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ABSTRACT: Cellulose nanocrystal (CNC)-based free-standing conductive
films were prepared by introducing different contents of single-walled carbon
nanotubes (SWCNTs) by an evaporation-induced self-assembly (EISA)
process, using water as the sole solvent. The effect of SWCNT content on
the morphology, thermal stability, and electric and dielectric properties of
CNC films has been studied by field emission scanning electron microscopy
(FE-SEM), thermogravimetric analysis (TGA), infrared spectroscopy (FT-IR),
and X-ray diffraction (XRD). In order to investigate the effect of SWCNTSs on
the conduction mechanism of biobased nanohybrids, a detailed study on
electrical and dielectric properties was conducted in DC and AC modes. The
influence process parameters in terms of the dispersing agent and sonication
method and the specific storage humidity conditions (RH = 0, 53, and 75%) W
were thoroughly investigated. The results arising from AC impedance
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spectroscopy were analyzed with respect to phase angle 8, the impedance imaginary part, and Nyquist plots, revealing the pivotal
role of both SWCNT concentration and relative humidity in the electrical properties of nanohybrids. As a result, this work sheds
light on the conducting mechanism of films based on cellulose nanoparticles in the presence of carbonaceous nanofillers.

B INTRODUCTION

Cellulose, as the most abundant renewable natural polymer on
the biosphere, is being currently used for a large number of
applications due to its excellent mechanical properties,
chemical stability, biological compatibility, and remarkable
hydrophilic properties.' > Cellulose nanocrystals (CNCs) are
a class of versatile nanosized materials based on cellulose that
can be obtained from plants or bacteria. CNCs present a rod-
like shape and dimensions typically ranging from 2 to 50 nm in
width and 100 to 2000 nm in length.*~® The incorporation of
CNC into more efficient multifunctional devices may lead to a
significant advance in the next generation of eco-friendly
materials. In this scenario, an important aspect is the possibility
to develop free-standing, homogeneous films made of CNCs
by using a water-based solvent evaporation process known as
evaporation-induced self-assembly (EISA).” The dispersion of
conductive nanostructures with a high aspect ratio in CNCs is
a plausible approach to designing and synthesizing conductive
and flexible paper-based multifunctional materials and
devices*™'° with enhanced properties obtained by using
different nanofiller contents. Among the available types of
conductive nanofillers, single-walled carbon nanotubes
(SWCNTs) are interesting candidates owing to their high
aspect ratio and electrical conductivity.'' The unique proper-
ties of SWCNTs arise from their 1D structure, according to
their high length-to-diameter ratio which reduces the scattering
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of electrons,'*' with a honeycomb lattices of carbon atoms in

sp> bonding. Their high aspect ratio allows electrical
percolation at very low nanofiller loading, while the high
intrinsic conductivity allows the production of systems with
high bulk electrical conductivity. Therefore, the role of the
SWCNTs within the CNC matrix would be to provide
continuous conductive paths between different layers. So far,
most of the studies have been focused on the development of
new biobased materials with good electron-transfer capability,
good stability, and a large surface area, which allow their use in
different applications."*

The development of nanohybrid materials, which are
composed of two or more components where CNCs act as a
matrix and SWCNTSs act as a conductive phase, has received
increasing interest due to the synergistic properties originating
from the nanosized components.'”"> Combining the biobased
properties and the large abundance in the nature of cellulose
with the conductive nature of SWCNTs may allow an
enlargement of the application field of the developed materials.
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Furthermore, incorporating conductive nanofillers within a
nanocellulose matrix is an example of tailoring an approach of
their characteristics for use in electronics and sensing devices,
as well as studying the percolation threshold. Moreover, there
is increasing interest in the development of CNC-based
products for advanced technologies such as catalysis, batteries,
supercapacitors, and sensing,'®”"® and how cellulose nano-
crystals interact with the fluid interface is an important aspect
in various fields.

In this sense, conductive nanohybrid films made from CNCs
were explored as humidity sensors,'® and due to the many
hydrophilic functional groups in the material (hydroxyl, ether,
carboxyl, and carbonyl of the graphene oxide), the material
provided a fast and linear capacitance change (on the log scale)
within the relative humidity range of 25 to 90%. Overall, the
obtained good sensitivities and repeatability together with the
cost-effective character of developed materials make CNC-
based hybrids good candidates for developing low-power-
consumption and environmentally safer sensing devices.

With this in mind, the aim of this study was to develop
conductive nanohybrids based on CNCs and SWCNTs and
investigate the electrical and dielectrical properties of the
developed nanohybrid materials as a function of SWCNT
content. Furthermore, the effect of the relative humidity
conditions was explored because the electrical properties of
cellulose are greatly influenced by the adsorption of water
vapor. In this work, the dielectric relaxation spectroscopy was
also utilized to understand the conduction mechanism and the
microstructure of the nanohybrid films.

B EXPERIMENTAL SECTION

Materials. Single-walled carbon nanotubes (SWCNTs)
were supplied by Thomas Swan & Co. Ltd. (Elicarb, Durham,
U.K.), with typical nanotube dimensions of 2 nm in diameter
and ca. 1 ym in length, and were used as received.

Microcrystalline cellulose with a particle size of 20 pm,
sulfuric acid (H,SO,), sodium dodecyl sulfate (minimum
98.5%, GC), silica gel (SiO,), magnesium nitrate-6-hydrate
(Mg(NO;),, sodium chloride (NaCl), and sodium dodecyl
sulfate (SDS) were purchased from Sigma-Aldrich and used as
received.

Cellulose nanocrystals (CNCs) were synthesized via the
sulfuric acid hydrolysis of microcrystalline cellulose.”'” Micro-
crystalline cellulose was hydrolyzed in a 64 (w/w)% sulfuric
acid solution at 45 °C for 30 min. The reaction was quenched
by adding 20-fold distilled water. The remaining cellulose was
recovered by centrifugation (4100 rpm for 20 min), and it was
further dialyzed for 7 days using a dialysis tubing cellulose
membrane (Sigma-Aldrich). Then, a mixed-bed ion-exchange
resin (Dowex Marathon MR-3 hydrogen and hydroxide forms)
was added for 24 h. After vacuum filtration, a CNC aqueous
suspension was obtained.

Nanohybrid Film Processing. SWCNT-loaded CNC
nanohybrid films were fabricated by evaporation-induced
self-assembly (EISA). The required amounts of SWCNTs
were finely dispersed in distilled water (in a 1 mg/l1 mL
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, 3, 4, and S wt %
solutions (SWCNT concentration in CNC). Then, another
sonication step (5 min and 20% output Vibra-CellTM CV
334) and a stirring step (30 min, in the case of 3, 4, and 5 wt %
films, at ~100 °C were used to evaporate the excess of water)

were applied to dispersions before casting them onto Teflon
dishes. Due to the poor dispersion in the films with 4 and 5 wt
% SWCNTs, the stirring step was replaced by bath sonication
(50 min, 40% of the amplitude at ~60 °C). Bath sonication
was also considered in the case of high SWCNT content. The
use of a surfactant was also considered with the aim of
improving the dispersion; therefore, an aqueous solution of
sodium dodecyl sulfate (SDS) at 1 wt % was added to the
SWCNTs.

Nanohybrid Film Characterization. The morphology 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 fracture 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 with a Seiko Exstar 6300 TGA quartz rod
microbalance. The tests were conducted under a nitrogen
atmosphere from 100 to 600 °C at 10 °C/min.

Fourier transform infrared spectroscopy (FT-IR) analysis of
CNCs and CNC_SWCNTs nanohybrid films was performed
at room temperatures in reflection mode by attenuated total
reflectance (ATR) using a Jasco FT-IR 615 spectrometer with
4 cm ™! spectral resolution. The measurements were performed
on CNC powder, a CNC film, and CNC_SWCNT films.

Room-temperature X-ray powder diffraction (XRD) patterns
were obtained on a Bruker D8 Advance diffractometer
equipped with a Cu tube, a Ge(lll) incident beam
monochromator (4 = 1.5406 A) (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 conducted
(ASTM D-257) by using a Keithley 6517A electrometer 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 for
at least four measurements for each sample.

The real and imaginary parts of the complex impedance
(Z*) of the CNC and CNC-based SWCNT films were
analyzed with a 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 o(®) is
calculated as reported in eq 1

oy = d/(IZIA) (1

where A is the cross-sectional area and d is the sample
thickness, which is measured with a Borletti MELN/1W
micrometer (0—25 Mm).

Since CNCs are very 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). Mass variation of the film was
measured at different times. A stable condition was achieved
after at least 1 day of storage. The following compounds were
used: silica gel (SiO,, RH = 0%), magnesium nitrate-6-hydrate
over saturated solution, Mg(NO;),(RH = 53%), and sodium
chloride NaCl (RH = 75%).

B RESULTS AND DISCUSSION

Microstructure. The microstructure of the prepared
nanohybrid films was first investigated by FE-SEM. Micro-
graphs, showing the fracture cross sections of CNC_SWCNT
films in Figure 1, reveal the formation of dense materials with
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Figure 1. FE-SEM images viewed along fracture cross sections of
CNC_SWCNT nanohybrid films for different SWCNT concen-
trations at two different magnifications.

no voids for all of the compositions. CNCs form a closely
packed structure in which SWCNTs remain homogeneously

dispersed. (See Figure S1 for a detailed view of the SWCNT
distribution within the cellulosic matrix.) During the dispersion
of CNCs with SWCNTs in water, the long-range electrostatic
repulsion forces between negatively charged CNCs can keep
carbon nanotubes well-dispersed in the solution, allowing the
nanohybrid constituents to remain dispersed in water without
aggregation and further precipitation (indeed, several works
have used CNC as dispersing agents for SWCNTs).””*' Upon
solvent drying and subsequent coassembly of CNC with
SWCNT' s through EISA, this favorable dispersion state can be
kept to yield solid films with well-dispersed conducting
nanotubes.*”*’

After the evaporation of the dispersing media, CNC and
SWCNTs cannot remain separated, yielding to the formation
of irreversible intermolecular hydrogen bonds between
adjacent CNCs, van der Waals forces between nanotubes,
and cation— interactions.”* As a result, the above-mentioned
dense structure is achieved.”>°

It can be observed that nanohybrid films present SWCNTs
out of the fracture plane, suggesting that upon surface fracture,
besides the CNC hydrogen bond breakage, carbon nanotubes
need to be pulled out. Accordingly, direct evidence for the
SWCNT reinforcement is shown here. In any case,
concentrations larger than 4 wt % also yield aggregated
SWCNT bundles (diameters up to 3 um) due to the van der
Waals forces between neighboring nanotubes (Figure S2).

The effect of the processing conditions on the morphology
of resulting films is shown in Figure 2. Small differences are
observed upon SDS incorporation into CNC films (left
column (CNC vs CNC + SDS) and middle column
(CNC_1SWCNTs vs CNC_1SWCNTs_SDS)).

FE-SEM images of CNC films produced by adding SDS
surfactant with and without SWCNT's are reported, revealing a
rougher surface structure with a packed CNC microstructure
in the absence of SDS. The introduction of SDS leads to
smoother and more homogeneous films. In the case of
surfactant-stabilized SWCNTSs and CNC, we expect that SDS
remains distributed at the interface of the nanotubes and CNC,
improving the nanometer dispersion by wrapping on the
surface of the SWCNTs.”’

Additionally, as depicted in the images shown in the right
column of Figure 2, bath sonication does not induce any
relevant visible morphological change in the resulting film.

Thermogravimetric Analysis. Figure 3ab shows ther-
mogravimetric (TG) and derivative thermogravimetric (DTG)

CNC.SDS

Figure 2. FE-SEM images viewed along fracture cross sections of CNC_SWCNT nanohybrid films obtained through different processing methods.
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Figure 3. (a) TG and (b) DTG curves of CNC_SWCNT nanohybrid films for different SWCNT concentrations.
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Figure 4. FT-IR spectra of (a) CNC films and powder and (b) CNC and CNC_4SWCNTs films. Room-temperature XRD patterns of prepared
composite films: (c) effect of SWCNT concentration and (d) effect of SDS.

curves of CNC_SWCNT nanohybrid films, representative of
weight losses and degradation rates during heating in a
nitrogen atmosphere, respectively. A neat CNC film begins to
degrade at 185 °C and reaches its maximum degradation rate
at 192 °C (Tyeq) with a maximum degradation rate (DTG,p,y)
at this temperature of 0.012%/°C, due to the depolymeriza-
tion, dehydration, and decomposition of cellulose glycosyl
units induced by the temperature increase.'” CNCs exhibited
their main weight loss in the temperature range of 250—400
°C, at which the depolymerization of cellulose occurs along
with dehydration and decomposition to produce char and
volatile products,”*” while the third mass loss can be related
to the degradation of sulfated ends of crystalline regions, which
is visible in the case of highly sulfated samples.”

While no substantial variation was noted with the addition of
1 wt % SWCNTs, the thermodegradation process of
nanohybrids was continuously delayed upon the addition of

14904

SWCNTs with an increase in DTG, values and a shift of the
thermal degradation events at 182 and 192 °C, respectively, for
CNC_3SWCNTs and CNC_SSWCNTs. The two-stage
thermodegradation process occurring in CNC films was
confirmed even at the high content for SWCNTSs. A slightly
different DTG profile below 240 °C was noted in the case of
CNC_SSWCNTSs, where a shoulder appeared at 198 °C, due
to the catalytic effect imposed by the presence of carbon-based
nanoparticles.*'**

Physicochemical Conformation and Crystalline Struc-
ture. The analysis of FT-IR spectra of CNC (in powder and
film) (Figure 4a,b) revealed the presence of easily identifiable
peaks for cellulose (peak at 1649—1634 cm™’, due to O—H
bending of adsorbed water, CH, wagging at 1317 cm™!, C-C
ring stretching at 1160 cm™" and peaks for C—O—C glycosidic
ether, C—O—C pyranose ring stretching, and yCO at C—6
found at 1110, 1057, and 1034 cm ™}, respectively.33 EISA film

https://dx.doi.org/10.1021/acs.jpcc.0c03394
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processing does not affect the CNC chemical structure. Shifts
in the peaks located at 1425 cm™' (O—C-H and CH,
scissoring), 1368 cm™' (CH bending), and 1335 cm™ (OH
in-plane bending) were observed after film processing in the
spectrum of the CNC. The addition of the SWCNTs did not
change the positions of the identified peaks, and no new peaks
were found. Only a few variations in the intensities at 1316,
1204, and 1160 cm™, corresponding respectively to C—H
bonding and C—C ring stretching, were noted.**

Figure 4c shows the X-ray diffraction (XRD) patterns of
prepared nanohybrids films. The diffraction pattern of all of the
samples is dominated by three main peaks centered at 26
angles of 14.9, 16.5, and 22.7°, which are identified as the
(110), (101), and (200) planes of the cellulose I form.**® An
additional weak peak corresponding to the (004) plane of
cellulose I is also observed at 26 = 34.4°. As depicted in Figure
4c, no additional peaks are observed upon SWCNT
incorporation. In this sense, it has been reported that
SWCNTs display a broad main diffraction peak at a 20 angle
of 26.6 ascribed to the (002) plane of hexagonal graphitic
carbon.”” The absence of the peak corresponding to SWCNTs
is related to the small fraction of SWCNTSs within the
composite film, whose diffraction pattern is dominated by the
highly crystalline CNC (degree of crystallinity, X, &~ 91%
according to Ruland’s principles and Rietveld analysis).>

Similarly, Figure 4d shows the effect of SDS addition and
batch processing on the crystalline structure of resulting
materials. SDS incorporation yields new narrow diffraction
peaks which match the monoclinic lattice of SDS (P21/c space
group) reported by Smith et al,’® suggesting that homoge-
neously distributed small crystals are formed between CNCs.*”
Moreover, the main broad peaks corresponding to the CNC
matrix remain unchanged. Furthermore, it is seen that after
bath sonication the XRD pattern of the CNC_SSWCNTs film
remains virtually unchanged. Overall, the fact that CNC
diffraction peaks do not change their shape or position is due
to the fact that their crystalline structure is defined during the
sulfuric acid hydrolysis and remains stable upon film formation.

Electrical and Dielectrical Properties. Figure 5 shows
the DC conductivity (6pc) of the CNC_SWCNT nanohybrid
EISA films in the log plot, as a function of the SWCNT

10’ N 0 100 200 300 400 500
E Time [s]

CONDUCTIVITY [ohm *cm]
5

o

(ﬁ(’P : C$(, Z (1‘\(,/ (J$(// C$C/

Figure 5. DC conductivity as a function of SWCNT content in
cellulose-nanocrystal-based films. The inset shows the behavior of the
current of CNC_SSWCNTs as a function of the time when a square
wave of 1 V is applied.

content in the 0.5—5 wt % range, in dry form. The opc
increases with the increase in the SWCNT loading, as already
observed in the case of other SWCNT-based nanohybrids.*
With a single-walled carbon nanotube content of less than 3 wt
%, the conductivity was below the value of 107 Q™' m™, and
the films maintain the insulating properties of the original neat
CNC films. Nanohybrids with 4 and 5§ wt % SWCNTSs show an
increase in the conductivity of 5 orders of magnitude with
values higher than 107 Q™' m™' due to SWCNT conductive
network formation.

The inset of Figure 5 shows the typical behavior of the
current for CNC_SSWCNTs films as a function of time, when
a square wave of 1 V was applied. Over a wide range of voltage,
there is a linear correlation between the current and voltage,
indicating that ohmic contacts between nanohybrid films and
electrodes are formed.

Dielectric spectroscopy was used in this study to analyze the
frequency-dependent electrical properties of the SWCNT-
based films under dry and a fixed-humidity conditions"" since
it represents a valuable tool for studying the relationships
between the electrical properties of the nanohybrids and their
internal microstructure. The real and imaginary parts of the
impedance are recorded under different humidity conditions.
Stable humidity conditions were assured after 24 h of
incubation. The addition of a conductive phase as SWCNTs
in a CNC natural polymer matrix promotes the conductive
behavior, as already demonstrated by the DC study in Figure 5.

The data were analyzed in terms of AC conductivity (64c),
phase angle 6, and real and imaginary parts of the impedance.42

Figure 6a—c shows the o0,c conductivity behavior of the
CNC-based films for various SWCNT contents and measured
under (a) dry conditions, (b) 53% relative humidity (RH), and
(c) 75% RH. The frequency dependence of conductivity shows
two distinct regimes: (i) the low-frequency plateau region and
(ii) the high-frequency dispersion region. The plateau region
corresponds to frequency-independent conductivity (op), and
the dispersion region corresponds to the frequency-dependent
part. The o, of the pure CNC film increases almost linearly
with increasing frequency, showing typical insulating behavior.
This effect was also observed in nanohybrids with SWCNT
content of less than 3 wt %. When the content is higher than 3
wt %, the nanohybrids exhibit metal-like conductive behavior,
and their o,c becomes frequency-independent at low
frequencies to increase later with the frequency. These results
indicate that carbonaceous nanostructured networks are
formed. A critical frequency (f.), which is function of the
SWCNT content in the films and of the environmental
conditions, can be defined as the level where the o,c curve
became independent of the frequency. In our study, we can
observe that in the dry state the 3 wt %-based film exhibit
insulator behavior, while at 53% RH o, of the same sample
shows a critical frequency at around 100 Hz, which increases
up to 1000 Hz for the sample being tested at 75% RH. In the
case of S wt % SWCNTSs, this value increases up to 10 000 Hz.
It is well established that the conductivity and the impedance
of materials depend upon the orientation of the permanent
dipoles.* The dipoles can be oriented by the change in the
content of the conductive phase as SWCNTs but also by
changing the surrounding humidity, hence the water
adsorption in the CNC, that can affect the mobility of
bound charges.

In Figure 6d—f, for phase angle 6, the out-of-phase behavior
between current and voltage (arctan(Z,/Z,)) is plotted against
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Figure 6. Role of the SWCNT content in the AC conductivity and phase € angle behavior in the 20 Hz —1 MHz frequency range, measured (a—d)
under dry conditions, (b—e) at a relative humidity fixed at $3%, and (c—f) at a relative humidity fixed at 75%.

frequency. From phase angle values, it is possible to observe
that a high SWCNT content is related to a material with a 6
value close to zero rad, in the low-frequency region, which can
be associated with more resistive-like behavior. Due to the
conductive nature of nanotubes, the material loses its dielectric
nature. On the other hand, lower SWCNT content (i.e., 3 wt
%) leads to a 6 value of about —1.4 rad, which can be related to
more capacitive-like behavior. Moreover, these curves confirm
that the conductive nature is predominant at low frequencies,
while at higher frequencies the capacitive behavior provides a
constant value for the phase curve. A relaxation phenomenon is
visible in the CNC_SWCNTs EISA films with SWCNT
content below 3 wt %, and this effect is RH%-dependent.
Furthermore, CNC films without conductive nanofillers show
changes induced by the different relative humidity conditions,
with a difference in the relaxation of charged mobile species,
within the range of the studied frequencies.*" Dielectric
spectroscopy is highly sensitive to charge mobility and the local
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dynamics of dipole moments that can be changed by water
interaction with CNC. The transport mechanism induced by
carrier ions (protons and/or cations) may explain the observed
changes in the phase angle € in conductivity with moisture
content.

The relative humidity conditions also have a strong influence
on the electrical and dielectric properties of the nanohybrids.
Figure 7 shows in detail the trends in (a) AC conductivity, (b)
phase angle 6, (c) the imaginary part of the impedance, and
(d) the Nyquist plot of CNC 3SWCNTs under different
relative humidity conditions, while the behavior of the sample
CNC_4SWCNTs film is reported in Figure S3.

It is well known that CNCs, as all polysaccharides, can
strongly interact with water molecules.” Here, the con-
ductivity was measured for films stabilized at various relative
humidities. As shown in Figure 7a, the AC conductivity
decreases when the films are dried, forming an insulating
structure at low relative humidity. Conversely, an increase in
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the relative humidity is accompanied by an enhancement in the
conductivity. Water may act as a plasticizer in the amorphous
segments and tends to build a large number of inter-CNC
hydrogen bonds between the hydroxyl groups, reinforcing
lateral cohesion. This leads to a better organized and denser
network with rubbery characteristics at high moisture contents
rather than a rigid network at low moisture contents.*® Figure
7b represents the frequency dependence of the phase-shift
angle. In our obtained nanohybrids, the shifts from negative to
positive on the CNC_3SWCNTs film increase with the
relative humidity, indicating the occurrence of a capacitive-
inductive transition, induced by the presence of adsorbed
water molecules. The observed 6 behavior means that the
voltage phase falls behind the current phase and capacitors play
a dominant role in the circuit, so the nanohybrids manifest
capacitive character. CNC_3SWCNTs films exhibit insulator
behavior in the dry state.

The log—log plot of the imaginary part of the impedance
(Z)) (Figure 7c) exhibits linear behavior with the frequency,
whereas when the measurements were conducted on stabilized
films at 53 and 75% RH, a peak was observed corresponding to
the relaxation of charged mobile species, within the range of
the studied frequencies, which was shifted toward higher
frequency with increasing RH.** To better understand the
complex dielectric behavior of the studied samples, the Nyquist
plot, representative of Z'’ versus Z’ on a normal scale plot, is
displayed in Figure 7d as a function of storage humidity
conditions. It exhibited a semicircle shape, indicatin_g the
presence of polarization with a single relaxation time."” The
peak and radius of the semicircle decrease with the increase in
humidity but also with the SWCNT content. Similar behavior
was observed in the case of CNC_4SWCNTSs nanohybrid films
(Figure S3), where the frequency shift in the relaxation peak of
the imaginary part of the impedance is very visibile and
attributed to the water adsorption.

SDS was used as a dispersing agent in SWCNT-based
nanohybrid films since the dispersion of carbon nanotubes and
their mixing with nanocellulose on the nanometric scale is one
of the most difficult challenges for creating conductive films.
SDS is usually distributed at the interface of the nanotubes but
is also present in the bulk polymer matrix.””** Dielectrical
analysis shows how the presence and the dispersion action
induced by the SDS improve the electrical transport network.
Increased values of conductivity (Figure 8a) were obtained in
SDS-based films by comparison with the same film formulation
without SDS and measured under the same laboratory
conditions. Phase angle 6 (Figure 8b) also exhibits more
resistive-like behavior. This result is speculated to be the
competition between the increased dispersion of nanotubes
and the deterioration of SWCNT electrical conductivity by
SDS adsorption. Dielectric spectroscopy shows that SDS
induces the formation of a relaxation mechanism, underlining
that interfacial phenomena induced by the presence of SDS are
critical.

The role of the SDS dispersion agent in carbon nanotubes
was also analyzed under different relative humidity conditions.
Figure 8c,d compares the AC conductivity versus frequency
and the Nyquist plot for CNC 1SWCNTs_SDS films
stabilized at various RH values. The films exhibit very similar
behavior, without showing a large difference for the dry state,
at 53 and 75% RH, in SWCNT-based films with the SDS
dispersing agent. It seems that water interacts in a different
manner with the SDS-based CNC_SWCNTs films. When the

dispersion state of SWCNTs is poor and they are agglomerated
in the cellulose nanocrystals, the system can absorb a
considerable amount of water, which modifies the electrical
properties.

SDS is a typical head-and-tail surfactant, which is composed
of a hydrophobic tail and a polar headgroup. SDS molecules
can induce a well-organized molecular structure, as shown by
Tan et al,* on the surface of the SWCNTs due to the
interchain van der Waals interaction between the alkyl chains.
However, the ionic sulfate group is expected to interact with
the CNC surface, whereas the hydrophobic alkyl chains adsorb
on the SWCNTs. The final structure depends on the
interactions among the following: SDS, CNCs, and
SWCNTs.™

B CONCLUSIONS

This work presents a green method for the fabrication of
electrically conductive CNC-based nanohybrids by dispersing
SWCNTs and by using water as a unique solvent. The effects
of the SWCNT content and dispersing agent were mainly
investigated. Chemical, thermal, and morphological analyses
underlined that SWCNTs are well dispersed in the CNC films.
The results demonstrate the importance of analyzing both the
DC conductivity and the dielectric properties in order to
obtain in-depth information about charge-transport phenom-
ena. The results presented in this article highlight the effect of
the conductive nanostructures as SWCNTs in the CNC films
prepared by the EISA method but also the effect of the
humidity conditions. SWCNT concentrations significantly
affect the electrical conductivity of the films, and this behavior
is dependent on the storage conditions of the nanohybrids.
Furthermore, it was shown that SDS enables improved
SWCNT dispersion in the system. The conductivity increase
for the CNC nanohybrid film with SWCNT introduction and
for the humidity conditions could be important phenomena
that can find relevant applications in fields including sensing
and energy storage.
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