparticle content. This phenomenon arises
from the facts that free charges (catalysts, impurities, etc.), which were
present at the stage of the processing, become immobilized in the
material. After 40 °C or 50 °C NR decomposes and becomes sticky.
But, as the primary thermal decomposition of cellulose occurs between
200 and 400 °C [40], interfaces persist and free charges keep trapped at
the interfaces.

It is worth to note that the interfacial polarization is often confounded
with ionic conduction, as these two phenomena are originated from
charged carrier mobility [41].

Conduction phenomena need to be carefully evaluated on NR based
green nanocomposites. For this, DC and ACmeasurements were carried
out in the temperature range (20 °C–200 °C).

3.2. Temperature dependent conductivity studies

The current–voltage characteristics of NR based nanocomposites, at
T=160 °C, are shown in Fig. 3. The figure shows a non-linear behavior.
In bulk systems, non-linearity arises from microscopic heterogeneities
present in the systems which can lead to very large local fields. These
systems show non-ohmic behavior due to the presence of inherent
disorder in them [42]. It is also evident that the conductance is the
highest for the NR–CNC15. At 160 °C, it gives the maximum current
among the compositions of the series under test.

The temperature dependence of DC electrical conductivity is studied
in the range of 20 °C–200 °C for all the samples (Fig. 4). Two regions can
be depicted. At low temperature range, σDC is almost constant and then
significantly increase when temperature approaches 100 °C. At this
temperature range, water dipoles are polarized due to the presence of
an electric field, contributing thus to the conduction phenomenon.
These water molecules linked to the hydroxyl groups of cellulose
nanofiber should enhance the conductivity [43]. Indeed, at 40 °C, the
DC conductivity of the NRmatrix is 3.89 10−16 S·cm−1while it attained
about 6.56 10−6 S·cm−1 for NR–CNC15.Moreover, at high temperature

Fig. 2. Temperature dependence of dielectric permittivity ε′ and loss factor ε″ for NR and

NR–cellulose nanocomposites at f = 0.1 kHz. Fig. 3. U(I) characteristic of NR and NR–cellulose nanocomposites at T = 160 °C.
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range, itwas observed that the conductivity increaseswith temperature's
increase. From the slope of the graphs, the activation energy of
conduction was estimated using the relation:

σDC Tð Þ ¼ σ0 exp −
EA
!

kBT

" #

ð5Þ

where σ0 is the pre-exponential factor, kB is the Boltzmann's
constant, T is the absolute temperature and EA is the electrical activation
energy under the DC fields. Activation energy values are shown in
Table 1. As a general rule, it is assumed that values of DC activation
energy more than 0.6–0.8 eV would normally be associated with ionic
transport and values less than 0.2 eV should be considered as indicating
an electronic mechanism [44]. Accordingly, it can be suggested that the
operating conduction mechanism for DC conductivity in the present
samples is of an ionic nature.

The nanocomposite samples exhibit the highest activation energies.
This canbe explained by the reinforcing effect of cellulose nanoparticles.
The activation energy EA can bewritten as a sum of two termswhich are
denoted by binding energy (Eb) and strain energy (Es) [45]. Eb is the
average energy an ion requires to leave its site, and Es is the average
kinetic energy an ion needs to structurally distort its surroundings to
create a “doorway” through which it can jump to another site [46]. The
addition of cellulose nanoparticles should increase the heterogeneity of
the system leading to an increase in Es part, explaining thus large values
of activation energy.

Aiming to examine further the electrical transport properties of the
polymer–cellulose nanoparticle systems, impedance spectroscopy
technique has been used to investigate conductivity in awide frequency
range. The temperature dependence of σAC of the NR filledwith different
amounts of NFC and CNC is shown in Fig. 5, for a frequency of 0.1 kHz.
The same behavior observed on the DC measurements is found. As
expected, at thefirst temperature range, thewater relaxation is detected.
The addition of cellulosic nanofillers to thematrix varies the conductivity
resulting from the presence of polar groups, which facilitates the flow of
current and thus enhances electrical conductivity effectively. Polar relax-
ation of water was equally pointed out P.A. Sreekumar et al. in polyester

matrix based sisal composite [47]. The authors found that the hydroxyl
groups in the sisalfiber can absorbmoisture and increase the conductivity
of the matrix. Compared to NR–NFC nanocomposites, water relaxation of
NR–CNC nanocomposites seemsmore intense. This result is in agreement
with swelling properties [24]; Water uptake was found to be the highest
for CNC filled nanocomposites. This can be explained by the difference in
both structure and composition of nanoparticles, and in particular by the
presence of residual lignin and hemicelluloses at the surface of NFC that
limit, comparatively, the hydrophilic character of the nanofiller.

At the second temperature range, AC conductivity increases roughly
due to the increase of charge carriermobilitywith temperature. Similarly,
this dependence of AC conductivity on temperature suggests that the AC
conductivity is a thermally activated process and it can be analyzed
according to the Arrhenius equation:

σAC ωð Þ ¼ σ0 exp
−ΔE ωð Þ

kBT

$ %

ð6Þ

where σ0 is the pre-exponential factor,ΔE(ω) is the activation energy, kB
is the Boltzmann constant and T is the absolute temperature.

At low temperatures, the conductivity behavior is dominated by the
presence of water. However, for high temperatures, the crystallinity
contributes to the conductivity. In fact, cellulose is a semicrystalline
linear polysaccharide, with polymer chains associated with hydrogen
bonds forming bundles of fibrils, which consist of highly ordered crystal-
line domains and disordered amorphous domains [48]. Compared toNFC,
the cellulose nanocrystals can have a highly crystalline nature (about
65%–95% crystallinities) [49]. The acid hydrolysis breaks the disordered

Fig. 4.DC conductivity evolution versus 1000/T in a semi-logarithmic scale for NR and

NR–cellulose nanocomposites.

Table 1

Activation energies from DC measurements of NR and

NR–cellulose nanocomposites.

Echantillons Ea (eV)

NR 0.60

NR–NFC7.5 1.62

NR–NFC15 1.54

NR–CNC7.5 1.92

NR–CNC15 1.64
Fig. 5. Temperature dependence of the AC conductivity for NR and NR–cellulose

nanocomposites, for a frequency of 0.1 kHz.
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and amorphous parts of the cellulose microfibrils, releasing single and
well-defined crystals [50]. Therefore, crystalline domains can explain
higher conductivity for NR–CNC nanocomposites (Fig. 5).

3.3. Frequency dependent conductivity studies

3.3.1. Jonscher universal power low

Plots of log σ′(ω) versus log f, given in Fig. 6 for NR matrix and
NR–cellulose nanocomposites, help to reveal further the AC behavior
of the systems. As can be seen, nanocomposites exhibit higher conductiv-
ity values than NR, and NR–CNC nanocomposites show the highest
conductivity. As expected, this result should be attributed to the higher
crystallinity of CNC compared to NFC.

TheAC conductivity is clearly temperature and frequencydependent.
Generally, it increaseswith the increasing of frequency and temperature.
At low frequencies, conductivity is almost constant. The applied electric
field forces the charge carriers to drift over large distances. But after a
certain critical frequency fc is reached, conductivity increases following
the power law σAC(ω) ~ ωs. When frequency is increased the mean
displacement of the charge carriers is reduced [51]. In addition, critical
frequency shifts to higher frequencies with increasing temperature and
also with increasing cellulose content.

The AC conductivity σ(ω) in disordered solids is given by the follow-
ing relation [52–55]:

σ ωð Þ ¼ σDC þ Aωs Tð Þ ð7Þ

where σ(ω) is the measured AC conductivity, σDC is the frequency
independent DC limit of conductivity at ω = 0, A is the temperature
dependent constant reflecting the polarizability, ω is angular frequency
and s(T) is the frequency exponent representing the degree of interaction
between mobile ions and the surrounding environment [56]. s is a
parameter dependent of temperature and filler content.

This AC universality lawhas been found to satisfactorily describe the
AC response of numerous different types of materials, which can be
classified as disordered solids [57–60], such as ion conducting glasses
[61,62], amorphous semiconductors [63], conducting polymers [64]
and polymer matrix–conductive filler composites [65,66]. At low
frequencies, randomdistribution of the ionic charge carriers via activated
hopping gives rise to a frequency independent conductivity while at
higher frequencies, conductivity exhibits dispersion which increases
roughly in a power law fashion at even higher frequencies [67].

In order to explain the mechanism of conductivity, the variation for
the universal exponent s as a function of temperature is depicted in
Fig. 7. The s values lie in the range 0 b s b 1, characterizing hopping
conduction [48,59,68]. For NR matrix, the exponent s tends to increase
with rising temperature. However, for NR–NFC and NR–CNC nanocom-
posites, the exponent s is a decreasing function of temperature. This
behavior change should be interpreted to the presence of another polar-
ization process contributing to the conduction in the polymer bulk. In
fact, addingNFC or CNC toNR generates an interfacial zone. Free charges
can migrate in the applied electrical field to the interface giving rise to
the Maxwell Wagner polarization. Interfacial polarization effect occurs
in systems exhibiting heterogeneity. In a dielectric composite material,
interfacial polarization occurs due to a swell of charge at the inner
dielectric boundaries of the conductively heterogeneous material [69].
In this situation, NFC andCNCaremore conductive than theNR, resulting
in charge mobilization along the particle perimeter; thus, facilitating
hetero-polarization in the material [70]. The interfacial polarization
appears more intense for the CNC reinforced NR. Indeed, they have
smaller size than NFC. At equal composition, the nanocrystals produce
more interfaces with NR. The number of trapped charges at interfaces
is more important, explaining the high increase on the interfacial
polarization. The interfacial polarization affects thus the conduction
mechanism.

It was shown, for each composition, that NR–CNC nanocomposites
have smaller values of s. As the exponent s is representing the degree of
interaction between the mobile ions and the surrounding environment,

Fig. 6. The AC conductivity (log σAC) versus (log f) of NR nanocomposites with 7.5 wt.%

(a) and 15 wt.% (b) in NFC and CNC content, at various temperatures.

Fig. 7. Temperature dependency of the frequency exponent s for NR and NR–cellulose

nanocomposites.
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low interactions explain the higher mobility of charge carriers for
CNC-filled NR.

This result is in very good agreementwith the previous characteriza-
tions performed of these materials, bymeans of microscopy SEM, water
uptake tests, DMA [23,24] and by dielectric spectroscopy [25,26]. All
these characterizations converged to the conclusion that the interfacial
adhesion in the case of NFC/NR nanocomposite is higher than that of
CNC/NR one and was explained by the presence of lignin at the NFC
surface that play the role of “compatibilizing” agent that enhance the
adhesion between the NFC and the NR. Similar results (interfacial adhe-
sion) have been reported by Benhamou et al. [71]. The authors discussed
this difference of interfacial adhesion by means of a comparative study of

the solubility parameters. This difference in the interfacial adhesion in
NFC/NR nanocomposite will certainly induce different motions and
pathways of small molecules and ions. The molecule motion will be
more hindered in the case of NFC/NR, inducing certainly lower ionic
conductivity. This will be more discussed in the coming sections.

3.3.2. Equivalent circuit

The study of the electric properties of an amorphousmaterial [72,73]
requires as consideration to the contribution of the bulk conductivity.
The measurements were carried out in the frequency range between
0.1 Hz and 1 MHz. The analysis of complex impedance spectra, shown
in Fig. 8, permits to have access to information concerning the analyzed

Fig. 8. Nyquist plots (−Z″ vs Z′) at different temperatures and equivalent electric circuit of the simplified model for NR and NR–cellulose nanocomposites.
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samplematerial. The above findings suggest a strong deviation from the
ideal case of the Debyemodel which is represented by a semicircle with
its center in real Z axis, and ismodeledwith a resistor R in serieswith an
ideal capacitor C.

At high temperature measurements, the experimental impedance
data, obtained by impedance spectroscopymay bemodeled as depicted
in the inset of Fig. 8 as follows:

(i) with a circuit composed by a constant phase element (CPE) in
parallel with a resistor Rp for NR. Rp is the resistance associated
with conduction ofmobile carriers, CPE represents the capacitance
of the samplewhen the AC frequency approaches infinity [56]. The
CPE acts like a capacitor with a small distribution of relaxation
time. In general, the impedance of a CPE is expressed via the
following complex equation [74]:

ZCPE ¼
1

Q jωð Þn
ð8Þ

where ω= 2πf is the angular frequency and Q and n refer to CPE
parameters. An n value less than 1 indicates in general certain
electric property heterogeneity within the material [75]. The CPE
describes an ideal capacitor with a capacitance C for n = 1 and
an ideal resistor R for n = 0. The complex impedance of single
parallel Rp0//CPE0 [76,77] is given by:

Z ¼
Rp0

1þ Rp0Q0 jωð Þn0
ð9Þ

(ii) with series network (RP1//CPE1)–(RP2//CPE2) for nanocomposites.
Similar kinds of equivalent circuit models have been used to
describe the electrical behavior of the poly (methylmethacrylate):
carbon nanotube nanocomposites [78]. The total equivalent circuit
impedance can be given to the nanocomposites by:

Z ¼
Rp1

1þ Rp1Q1 jωð Þn1
þ

Rp2

1þ Rp2Q2 jωð Þn2
: ð10Þ

The values of the equivalent circuit parameters were obtained by
using the least squares fitting routine in Z-view Scribner Associates
software. The obtained simulated results are given in Table 2.

For the matrix, values of equivalent circuit parameters vary slightly
with temperature. However, variations are rather remarkable for polymer
nanocomposites; the capacitance increases with measurement tem-
peratures, while the resistance decreases. In fact, including cellulose
nanofillers (nanoparticles promoting ionic conduction) decreases

normally the resistivity of the samples. In addition, celluloses acting
as nanoplates and NR as nanodielectric, form nanocapacitors and
increase thus the capacitance of the samples.

Assuming that (RP1//CPE1) represent the bulk response and
(RP2//CPE2) represent the interface response, it is shown that the interface
resistance values are lower than those of the polymer bulk. These results
suggest that conduction mechanism for nanocomposites is mainly
performed at the interfaces. In fact, conduction in the matrix is governed
by the ions traveling between the polymer chains, while in the case of
nanocomposites conduction occurs primarily at the interface and keeping
that performed between the polymer chains.

Moreover, resistance values (RP2) for CNC-filled nanocomposites are
lower than NFC-filled nanocomposites and capacitance values are
higher. This can be explained by the difference in the structure and
composition of both nanoparticles, and in particular by the presence
of residual lignin and hemicelluloses at the surface of NFC that favors
the compatibility with NR and restricts therefore the interfacial
diffusion pathway for ions and limits the ions' motion. Moreover, rod-
like nanocrystals are supposed to interact through hydrogen bonding
leading to the formation of a percolating CNC network. Therefore, ion
movements could be easier at the NR/CNC interfaces (Scheme 1).

3.3.3. AC conductivity scaling

In order to understand the dynamics of themobile ions, the conductiv-
ity spectra at different temperatures may be presented in terms of a
scaling law, which is a suitable tool for comparing ion dynamics [79,80].
This scaling law has been used by some authors to explain conductivity
mechanism in disordered solids [81–84]. Several parameters can be
used to scale the frequency axis [85]. In the present work, a scaling
approach using the hopping frequency, ωp, as characteristic frequency
to scale the frequency axis and the DC conductivity as the scaling
parameter for the conductivity axis was used. For each temperature
there is a critical frequency ωp beyond which a power law is followed.
Kilbride et al. [84] proposed an experimental definition of the critical
frequency by the following formula: σ(ωp) = 1.1σDC. The value of σDC

can be estimated from theplateau ofσ(ω) for each sample at the studied
temperature range (Fig. 6). This type of conductivity scaling is expressed
as follows [86]:

σ ωð Þ

σDC
¼ 1þ

ω

ωp

$ %n

: ð11Þ

This type of scaling is based on the Almond-West conductivity
formalism [60,87]. According to them, the ability to scale at different
data sets so as to collapse into a single master curve indicates that the
process can be separated into a common physical mechanismmodified

Table 2

Temperature dependence of the extracted circuit parameters.

Samples T (°C) Q0 (F) n0 Rp0 (Ω)

NR 150 6.820E−12 0.9928 8.532E + 10

170 7.109E−12 0.9908 5.950E + 10

190 6.747E−12 0.9945 4.315E + 10

T (°C) Q1 (F) n1 Rp1 (Ω) Q2 (F) n2 Rp2 (Ω)

NR–NFC7.5 150 1.330E−10 0.7234 2.748E + 9 2.768E−11 0.9593 5.066E + 8

170 1.878E−10 0.7486 9.848E + 8 4.409E−11 0.9252 2.885E + 8

190 2.054E−10 0.8400 3.736E + 8 5.258E−11 0.9150 1.091E + 8

NR–NFC15 150 1.150E−10 0.8796 1.845E + 9 5.033E−11 0.9541 8.178E + 8

170 1.567E−10 0.9136 5.118E + 8 1.056E−10 0.8711 3.208E + 8

190 1.990E−10 0.9252 1.833E + 8 8.695E−10 0.9249 8.695E + 7

NR–CNC7.5 150 2.442E−10 0.8770 3.105E + 9 2.887E−11 0.9650 2.035E + 7

170 2.641E−10 0.9258 9.734E + 8 4.236E−11 0.9414 2.625E + 6

190 3.308E−10 0.9138 4.150E + 8 6.603E−11 0.9147 554,490

NR–CNC15 150 3.162E−9 0.6978 3.667E + 7 1.565E−10 0.8777 3.925E + 6

170 1.340E−8 0.6491 4.384E + 6 1.412E−10 0.8955 306,380

190 4.425E−8 0.5908 703,980 9.560E−10 0.7701 134,410
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only by thermodynamics scale. This kind of process is called the “Time–
temperature superimposition principle” (TTSP). Fig. 9 presents the
scaled conductivity log (σ(ω)/σDC) as a function of the scaled frequency
log (ω/ωp) at various measurement temperatures for the NR based
nanocomposites. As it can be clearly seen, the scaled conductivity of
all our blends, as a function of the scaled frequency, follows perfectly a
master curve. However, the superposition is worse in the interfacial
polarization zone. The values of n are obtained by fitting of Eq. (11)
and tabulated in Table 3. Values of n are in accord with the values of s,
confirming the fitting. In this scaling law, the exponent n, lying between
zero and unity, is characteristic of hopping in a disordered material
where the hopping charge carriers are subjected to spatially randomly
varying energy barriers [60]. The results obtained in this work are
similar to those of other researchers [44,87,88] and obey the power law.
The validity of the time–temperature superposition principle (TTSP)
implies that the temperature affects the rate of the charge transport
efficiency, without introducing more than one underlying transport
mechanism.

Various theoretical models [89] for AC conductivity have been
predicted in order to explain the experimental observations of complex
systems. So, to examine the electrical transport properties of thematrix-
filler systems, different hopping models have been proposed, as for
example, the variable range hopping (VRH) model [90,91] and the
random free-energy barrier (RFEB) model [48,58,87,92,93]. The term
hopping refers to sudden displacement of the charge carrier from one
position to a neighboring one, and in general it includes both, jumps
over a potential barrier and quantum mechanical tunneling [68].

The VRH description is considered as equally applicable to charge
carriers as electrons, holes, polarons or bipolarons. Since high DC activa-
tion energy values are associated with ionic transport, the VRH model is
not suitable to explain conductionmechanism onNR based nanocompos-
ites. The use of RFEB model can be helpful to explain the conduction
mechanism.

3.3.4. Random free-energy barrier model

The random free-energy barrier model (also referred to as the
symmetric hopping model) proposed by Dyre [59,92], describes the
frequency dependent conductivity, over a wide frequency range, in
disordered solids at constant temperature. This model is based on
the ascertainment that the DC conductivity is thermally activated,
and the AC conductivity is less temperature dependent. The latter
suggests that processeswith activation energies smaller than EAdominate
the AC conductivity.

In our case, and at high temperature, the experimental data log σDC

and log σ′(ω) vs. 1000/T are satisfactorily linearly fitted to Eqs. (5) and
(6), respectively. Activation energy values are tabulated in Tables 1 and
4 revealing that the Random Free Energy Barrier is the appropriate
model to explain the conduction process. According to this model the
non-interacting charge carriers remain at sites with minimum energy.
The charge carrier transport mechanism is produced when the carriers
acquire enough energy to overcome the energy barrier needed to jump
to the nearest neighboring site. From the above assumptions and
employing a continuous time random walk approximation [94], Dyre
has derived the following equation for the AC conductivity in disorder
solids [57]:

σ!
AC ωð Þ ¼ σDC

jωτ

ln 1þ jωτð Þ

& '

ð12Þ

where, σDC, ω and τ are the direct current conductivity, the angular
frequency and the relaxation time respectively. The real and imaginary
components of σ⁎ are given by:

σ ′ ωð Þ ¼ σAC ¼
σDCωτe arctan ωτeð Þ

1
!

4

( )

ln 1þω2τ2e
( )

þ arctan ωτeð Þ½ (2
ð13Þ

σ″ ωð Þ
σDCωτe ln 1þω2τ2e

( )

1
!

2

( )

ln 1þω2τ2e
( )

þ 2 arctan ωτeð Þ½ (2
: ð14Þ

The plot σDC versus τe
−1, obtained from the fits to Eq. (13), proves

how well the Barton–Nakajima–Namikawa (BNN) relationship [52,63,
91–94] is fulfilled by the data independently of the cellulose form and
content (see Fig. 10). BNN relationship refers to the proportionality of
σDC and the characteristic frequency fe of charge carriers to overcome
the highest energy barrier, according to the random free-energy barrier
model of AC conduction in disordered solids proposed by Dyre [60].
This characteristic frequency (fe = 1/2πτe) designates the turning
point between theDC-plateau and the increase ofσAC, asmentioned pre-
viously. This behavior suggests that both, DC conductivity and AC con-
ductivity are based on the same mechanism of charge transport.

4. Conclusion

The electrical properties of NR–cellulose green nanocomposites had
been investigated by direct and alternating current conductivities and
complex impedance spectroscopy methods. According to our detailed

Scheme 1. Schematic illustration of the NR–NFC (a) and NR–CNC (b) interfaces.
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analysis on different presentations of conductivity measurements, the
electrical behavior of NR green nanocomposites may be described
over a wide temperature range (20 °C to 200 °C) with a hopping ionic
conduction mechanism in both DC and AC regimes. It was found that
the addition of cellulosic nanofillers to the matrix varies the conductivity
due to (i) the presence of water polar groups and (ii) the presence of free
charges at the interfaces, which facilitates the flow of current and thus
enhances electrical conductivity. The cellulose nanocrystals (hydrophilic)

had smaller size than nanofibrillated celluloses (hydrophobic due to
the presence of residual lignin and hemicelluloses), it was found that
NR–CNC15 nanocomposite has the highest conductivity. Moreover, the
complex impedance measurements were modeled by an equivalent
circuit to explain the contribution of interfaces in the conduction

Fig. 9. Scaling behavior of log (σ/σDC) versus log (ω/ω0) at different measurement temperatures for NR and NR–cellulose nanocomposites.

Table 3

Values of n as resulted from the fits of scaling law model in

Fig. 10.

Samples n

NR 0.8598 ± 0.0074

NR–NFC7.5 0.5986 ± 0.0055

NR–NFC15 0.6867 ± 0.0037

NR–CNC7.5 0.5304 ± 0.0019

NR–CNC15 0.2752 ± 0.0020

Table 4

Calculated activation energies ∆E(ω) of the linear regions of Fig. 6.

∆E(ω) (eV)

log f NR NR–NFC7.5 NR–NFC15 NR–CNC7.5 NR–CNC15

−1 0.54 0.74 0.97 1.37 1.52

0 0.52 0.59 0.92 1.40 1.49

1 0.27 0.53 0.67 1.22 1.49

2 0.20 0.53 0.61 1.37 1.36

3 0.16 0.59 0.55 1.27 0.92

4 0.14 0.52 0.47 1.02 1.01

5 0.10 0.44 0.41 0.86 0.91

6 0.06 0.23 0.29 0.66 0.75
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mechanism. Interfaces act as nanopores and allow rapid transport of ionic
charge carriers that are needed to complete the circuit during the passage
of current in an electrochemical cell.

The NR–cellulose green nanocomposite films had a high potential to
be used for electrical applications and they should be very promising
candidate for battery separators.
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