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ABSTRACT: Electrically conducting biobased materials present a
bright future for high-technological applications including sensors,
soft electronics, and active packaging. Accordingly, here, we develop
and characterize ternary nanohybrid films combining cellulose
nanocrystals (CNC), multiwalled carbon nanotubes (MWCNTs)
and silver oxide (Ag2O) nanoparticles. An evaporation-induced self-
assembly process is applied to obtain homogeneously dispersed free-
standing nanocomposite films as proven by electron microscopy.
Thermogravimetric analyses show that MWCNTs delay the cleavage
of glycosidic linkages of cellulose, while Ag2O catalyzed thermode-
gradation events rendering reduced thermal stabilities. The electrical
and dielectrical properties are analyzed under completely dry and
53% humidity atmospheres, and the results are observed also in light
of the electric modulus. Water increases the conductivity of binary
and ternary systems and shifts the electric modulus relaxation peak. Finally, full atom molecular dynamics (MD) simulations are
performed to describe the phenomena on interfaces between nanoscale systems, underlying mechanisms for the obtained electrical
AC and DC results. Computational results reveal changes in the CNC/MWCNT/Ag2O interactions depending on the water
content. The combination of experimental and simulation data shown sheds light on the electric conducting mechanism of
nanocellulose-based materials with multifunctional properties.

1. INTRODUCTION
The design and development of innovative materials derived
from natural sources is currently at the forefront of academic
and industrial research.1−4 Cellulose is the most abundant
polysaccharide on Earth and holds a crucial position in
abundant organic raw materials, since it is considered as a
virtually inexhaustible source of feedstock, meeting the
increasing demand for green and biocompatible products.5

Cellulose nanocrystals (CNC) are nanoscale biobased
materials that can be extracted from a variety of renewable
cellulose-rich sources.6 They are “rod-like” nanoparticles with
crystallinity degrees ranging from 80 to 95% and large specific
surface areas, which are also combined with unique structural
and physicochemical properties.7 The hybridization of CNC
with further nanomaterials permits to develop innovative and
multifunctional biobased nanocomposites8 and efficient and
sustainable devices for advanced applications with green
properties9 in film and in 3D structure.10,11 CNC is
intrinsically insulating; however, it is a promising sustainable
material for the preparation of conductive nanohybrid
materials. CNC can be transformed into one that possesses
electrically conductive properties by utilizing various mod-

ification strategies that harness their exceptional character-
istics.12−14 In particular, they can be applied as electric heaters,
supercapacitors,13 and sensors,14 when combined with
conductive nanofillers,15,16 as shielding materials for excellent
electromagnetic interference17 and as parts of electronics and
communication devices.5

In this research, to attain high-performance conductive and
free-standing films, CNCs were combined with multiwalled
carbon nanotubes (MWCNTs), to transfer electrical transport
properties to the insulating CNC, and with silver oxide
nanoparticles (Ag2O NPs), resulting in conductive cellulose-
based films and in electromagnetic nanocomposite materi-
als.18,19 This work follows a previous study from our group,
where we demonstrated that the dispersion of silver oxide
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nanoparticles at 1 wt % content in CNC based systems imparts
an effective antimicrobial activity to the composite films, killing
both Escherichia coli RB (E. coli RB) and Staphylococcus aureus
8325−4 (S. aureus 8325−4).8 In spite of the research works
carried out so far to exploit nanocellulose/Ag2O hybrids into
diverse applications including adsorbent for water contami-
nants,20 antimicrobial food packaging,21 or reusable catalysts,22

the nature of the water-nanocellulose, water-nanosilver or
nanocellulose-nanosilver interactions in the presence of water
remain practically unexplored. Additionally, the synergy
between CNC and MWCNTs promotes high electrical
conductivity and interfacial polarization in the electromagnetic
fields. Various studies are focused on the electrical conductivity
of CNC/MWCNT-based materials;23 however, systematic
analysis of the electrical transport properties of these
innovative materials is required to elucidate the interphase
properties and the effect of additional nanoparticles in ternary
systems.
MWCNTs are carbon nanostructures formed by rolling-up

graphene sheets in a cylindrical way; since the discovery of
MWCNTs by Ijima,24 composites filled with MWCNTs have
been widely investigated to achieve superior electrical, thermal,
and mechanical properties.25 According to the distribution,
disentanglement, and interaction of MWCNTs in polymer
chains, nanocomposites with modulated, innovative, and
superior properties can be obtained.5 The role of interface in
CNC/MWCNTs nanocomposites has been underlined, even if
the mechanism of this interaction is still not fairly elucidated.
In this aspect, impedance spectroscopy can be a valuable
method to elucidate the mechanism and analyze how the
interphase extensively affects the electrical conductivity of
MWCNT nanocomposites. The electrical characteristics are
related to the volume fraction of the conductive filler, the
nanoparticle size, and shape and also to other factors, such as
adhesion between the host phase and the matrix, processing
methods, and possible interactions between the conductive
phase.25

The present work is an extension of our previous studies,8

concerning the physicochemical and electrical/dielectrical
properties of two different types of binary systems based on
CNC combined with single walled carbon nanotubes9 or silver
nanoparticles.8 Here, we also analyzed the dependence of
electrical transport properties on the synergistic interaction
between MWCNTs and Ag2O NPs, in dry and in wet
conditions. The effect of humidity on the electrical
conductivity of nanostructured materials have been inves-
tigated with the purpose of developing reliable water vapor
sensors.
With the aim to identify the interface interactions between

MWCNTs and Ag2O NPs among CNC, molecular dynamics
(MD) simulations were carried out. The computational
approach is helpful in the exploitation of all short- and long-
range phenomena that occur in disperse phases and between

different materials. MD simulation acts as a bridge between the
macroscopic experimental phenomena and microscopic field,
and different studies have already revealed the capabilities of
this approach. Li et al.26 used a combined computational−
experimental approach to investigate the adsorption of
xanthate from aqueous solution by multilayer graphene
oxide. In this work, the MD simulation revealed that the
adsorption of xanthate is a spontaneous endothermic
process.26 In another study, MD simulations have been used
to investigate the stability of different systems of 3,5-difluoro-
2,4,6-trinitroanisole, and 2,4,6,8,10,12-hexanitrohexaazaiso-
wurtzitane to design a new melt-cast explosive. In this study,
Hu et al. calculated the relatively excellent mass ratio
parameter using the MD simulations, and then, they fabricated
the theorized systems.27 Despite this, although there are
different works in the literature where MD simulations are
combined with experimental approaches, according to the
authors’ knowledge, this is the first time that these types of
systems treated in this work have been investigated using such
an approach. In this concern, four different atomistic systems
have been modeled: neat CNC, CNC/MWCNTs, CNC/
Ag2O, and CNC/MWCNTs/Ag2O hybrid materials. MD
simulations have also been exploited to provide structural
insights into the amount of adsorbed water molecules in the
humidity conditions, helping to shed light on the role of water
in the modulation of electrical properties of these nanoma-
terials.

2. EXPERIMENTAL SECTION
2.1. Materials. Multiwalled carbon nanotubes, with a

purity of 90% and an outer mean diameter of 10−15 nm were
supplied by Arkema (Graphistrength C100). Silver oxide
nanoparticles P203, with a size distribution ranging from 20 to
80 nm, were purchased from Cima NanoTech (Corporate
Headquarters Saint Paul, MN, USA). Microcrystalline cellulose
with a particle size of 20 μm (310697−500G), sulfuric acid,
sodium dodecyl sulfate (minimum 98.5%, GC), silica gel
(SiO2), magnesium nitrate-6-hydrate (Mg(NO3)2), and
sodium chloride (NaCl) have been supplied by Sigma-Aldrich.
Cellulose nanocrystals (CNC) were synthesized as previously
described via sulfuric acid hydrolysis of microcrystalline
cellulose (64% sulfuric acid solution at 45 °C for 30 min).28,29
2.2. Nanohybrid film processing. MWCNT-based CNC

nanohybrid films were developed by evaporation-induced self-
assembly (EISA). The required amounts of MWCNTs were
finely dispersed in distilled water (in 1 mg1 mL−1

concentration) via tip-sonication (30% output for 30 min;
Vibra-CellTM CV 334), and they were added to aqueous
CNC (2 wt %) dispersions to obtain 0.5, 1.0, 3.0, 4.0, and 5.0
wt % (MWCNT concentration into CNCs, respectively).
Then, another sonication step (5 min and 20% output Vibra-
CellTM CV 334) and stirring step (30 min, in the case of 3.0,
4.0, and 5.0 wt % films, under a flow of air and hot plate at 100

Table 1. Binary and Ternary Nanohybrid Film Formulations

samples CNC
CNC_

0.5MWCNTs
CNC_

1MWCNTs
CNC_

3MWCNTs
CNC_

4MWCNTs
CNC_

5MWCNTs
CNC_
1 Ag2O

CNC_
1MWCNTs_ 1

Ag2O

CNC_
3MWCNTs_ 1

Ag2O

CNC_
5MWCNTs_1

Ag2O

CNC (wt %) 100 99.5 99.0 97.0 96.0 95.0 99.0 98.0 96.0 94.0
MWCNTs
(wt %)

0.5 1.0 3.0 4.0 5.0 1.0 3.0 5.0

Ag2O NPs
(wt %)

1.0 1.0 1.0 1.0
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°C were applied to evaporate the excess of water) have been
applied to dispersions before casting them onto Teflon dishes.
In order to study the synergic interaction between Ag2O NPs
and MWCNTs in CNC-based films, ternary nanohybrids were
developed by following a similar procedure. Briefly, MWCNTs
were dispersed in distilled water (1 mg1 mL−1) via sonication
(30% output for 30 min) to obtain 1.0, 3.0, and 5.0 wt %
concentrations. Then, Ag2O nanoparticles were added in
MWCNT solution by tip sonication (20% output for 5 min)
and added to 2 wt % aqueous CNC dispersions. Finally,
another sonication step at 20% output for a further 5 min was
applied to aqueous CNC/MWCNTs/Ag2O dispersions before
casting them. The composition of the developed films is
reported in Table 1, where CNC_0.5MWCNTs,
C N C _ 1 MW C N T s , C N C _ 3 MW C N T s , a n d
CNC_5MWCNTs specify binary nanohybrid films based on
cellulose nanocrystals and 0.5, 1.0, 3.0, and 5.0 wt % of
MWCNTs dispersed and CNC_1 Ag2O indicates binary
nanohybrid films based on cellulose nanocrystals and 1 wt % of
silver nanoparticles, while CNC_1MWCNTs_1 Ag2O,
CNC_3MWCNTs_1 Ag2O, and CNC_5MWCNTs_1 Ag2O
specify ternary nanohybrid films based on cellulose nanocryst-
als, 1.0 wt % of silver nanoparticles, and 1.0, 3.0, or 5.0 wt % of
MWCNTs, respectively.
2.3. Nanohybrid Film Characterization. The morphol-

ogy of CNC-based films was investigated using a Hitachi S-
4800 field emission scanning electron microscopy (FE-SEM)
instrument at an acceleration voltage of 5 kV. Before
characterization, cryogenically fractured surfaces were gold-
coated with a 10 nm thick layer using an Emitech K550X
sputter coater.
Thermogravimetric analysis (TGA) was performed on 10

mg samples by a Seiko Exstar 6300 TGA quartz rod
microbalance. The tests were done under a nitrogen
atmosphere from 25 to 900 °C at 10 °C min−1.
Fourier Transform Infrared Spectroscopy (FT-IR) spectra of

CNC and CNC binary and ternary nanocomposite films were
obtained at room temperature in reflection mode by
attenuated total reflectance (ATR) by using a JASCO FT-IR
615 spectrometer with 4 cm−1 spectral resolution. Room
temperature X-ray powder diffraction (XRD) patterns were
obtained in a Bruker D8 Advance diffractometer equipped with
a Cu tube, Ge(111) incident beam monochromator (λ =
1.5406 Å) (fixed slit 1 mm), and a Sol-X energy dispersive
detector (fixed slit 0.06 mm). Samples were mounted onto a
zero-background silicon wafer embedded in a generic sample
holder. Bulk electrical resistivity measurements were con-
ducted (ASTM D-257) by using a Keithley 6517A electro-
meter, by applying a square wave ranging from 25 V (for pure
CNC) to 0.1 V (for percolated nanohybrids) with a period of
120 s, of at least four measurements for each sample. The real
and imaginary parts of the complex impedance (Z*) of the
CNC and CNC based MWCNTs EISA films were analyzed by
Hewlett-Packard 4284A Precision LCR Meter, in the 20 Hz−1
MHz frequency range. The specific AC conductivity of the
samples as a function of frequency σ(ω) is calculated as

d Z A/( )AC = | | × (1)

where A is the cross-sectional area and d is sample thickness
measured using a Borletti MELN/1W micrometer. Since
cellulose is highly sensitive to humidity, films were kept in
desiccators with different saturated salts for several days before
each measurement in order to stabilize them at a given relative

humidity (RH). The following compounds were used: silica gel
(SiO2, RH = 0%) and magnesium nitrate-6-hydrate over
saturated solution, Mg(NO3)2 (RH = 53%).
2.4. Molecular Dynamics (MD) Simulations. Molecular

dynamics (MD) simulations have been used to study the
interface interactions between neat CNC, MWCNTs, and
Ag2O nanoparticles. As previously mentioned, four different
atomistic systems have been prepared: CNC, CNC/
MWCNTs, CNC/Ag2O, and CNC/MWCNTs/Ag2O nano-
hybrid.
The starting CNC has been modeled using 64 cellulose

chains, each composed of 30 glucan units. Globally, an amount
of 1920 units constitutes a CNC, with 16732 atoms. The final
dimension of this system was 10 nm in diameter and 18 nm of
length. One MWCNT has been also modeled considering a
diameter of 13.6 nm and a length of 24.2 nm, with 40800
atoms. About the Ag2O NPs, a system composed by 92295
atoms with a diameter of 27 nm has been prepared. The four
different systems have been modeled considering these three
structural files together in the same simulation box following
the system type. This means that with the aim to perform
reliable MD simulations, the settled boxes were different
between them, and they depended on the number of the
different models present. For these reasons, the size of the
simulation box for CNC was 17.8 nm3, while a box of 17.8 ×
35.6 × 17.8 nm has been settled for the CNC/MWCNTs,
CNC/Ag2O, and CNC/MWCNTs/Ag2O systems.
To investigate and clarify the role of water on the electrical

properties of these systems, water molecules have been
randomly included in the simulation box of each system; this
means that a total of 8 models have been built, 4 without
water, and other four with H2O molecules. To perform
simulations reproducing the real conditions, a relative humidity
rate (RH) of 50% has been considering including the half of
the total number of molecules that a system could contain.
Since this number is strictly correlated to the dimension of the
box and the size and the number of systems, to reproduce the
same HR, 60,208, 60,811, 77,163, and 78,350, water molecules
have been added in CNC, CNC/MWCNTs, CNC/Ag2O, and
CNC/MWCNTs/Ag2O systems, respectively.
All MD simulations have been performed using GROMACS

5.0.4 suite30 and CHARMM36 force field31 with specific
parameter extensions to provide an accurate description of
nanorod, nanoparticles, and polymer chains and to appropri-
ately predict the effect of the solvent. Systems have been
minimized applying periodic box conditions (PBC) in all
directions, using a neighbor searching grid type; the cutoff
distance for the short-range neighbor list was set to 1.4 nm.
Electrostatic interactions have been included by implementing
a fast smooth particle-mesh Ewald algorithm32,33 with 1.4 nm
distance for the Coulomb cutoff, which is considered the
method of choice to obtain an accurate evaluation of long-
range electrostatic interactions in large macromolecular
systems.34,35

Each system has been subjected to two minimization steps
using steepest descent and conjugate gradient algorithms36 and
subsequent six preliminary equilibration steps based on 5 ns of
annealing simulations to gradually reach the simulation
temperature of 25 °C and generate atomistic velocities. A
weak temperature coupling (Berendsen thermostat) with a
time constant of 1 ps has been applied to maintain the
reference temperature (25 °C) throughout the whole run. The
subsequent production step consisted in 100 ns of MD
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simulation in isothermal−isobaric (NPT) ensemble at 1 atm
and 25 °C. All these steps have been repeated for all eight
models; finally, the analysis of the MD trajectories has been
performed by means of VMD,37 CHIMERA software,38 and
using tools included in the Gromacs package.

3. RESULTS AND DISCUSSION
3.1. Microstructural Analysis. When dealing with

polymer nanocomposites containing MWCNTs, their dis-
persion within the polymer matrix plays a key role on the
resulting physicomechanical performance.39−42 This is even
more relevant in the case of electrical properties, where the
percolation threshold (pc) depends strongly on nanoparticle
distribution, i.e., well dispersed nanofillers may yield to an
electrically conducting percolated network at lower concen-

trations.43,44 Accordingly, MWCNTs distribution over the
CNC matrix in both binary CNC/MWCNTs and ternary
CNC/MWCNTs/Ag2O composite films has been investigated
through field-emission scanning electron microscopy (FE-
SEM). Figure 1A depicts the fracture cross-section of CNC/
MWCNTs composite films with a varying concentration up to
5 wt %. When dispersed in water, CNCs isolated upon acid
hydrolysis of native cellulose are able to form a nematic liquid
crystal phase above a critical concentration.45,46 This
organization shown by CNCs bearing negatively charged
functional groups can be captured in solid films after a
controlled evaporation-induced self-assembly (EISA). During
this process, the aqueous solvent continuously evaporates to
yield materials composed by stacked CNC layers, as observed
in Figure 1 for the neat CNC film. At the same time, the FE-

Figure 1. FE-SEM images depicting the fracture cross-section of binary CNC/MWCNTs (A) and ternary CNC/MWCNT/Ag2O composite films
with a varying multiwall carbon nanotube concentration up to 5 wt % (B) (magnification = 12.000×).

Figure 2. DTG of binary (a) and ternary (b) nanocomposite films in a nitrogen atmosphere. XRD patterns of prepared films: effect of MWCNT
concentration (c) and effect of Ag2O addition (d).
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SEM images of composite films show a similar dense structure
of CNCs (with no pores) after MWCNT incorporation,
suggesting that the presence of carbon nanotubes in aqueous
CNC suspensions does not disrupt the self-assembly process of
neat CNC dispersions after water evaporation.
This observation is confirmed by the higher-magnification

micrograph of the CNC/MWCNT 5 wt % film in Figure S1a,
where nanotubes (highlighted by an arrow) remain well-
dispersed within the cellulosic matrix. It can be thus expected
that this homogeneous distribution may result in the formation
of a physical continuous pathway of interconnected electrically
conducting MWCNTs within the cellulosic matrix at relatively
low filler concentrations.47

Similarly, Figure 1B shows the morphology of the fracture
surface of ternary CNC/MWCNTs/Ag2O composite films.
Again, all of the films present a dense structure, with no
apparent aggregates of MWCNTs or Ag2O. Such homoge-
neous nanoparticle distribution is ascribed to the occurring
electrostatic forces when dispersed in water. In particular,
when in aqueous solution, the electrostatic forces between
adjacent CNC (originating from the negatively charged sulfate
half-ester group onto CNC surfaces) are able to keep the
composite constituents well-dispersed.48 Upon drying and
subsequent EISA, this well-dispersed structure is “frozen” in
the solid state, yielding films with homogeneously distributed
nanotubes and silver nanoparticles at the molecular level as
occurring with other CNC-based systems.49,50 Altogether,
these observations with also higher-magnification micrograph
of the ternary nanohybrid system reported in Figure S1, b,
confirm that homogeneously distributed composites have been
obtained.
Figure 2a,b shows derivative thermogravimetric (DTG)

curves of CNC/MWCNTs (a) and CNC/MWCNTs/Ag2O
(b) nanohybrid films during heating in nitrogen atmosphere as
a function of carbon nanotubes content. As already observed in
the case of CNC/SWCNTs,9 thermal degradation of binary
nanohybrids was delayed upon the addition of the carbon
nanotubes, with an increase in DTGmax values (from 0.15 to
0.20%min−1) and a shift of the main degradation event of
CNC (measured at 192 °C) to 199 and 213 °C for
CNC_3MWCNTs and CNC_5MWCNTs, respectively. This
phenomenon results from the typical retardant effect of
MWCNTs on the cleavage of the glycosidic linkages of
cellulose. The residual weight at 900 °C of CNC (23.4 wt %)
exceeds those of all CNC/MWCNTs hybrids (measured as
22.6, 20.8, and 19.3 wt % for CNC_1MWCNTs,
CNC_5MWCNTs, and CNC_5MWCNTs, respectively),
(Figure S2) which can be ascribed to a large number of free
end chains during the acid-hydrolysis process, which have been
proven to decompose at a lower temperature, leading to an
increase in the char yield of CNC.51

In the presence of both MWCNTs and Ag2O, the
nanohybrids demonstrated a reduced thermal stability, which
is reflected in a residual weight of 14.8% and a Tpeak measured
at 199 °C for CNC_5MWCNTs_1Ag2O, with values lower
than the ones registered for the same system in the absence of
the silver oxide nanoparticles (residual weight of 20.8% and
Tpeak measured at 213 °C for CNC_5MWCNTs). Less evident
in the case of the lower amount of MWCNTs
(CNC_3MWCNTs and CNC_3MWCNTs_1Ag2O) regis-
tered, residual weights had values of 19.3 and 19.9 wt % and
Tpeak shifted from 199 to 192 °C; however, the decrease was
also observed in the binary system CNC_1Ag2O, with a

reduction of the main peak temperature from 192 to 186 °C
and a decrease of residual weight from 23.4 to 6.8 wt %, when
compared to CNC film. This behavior can be related to the
catalytic role of the metallic oxide Ag2O in the degradation
process of both cellulose and carbon based materials.52,53

3.2. Physicochemical Properties and Semicrystalline
Structure. In order to investigate the effect of MWCNTs and
Ag2O introduction and evaluate synergic interaction between
selected nanofillers having different properties, in terms of
aspect ratio and chemistry, the interactions between hybrid
partners were investigated by infrared spectroscopy. Figure S3
compares the CNC neat film with CNC/MWCNTs and
CNC/MWCNTs/Ag2O, in the 1800−700 cm−1 frequency
range. The analyzed region shows a large absorption between
1180 and 930 cm−1, due to the contribution of the stretching
vibration of (C−C), (C−O), and (C−O−C) functional
groups.
All samples show the same peaks at 1034, 1057, and 1259

cm−1.54,55 Meanwhile, the band near 1320−1210 cm−1

associated with the bond stretching of the C−O group
shows some difference, mainly in the nanocomposite with
silver nanoparticles, even if no new IR absorption peaks were
observed, probably due to the low Ag2O content, under the
FT-IR detection limit. However, some changes were observed
in the peak located in the 1200−1300 cm−1 region, in the FT-
IR spectra of the CNC-based nanocomposites, which can be
due to the interaction of the Ag2O nanoparticles and
MWCNTs with the cellulose nanocrystals.56

The crystalline structure of the composite films was
investigated by powder X-ray diffraction (XRD). Figure 2c,d
presents the XRD patterns of binary CNC/MWCNTs (Figure
2c) and ternary CNC/MWCNTs/Ag2O (Figure 2d) compo-
sites. All the films display broad diffraction peaks correspond-
ing to the (1̅1̅0), (101), and (200) planes of cellulose I located
at 2θ = 14.9, 16.5, and 22.7°, respectively (an additional weak
peak arising from the (004) plane is seen at 2θ = 34.4°).57,58
The well-known characteristic diffraction peaks of MWCNTs
at 2θ = 26 and 43° originating from the (002) and (100)
planes of the hexagonal graphite, respectively,59,60 are not
observed due to their low concentration within the composite
film. Conversely, a low intensity reflection at 2θ = 38.2° arising
from the (200) plane of the face-center cubic Ag2O could be
seen (whose intensity increases with Ag2O concentration,
highlighted in gray), indicating the presence of such nano-
particles within the composite films.61 Overall, composite films
do not change the diffraction pattern of CNC for the different
processing conditions and compositions, implying that the
original semicrystalline character or CNC is preserved during
processing.
3.3. Electrical and Dielectrical Properties of Hybrid

Nanocomposites. To investigate the electric properties of
the hybrid binary and ternary CNC-based films, results for
voltage-dependent electric current in the thickness direction of
the films fabricated with different MWCNT content and under
different humidity conditions were obtained. In the current−
voltage (I−V) curves (data not shown), no electric current
change is detected for the neat CNC film. On the other hand,
for all the hybrid cellulose films, the electric current increases
linearly with the applied voltage. It is worth noting that
nanocellulose itself is not a conductor; thus, neat nanocellulose
films exhibit low conductivity.9 The dispersion of MWCNTs
improves the conductivity, even at low MWCNT contents as
the nanofillers are individually dispersed; hence, a conductive
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Figure 3. DC electrical conductivity of CNC and CNC/MWCNTs films (a); CNC/MWCNTs and CNC/MWCNTs/Ag2O films (b) at different
weight contents measured in the dry state and in wet environment conditions (RH = 53%).

Figure 4. Frequency dependence of the AC conductivity (a, b) and phase angle (c, d) for different CNC films at varying MWCNT content, in the
20 Hz−1 MHz frequency range, measured in dry conditions (a, c) and humidity fixed at 53% (b, d).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c04767
J. Phys. Chem. C XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04767?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04767?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04767?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04767?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04767?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04767?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04767?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04767?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c04767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


network has not been formed and the electric charge cannot
effectively flow. By increasing the MWCNT content (up to 3
wt %), the conductivity improves significantly, as reflected in
Figure 3a. The same behavior was observed in the case of
binary films based on CNC and SWCNTs, even if in this case,
the percolation threshold was obtained for lower SWCNT
content.9 Figure 3a shows a comparison of the conductivity
with the same MWCNT content at different humidity
conditions. The properties of cellulose-based materials are
strongly related to their water content. Therefore, the effect of
the water content cannot be ignored in the study. As shown in
Figure 3b, the DC conductivity of the film enhances with the
increase of relative humidity. Adsorbed water may act in the
binary films as a plasticizer, inducing the formation of a better
organized and denser network.9 The presence of silver oxide
nanoparticles (Figure 3b) slightly improves the DC con-
ductivity in the dry state and in the 53% RH condition. This
effect is more pronounced in the case of larger content of
MWCNTs. Silver oxide nanoparticles can act as conductive
bridges among MWCNT bundles and facilitate the formation
of conductive pathways and the electron transfer in the
multifunctional films, as previously demonstrated in the case of
a thermoplastic polymer.62

Impedance spectroscopy measurements were also performed
on binary and ternary films in the thickness direction in the dry
state and at 53% of relative humidity. Figure 4 reports the AC
conductivity and phase angle of binary samples realized with an
increased content of MWCNTs. Figure 4a,b reports the
evolution of the AC electrical conductivity in the frequency
range (20 Hz to 1 MHz) for the binary films at the different
MWCNT weight contents, from 0.5 to 5 wt %, and for the neat
CNC for comparison. In the analyzed frequency range, when
the MWCNT content is below the percolation threshold (i.e.,
3 wt %), an evident frequency-dependent behavior similar to
that observed for the neat CNC film is detected. Increasing the
MWCNT content at 4 wt %, a different trend was observed,
with a progressive increase of the AC conductivity at low
frequency, with a frequency-independent behavior that is
typical of disordered insulator−conductor mixtures. An evident
transition from a frequency independent conductivity, close to

that in direct current, to a frequency-dependent behavior
starting from a critical frequency fc, as observed for the
electrical impedance, was detected. After this frequency, the
AC conductivity (σ(ω)) increases with a behavior that, in the
whole frequency range, can be described by the power law.25

At low frequencies, the frequency-independent conductivity
is DC conductivity, while at high frequencies, the AC
conductivity is enhanced due to the excess of generated charge
carriers. Figure 4c,d reports the phase angle behavior;
coherently with our previous works25,9 and, as expected for
an insulating material that acts as a capacitor, for neat CNC
and for film whose MWCNTs loadings is below the
percolation threshold, the phase angle ≅ −1 rad, with a
frequency-independent behavior. Increasing the MWCNT
content, the phase evolves from zero. From an electric point
of view, this means that at low frequency, the overall
impedance of percolated material is mainly due to the resistive
term, whereas at higher frequencies, it is mainly determined by
the capacitive effects of materials: the reactance associated with
the capacitor decreases, reaching values lower than the
resistance exhibited by the nanohybrid.
3.4. Modulus Formalism. The conductivity of the CNC-

based film depends on the concentration and mobility of the
conductive species and interface properties. In nanohybrid
systems, interfacial polarization is almost always present due to
additives, fillers, or even impurities that make these systems
heterogeneous. Usually, in systems with a conductive
component, interfacial polarization is obscured by the
conductivity, and the dielectric permittivity can be very high
at low frequencies. To overcome this difficulty, the modulus
formalism has been widely used to analyze the electrical
conductivity data in ionic conductors and polymers despite an
ongoing controversy on its applicability.63 The experimental
dielectric spectroscopy measurements and the transport
electrical measurements have been analyzed also by using the
electric modulus formalism,63,64 in order to better explain the
interphase properties of the binary and ternary CNC-based
materials and well understand the water interaction. The
complex dielectric modulus (M*) is defined as

Figure 5. Frequency dependence of the imaginary part of modulus (M″) in the 20 Hz−1 MHz frequency range, measured in dry (a) and wet
environments (RH:53%) (b).
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M 1
i2 2 2 2

* = * =
+

+
+ (2)

M M iM* = + (3)

where M′ and M″ are the real and imaginary parts of the
electric modulus, respectively. The complex modulus permits
one to study the interfacial polarization and emphasize small
features at small frequencies, almost always present in
heterogeneous systems as CNC-based nanohybrids. In
particular, in systems with conductive nanofillers as MWCNTs,
interfacial polarization cannot well be visible for the high
conductivity; hence, the dielectric permittivity at low
frequencies and electric modulus permit to overcome this
problem.
Figure 5 shows the frequency dependence of the imaginary

part of the dielectric modulus (M”) of the binary CNC/
MWCNTs films for selected weight content, in the dry state
(a) and at 53% relative humidity (b). In Figure 5a, a
characteristic peak related to the transition region (from DC to
AC conductivity) could be recognized for the sample with high
MWCNT loading. For the nanocomposite with 1 wt %, it is
located a bit lower the experimental frequency window,
whereas for the neat CNC, it is out of the frequency window.
At 53% of relative humidity, a shift of the peak at higher
frequency can be observed (Figure 5b and Figure S4a−c).

The electric modulus representation shows well-defined
relaxation peaks. In the M″ plot, the peaks are asymmetric on
both sides of the maxima and broader than predicted by the
ideal Debye behavior. The frequency range where the peak
occurs is the indication of a transition from long-range to
short-range mobility. The frequency at which the maximum of
M″ (M″max) occurs defines the relaxation time τc by the
relation τcωc = 1. The peak in the M″ plot shifts toward higher
frequencies with increasing weight content of conductive
nanofillers. The asymmetric M″ plot is suggestive of the
stretched exponential character of relaxation times of the
material. The stretched exponential function is defined by the
empirical Kohlrausch−Williams−Watts (KWW) function.
The silver oxide nanoparticle introduction at 1 wt % does

not affect the AC conductivity behavior at the selected
MWCNT content (3 wt %), while the phase angle curves are
slightly changed (Figure S5a,b). In dry state (Figure 6a), the
curves show the same behavior, while at 53% of humidity, the
silver oxide nanoparticle addition improves the band at lower
frequency, indicating a different water interaction mechanism
with the ternary nanohybrid film (Figure 6b). Silver oxide
nanoparticle introduction was also analyzed by the modulus
formalism (Figure 6c,d). The electric modulus representation
shows well-defined broad peaks; the asymmetric nature of the
curve and the broad M″ peaks can be explained as being the

Figure 6. Role of the silver oxide nanoparticles of phase angle (a, b) and frequency dependence of the imaginary part of modulus (M″) (c, d) in the
20 Hz−1 MHz frequency range, measured dry (a) and in humidity fixed at 53% (b, c). Effect of humidity conditions in ternary composites (d).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c04767
J. Phys. Chem. C XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c04767/suppl_file/jp3c04767_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c04767/suppl_file/jp3c04767_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04767?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04767?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04767?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04767?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c04767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


result of the distribution of relaxation time and deviation from
the ideal Debye type. Furthermore, a shift of the peak at higher
frequency was observed with silver oxide nanoparticle
introduction and this effect was improved at 53% of humidity.
This shift implies that as water molecules interact with the
nanohybrid systems the relaxation time decreases.
3.5. MD Simulations of Cellulose Nanocrystal Ternary

Films Based on MWCNTs and Silver Oxide Nano-
particles. With the aim to describe in detail the interactions
on the interfaces between different components, MD
simulations have been carried out, and the models without
water have been first discussed. The molecular modeling at the
atomic level and the dynamical description with computational
methods are helpful to provide a more complete view about
the characteristics of the cellulose nanocrystals, which are
known to be correlated to the reactivity of the carboxyl and
hydroxyl groups of the biopolymers’ chains.65

CNC showed high stability along the MD simulation,
suggesting that the modeled nanocrystal (Figure 7a) was stable

and suitable for the comparisons with the experimental
evidence. Analyzing the CNC/MWCNTs, stable interactions
between the cellulose and the nanotube have been detected
along the whole simulation time. In detail, a very stable
complex has been found, with many interactions on the
surfaces of different materials (Figure 7b). Analyzing the
trajectories, the CNC oriented its surface to promote
interactions between its apolar groups and the electron cloud
of the MWCNTs. The capabilities of cellulose nanocrystals to
adhere on graphene surface via apolar interactions has been
already observed.66,67

In the CNC/Ag2O system, stabilizing interactions have been
observed between the nanocrystal and the Ag2O NPs, but in
this case, the type of interaction was different with respect to
those previously described. The high amount of Ag+ ions in the
system led to strong interactions with the polar groups of

CNC. Along MD simulation, −OH groups of nanocrystals
oriented themselves to favor ion−dipole interactions with Ag+
ions and on the same time generating hydrogen bonds with the
O atoms present in the Ag2O NP (Figure 7c).
Focusing on the CNC/MWCNTs/Ag2O system, a stable

complex has been observed again. The previously described
interactions, which involve the CNC apolar groups with
MWCNTs and the CNC polar groups with the Ag2O system,
coexist in this model. In fact, along MD simulations, the
nanotube and the Ag2O based particle disposed themselves in
the two opposite sides of the simulation box, generating a sort
of bridge in which CNC interacts with both systems by using
two opposite surfaces (Figure 7d). The effect of the water in
the interactions has also been investigated. As previously
reported, the amount of the water molecule to add for reaching
an RH of 50% is related to the dimension of the simulation
box, and then, a different amount of water molecule has been
included. The number of the water molecules on the surface
has been calculated for each system during the 100 ns of MD
simulations, allowing to quantify the adsorption of the water in
different systems and to clarify the role of different
components on this phenomenon. Starting from the behavior
of the only CNC, this system resulted able to adsorb a small
amount of water molecules as already reported in the
literature.68 Estimating the number of molecules directly
interacting with the interface of CNC through H bonds, a
total of 1360 molecules have been adsorbed by cellulose
(Figure 8a), which correspond to an adsorption of 2.26%.
Even if MWCNTs and Ag2O NPs do not adsorb water, the

presence of H2O at the CNC interface should reflect different
interactions when these systems are present. For these reasons,
all these systems have been investigated. MD inspections
showed that in the CNC/MWCNTs system, water molecules
oriented themselves on the interface between the two
components (Figure 8b); however, opposite effects have
been observed. From one side, cellulose interacts with water
through hydrogen bonding, as previously reported in line with
the literature.65 On the other hand, the interaction between
CNC and MWCNT has a hydrophobic nature, and for this
reason, water molecules have been displaced between CNC/
MWCNT surfaces. These counteracting effects led to a
disordered fluctuations of water molecules between these
two systems, meaning that the hydrogen bonding between
CNC and water together with the hydrophobic effects between
CNC and MWCNT played a crucial role in the balance of
entropic and enthalpic effects along MD simulations.67

A crucial role of the water has been also identified in the
presence of Ag2O NP. In this case, since stabilizing ion−dipole
interactions have been observed between CNC and Ag2O NP,
the H2O molecules adsorbed from CNC disposed themselves
between the two components in a more ordered way with
respect to the CNC/MWCNT system. In fact, no counter-
acting effects have been detected in the presence of Ag2O, and
water molecules promoted a bridge between the polar OH
groups of the CNC and the polar parts of NPs, composed by
Ag+ and O2− ions (Figure 8c).
Finally, a CNC/MWCNTs/Ag2O complex has been

detected also in the presence of water. This is true since
water molecules were uniformly distributed on the CNC
surface, and MWCNT and Ag2O interact with the cellulose
using two opposite positions, as previously observed. This
aggregate exhibited the same characteristics of the correspond-
ing one without water, in which the cellulose was oriented in

Figure 7. Surface model of CNC obtained after 100 MD simulations
(a). Atomistic model of: CNC/MWCNT (b), CNC/Ag2O NP (c)
and CNC/MWCNTs/Ag2O (d). O, C, and H atoms of CNC are
highlighted in red, brown, and white colors, respectively, The C atoms
of MWCNT in the focus are reported in cyan, and the atoms of Ag2O
are reported in gray.
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the middle and the Ag2O and the MWCNT were in two
opposite sides between them. The only one difference is
associated with the role of the water. In fact, H2O was disposed
on the CNC/Ag2O interface in an ordered manner, and at the
same time, higher water fluctuations have been detected on
CNC/MWCNT surface. All of the previously described
interactions between the different materials have been
observed, following the previously described behaviors (Figure
8d) and leading to the formation of a more organized net. The
orientation in an ordered manner of water molecules in the
presence of silver oxide nanoparticles well explain the
improvement of electrical properties with increasing in
electrical conductivities and the shift at higher frequencies of
electrical modulus, due to the faster molecule movements
leading to the decrease in the relaxation times.

4. CONCLUSIONS
This work investigated the influence of the MWCNT
dispersion in CNC polymer films and the combined effect of
silver oxide nanoparticles on the electrical and dielectrical
properties of the CNC-based films. Electron microscopy
observations show a homogeneously distributed MWCNT
and Ag2O NPs within the nanocellulosic host. The added
nanoparticles have opposite effects in terms of thermal
stability, while the carbon nanotubes act as physical barriers
to prevent permeation of degradation products through the
material and outward (manifested in a 21 °C sight of the main
thermodegradation event), the Ag2O nanoparticles act as a
catalyst to accelerate the cleavage of glycosidic linkages of
cellulose, lowering the main thermodegradation temperature
by 6 °C. As expected, 5 wt % MWCNTs increase the DC
electrical conductivity of neat CNC films by 7 orders of
magnitude. In addition, silver oxide nanoparticles also enhance
the DC conductivity, both in the dry state and in the 53% RH
condition, providing the occurrence of synergetic events. The
AC conductivity and dielectric behavior of binary and ternary
CNC-based conductive films have been studied as a function
of frequency, and the charge transport properties have been
investigated as a function of humidity conditions. MD
simulations revealed different interactions of MWCNTs and

Ag2O NPs with CNC, and moreover, these interactions never
competed between them, confirming the uniform dispersion of
these materials in CNC films. Additionally, the amount of
water adsorption on CNC surface has been estimated, leading
to an adsorption of 2.26%. Finally, few water molecules have
been found between the interfaces, remarking the crucial role
of the solvent in the determination of a more organized net
with oriented molecules between CNC/Ag2O interface, while
a more entropic factor associated with the solvent has been
detected on CNC/MWCNT. The simulation results here
reported could help to explain the increase in the electrical
conductivity of cellulosic-materials measured experimentally,
not only in the presence of inorganic nanoparticles such as
carbon nanotubes and silver oxide but also in the presence of
water molecules.
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