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ABSTRACT: The continuous flow assembly of colloidal nanoparticles from aqueous suspensions into
macroscopic materials in a field-assisted double flow focusing system offers an attractive way to bridge the
outstanding nanoscale characteristics of renewable cellulose nanofibrils (CNFs) at scales most common to
human technologies. By incorporating single-walled carbon nanotubes (SWNTs) during the fabrication
process, high-performance functional filament nanocomposites were produced. CNFs and SWNTs were first
dispersed in water without any external surfactants or binding agents, and the resulting nanocolloids were
aligned by means of an alternating electric field combined with extensional sheath flows. The nanoscale
orientational anisotropy was then locked by a liquid—gel transition during the materials assembly into
macroscopic filaments, which greatly improved their mechanical, electrical, and liquid sensing properties.
Significantly, these findings pave the way toward the environmentally friendly and scalable manufacturing of a

variety of multifunctional fibers for diverse applications.
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1. INTRODUCTION

The evolution of modern electronics toward miniaturization
and flexibility becomes an essential aspect of the information
and communication technology industry. In particular, the
rapid proliferation of ever smarter and more feature-rich
wearable devices is expected to have a significant impact upon
most personal and business sectors, such as healthcare, sports,
fashion, transportation, security, gaming, and infotainment.' ™
The global market for flexible electronics was estimated at
$15.7 billion in 2020 and is projected to reach a revised size of
$44.8 billion by 2026, growing at a Compound Annual Growth
Rate (CAGR) of 18.6% during the forecasted period.’
However, without a sustainable design strategy, wearable
electronics might just become another category of mass-
consumed products contributing to global resource depletion.
Wearable devices have already been adopted by 12.3% of the
global population in 2020 and will reach up to 65.6% by 2030.°
In addition, the frequency of replacing old devices also
increases rapidly, stretching the demand for landfill space with
the accumulation of persistent e-waste. A recent study revealed
that every third American consumer who owned a wearable
product stopped using it within six months, contributing a
sizeable fraction of the 3.2 million tons of e-waste discarded
annually in the U.S.” Considering the upcoming proliferation
of wearables along with their short lifecycle, the development
of renewable and biodegradable systems becomes essential.
This next generation of electronics will require enhanced
portability, flexibility, multifunctionality, operational safety,
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energy autonomy, and biocompatibility, while reducing the
cost and minimizing environmental impact. Cellulose is a
naturally abundant renewable biomacromolecule that offers
multiple advantages when extracted at the nanoscale, making it
an ideal candidate for manufacturing sustainable and flexible
wearables and electronics. As cellulose nanofibrils (CNFs) are
becoming more readily available, it is critical to develop
scalable processes that limit the occurrence of stochastic
defects when assembling CNFs into macroscopic structures for
applications at scales most common to human technologies. By
combining the effects of shear and elongational forces and
electrostatic torque exerted on a CNF suspension, we
previously established the first-of-its-kind field-assisted flow
focusing method capable of producing highly ordered
macroscopic cellulose filaments in a flow-through process.®
This technological accomplishment offers unique opportunities
to design high-performance fibrous materials.

The present research reports on the incorporation of single-
walled carbon nanotubes (SWNTs) to the filament composi-
tion, imparting conductivity to the resulting anisotropic
composites and enabling resistive-sensing applications. Re-
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Figure 1. (A) Strain-rate dependence of the viscosity for aqueous dispersions of pure CNF and CNF/SWNT mixture after 8 min double sonication
treatment. (B) Absorption spectra of aqueous suspensions comprising equal quantities of CNFs and SWNTs at varying solid concentrations. The
inset shows a photo of the Tyndall effect demonstrating the colloidal nature of the aqueous CNF/SWNT dispersions at 15 wt % solid. (C) CNF
length distribution as a function of sonication time. (D) Colloidal stability of the aqueous CNF/SWNT dispersion prepared at 15 wt % total solid
content and 8 min sonication over a 10 day period. The inset shows the zoomed in view of the wavelength region ranging from 200 to 350 nm.

search combining nanocellulose with electrically conductive
nanocarbons, such as carbon nanotubes (CNTs) or graphene,
to form fibrous composites has been reported in the recent
literature,” ™" although studies involving CNFs remain scarce
compared to other types of nanocellulose like cellulose
nanocrystals (CNCs).'” Previous reports typically show that
while higher nanocarbon contents improve the composite’s
electrical conductivity, it often comes at the expense of its
mechanical performance, since hydrophobic nanocarbons can
disrupt the structural integrity of polar cellulose networks."
For instance, when CNT loading is above the percolation
threshold, it can yield 4—10 orders of magnitude increase in
conductivity; however, these results were accompanied by
drastic reductions in tensile strength sometimes greater than
50%."*~"7 Therefore, most cellulose-based conductive compo-
sites maintained relatively low nanocarbon contents (i.e. a few
wt %).

Preserving the mechanical integrity of composites at high
filler contents requires strong interfacial interactions between
fillers and matrix, as well as an even filler distribution with
minimal aggregation to prevent localized stress and crack
propagation.'®"” Although covalent bonding can fortify the
nanoparticle/matrix interface, the cross-linking reactions often
sacrifice the composite’s conductivity by altering the fillers’
electronic structure.””~>* Here, we leverage the ability of CNFs
to form stable, colloidal dispersions with SWNTs in water
without chemical functionalization or surfactants for the
fabrication of strong and conductive filament nanocomposites.
Although they are typically more expensive than their multi-
walled counterparts, SWNTs are preferred here due to their
aspect ratio that matches that of CNFs more closely. The
complexation between CNFs and SWNTs is examined by
near-field IR spectroscopy, which is an innovative analytical
method rarely used for CNF characterization.”> The CNF/
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SWNT nanocolloids are then aligned by means of an
alternating electric field combined with elongational flows,
while the nanoscale orientational anisotropy is locked by a
liquid—gel transition during the materials assembly into
macroscopic filaments (Figure 1A). To the best of our
knowledge, this study consists of the first examination of
dissimilar and polydisperse nanoparticles in a dynamic field-
assisted flow-focusing system. The structural, mechanical, and
electrical properties of the resulting filament nanocomposites
are thoroughly assessed. In addition, as-fabricated materials are
applied as ultra-sensitive-resistive liquid water sensors enabling
the reliable detection of sub-uL volumes. Sensing small
volumes of liquid water remains a difficult challenge because
materials employed in current technologies have either weak
responses due to their non-polar nature or they are partially
soluble in water leading to their rapid degradation once wet.
This work has important implications for the manufacturing of
sustainable multifunctional materials with small form factors.

2. RESULTS AND DISCUSSION

2.1. Colloidal Dispersion of Aqueous CNF/SWNT
Mixtures. Previous research has reported that TEMPO-
oxidized CNFs with high aspect ratio and charge density are
effective at disg)ersing aqueous CNTs at relatively high
concentrations.>® Here, CNFs were extracted from bleached
softwood pulp based on our previously established TEMPO-
mediated oxidation procedure followed by mechanical
defibrillation.”**> The resulting CNFs had a charge density
of 0.75 mmol COOH/g, as determined by conductometric
titration and a high aspect ratio with a mean width and length
of 2 and 625 nm, respectively, as measured by atomic force
microscopy (Figure S1). As-synthesized CNFs were mixed
with commercially available single-walled CNTs (SWNT, S—
30 um length and 2—S5 nm diameter) in different

https://doi.org/10.1021/acsami.3c03906
ACS Appl. Mater. Interfaces 2023, 15, 36647—36656


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03906/suppl_file/am3c03906_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03906?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03906?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03906?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03906?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c03906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

proportions.”® Per the manufacturer specifications, the SWNTs
contained 2.7% carboxylic groups and were purified to remove
residual catalysts (>99% carbon purity) and amorphous carbon
(<3 wt %). Note that few multiwall CNTs with a small number
of graphitic layers (ie. < 10) existed within the nanotube
samples. Aqueous mixtures were prepared using a previously
established double acoustic irradiation method to break the
carbon nanomaterial aggregates while minimizing the extent of
cavitation-induced damages to the nanoparticles.”” The
minimal change in the integrated intensity ratio of the G
band to the D band (IG/ID), as determined by Raman
spectroscopy (Figure S2), supports the low level of structural
alteration inflicted to SWNTs during the double acoustic
irradiation treatment. All dispersions behave like non-New-
tonian fluids as the viscosity decreased when the strain rate
increased (Figure 1A). The addition of SWNTs increased the
solution viscosity despite the lubricating effect of nanotubes.*®
This might be attributed to the higher mass of the mixture and
the reduced Coulombic stability of CNF/SWNT complexes
compared to sole CNF particles.”” The presence of SWNTs
also enhanced the shear-thinning behavior of the mixture and
expanded the shear-thinning region to low strain rates.
Absorption spectroscopy revealed that CNF/SWNT suspen-
sions were the most active in the UV—visible region, with a
strong peak at 255 nm characteristic of the surface 7-plasmon
excitation of SWNTs (Figure 1B). Since bundled SWNT
aggregates hardly absorb any light in the UV range, the 255 nm
peak can be used to assess the degree of SWNT
disentanglement.’® The linear correlation between the
absorption at 255 nm and the quantity of SWNTs in solution
indicated the good dispersing action of CNFs for SWNTs in
the [S—15 wt %] total solid concentration range and at a
CNF/SWNT mass ratio of 1:1 w/w. Results also showed that
longer sonication times improved the SWNT individualization
at a given solid concentration. However, prolonging the
nanoparticle exposure to double acoustic irradiation beyond 8
min had not significant effect on the degree of SWNT
individualization (data not shown), but it kept decreasing the
nanoparticle length (Figure 1C). This is consistent with
previous studies reporting that CNTs suspended in water
experienced extensive cutting after 5 min of horn sonication.”"
Therefore, a double sonication time of 8 min offered a good
compromise to achieve both a high dispersion quality and a
narrow nanoparticle length distribution, while preventing the
shortening of nanoparticles by more than half of their initial
size. The aqueous mixtures prepared under these conditions
remained very stable over a 10 day period (Figure 1D), which
corresponded to the maximum time within which the
nanoparticle dispersions were implemented in the field-assisted
flow focusing system. To perform this colloidal stability test, 20
mL samples were stored in the dark at room temperature
without any treatment or agitation and periodical absorbance
measurements were taken over a 10 day period by pipetting 3.5
mL aliquots to quartz cuvettes. Photographs of the aqueous
CNF/SWNT dispersions at the 0-, 5- and 10 day points are
shown in Figure S3.

2.2. Nanoparticle Complexation. Two mechanisms have
been reported in the literature to describe the complexation
between CNFs and CNTs—namely, a wrapping effect’>** and
counterion interactions.”™*° The former, which consists of the
physical entanglement between CNFs and CNTs, has been
suggested based on the comparison of diverse components’
height identified from speculated differences in length and

measured by AFM.*® The latter, involving the delocalization of
electrons in the sp” carbon lattice of CNTs induced by the
fluctuation of counterions on the CNF surface, has been
proposed based on observations made with a spherical AFM
probe coated with CNFs and brought into proximity of a
graphene sheet.”* The colloidal dispersion of the resulting
CNF/CNT complexes is then established by electrostatic
stabilization originating from the anionic nature of CNF in
aqueous solution. Here, nano-FTIR microscopy, which is a
relatively novel multimodal technique applying the AFM
enhancement of near-field infrared radiation for chemical
analysis at the nanoscale, was employed to probe the
association between CNFs and SWNTs (Figure S4). The
method uses the forces exerted on the AFM tip via the light-
induced tip—sample interaction to provide a direct image of
the specimen, while simultaneously combining the exaltation of
the field between the tip and the sample to enable infrared
spectroscopy analysis at spatial resolution well below the
diffraction limit. Several spectra were recorded at various
locations along the length of a single nanoparticle (i.e.
presumably SWNT based on length differences) where
multiple crossings with other particles (ie. most likely
CNFs) occurred (Figure 2A,B). The variations in intensity
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Figure 2. PiFM (A) and phase (B) images of aqueous CNF/SWNT
dispersions at 1:1 mass ratio drop casted onto freshly cleaved mica
substrates. (C) Stacked PiFM spectra from the different color-coded
regions highlighted in (A). (D) TEM micrograph of a CNF-wrapped
carbon nanotube with arrows highlighting the locations of
interparticle entanglement.

of characteristic cellulose bands centered around 1071, 1100,
and 1347 cm™ confirmed the presence of CNFs at the particle
crossing points (Figure 2C).””** Notably, a broadening of the
peak at 1612 cm™, which is attributed to unsaturated
structures, suggested that aromatic interactions exist between
the nanoparticles.”” The changes in intensity of the feature at
1710 cm™, assigned to carbonyl (C=O0) stretching in
carboxylic acid groups,” might indicate the presence of
hydrogen bonding between CNFs and SWNTs. The strong
bonding interactions between CNFs and SWNTs were further
demonstrated by the red-shifts observed in the graphitic D-
and G-bands during Raman spectroscopy analysis (Figure S2).
These results are consistent with previous reports postulating
that hydrophobic interactions occur between the aromatic
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CNF primary backbone and the SWNT wall.***® To further
verify whether the ultrasonic agitation could lead to physical
interparticle entanglement, the CNF/SWNT mixtures were
aliquoted immediately after sonication and dropped onto
copper grids (S162, Plano GmbH, Wetzlar/Germany) for
transmission electron microscope (TEM) analysis. Prior to
TEM imaging, the copper grids were placed on a tissue to
remove the water instantly and fix the state of dispersion by
limiting particle agglomeration. The TEM analysis showed
evidence of sonication-induced interparticle entanglement, as
indicated by the white arrows in Figure 2D. The multi-point
non-covalent interactions between CNFs and the SWNT
surface promote the wrapping dispersion effect.

2.3. Structural Characterization of Filament Nano-
composites. Unless otherwise specified, aqueous mixtures of
CNFs and SWNTs at a mass ratio of 1:1 were used to produce
filament nanocomposites, while pristine CNF filaments were
also fabricated for comparison purposes, as depicted in Figure
3. The as-prepared nanoparticle dispersions were fed into a 1
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Figure 3. Diagram of the field-assisted flow-focusing system employed
for the continuous fabrication of macroscopic nanocellulose structures
with a photograph of as-produced electrically conductive filament
nanocomposites.

mm microfluidic channel equipped with five circular copper
electrodes followed by two sets of extensional flows using a
similar field-assisted flow focusing process as described
elsewhere.” An alternating AC electrical field of 100 V,, was
applied to improve the ordering of the nematic phase. The
dissociation level of polar groups on the surface of colloidal
nanoparticles can be influenced by the solution pH to trigger
the formation of a solid hydrogel. Therefore, upon contact with
1 M HCI at the second extensional flow, the added protons
neutralize the charge on the nanoparticle surface. In particular,
the protonation of the carboxyl groups at low pH decreases
both the surface potential and electrostatic repulsion of CNF.
When insufficient charge repulsion is present, Van der Waals
attraction forces become dominant, allowing the nanoparticles
to come in close with each other, initiating the electrostatic-
driven gelation of the material. The resulting hydrogel threads
were then continuously extruded at a rate of 0.7 cm-s™" into a

bath of deionized water and dried at room temperature prior to
further analysis. Scanning electron microscopy revealed that all
filaments, regardless of SWNT content and applied voltage,
had a similar mean diameter of 11.5 um and exhibited a
uniform and tightly packed core structure with no obvious
voids (Figure 4A,B). Observations of cryo-fractured sections of
the filament nanocomposites at higher magnification revealed
the presence of tightly packed nanoparticles evenly distributed
throughout the entire filament core with an obvious alignment
along the longitudinal direction. The external surface of the
composite filaments exhibited a rough and bumpy texture
comparable to that of pure CNF specimens (Figure SS).
Conductive SEM imaging techniques further highlighted the
presence of SWNTs beneath the filament surface (Figure 4C),
which appeared to be oriented parallel to the filament’s long
axis. Subsurface SWNT chaining was obvious for the filament
nanocomposites prepared under an applied voltage of 100 V,,
which is a common characteristic of the dielectrophoretic
alignment of nanoparticles.*"”** This means that the damping
action caused by the higher viscosity of the CNF/SWNT
mixture was not sufficient to oppose the effect of the
electrostatic torque on nanoparticle alignment. Moreover, the
red shift and broadening of the hydroxyl and carboxyl FTIR
signatures at 3330 and 1600 cm™" (Figure 4D) demonstrated
that hydrogen bonding still existed between CNFs and
SWNTs after the gelation of colloidal nanoparticles into
macroscopic filaments. These observations of a combined
organized microstructure and strong interfacial interactions
between CNFs and SWNTSs are expected to lead to consistent
hybrid filament formation and good transfer of mechanical
properties across scales.*’

2.4. Mechanical and Electrical Properties of Filament
Nanocomposites. The strength properties of filament
nanocomposites prepared with various SWNT contents (i.e.
0, 15, 25, and SO wt %) and under different electric fields (i.e. 0
and 100 V,,,) were examined using a uniaxial tensile tester, as
depicted in Figure S. For SWNT contents of 15 wt % or below,
the applied voltage did not affect the mechanical performance
and the tests at 100 V., did not show any significant
differences compared to the ones conducted without electric
field (Figure SB). At higher SWNT loadings, however, the
effect of the applied voltage on the filaments’ mechanical
characteristics became statistically significant with an increase
(when the electric field was set to 100 V,,, compared to when it
was turned off) in strength of 31 and 16% and in Young’s
modulus of 33 and 13% on average at 25 and 50 wt % SWNTs,
respectively (Figure SC). Interestingly, the mechanical proper-
ties of hybrid filaments gradually increased as the level of
SWNTs rises. Such observations are unprecedented in the
literature, where higher CNT loadings in cellulose-based
composites typically induce a reduction in strength due to
(i) the non-polar nature of CNTs, disrupting inter-cellulose
bonding, and to (ii) the easier nanoparticle slippage promoted
by weak interactions between CNT aggregates.”””*** These
negative effects can be uniquely counterbalanced by the
enhanced microstructure ordering achieved at higher SWNT
contents owing to the combined action of electrostatic torque
and hydrodynamic flow toward orientational anisotropy. Since
electric fields below 100 V,,, were previously reported to have a
negligible effect on the nematic ordering of CNFs alone
(Figure $6),** the presence of SWNTs in sufficient quantities
is expected to play a pivotal role in the preferred orientation of
the filament microstructure. First, the delocalized 7-electron
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Figure 4. (A) Representative SEM images showing the cross-section of a cryo-fractured filament comprising S0 wt % SWNTs at low and high
magnifications. (B) Diameter distribution of filament nanocomposites prepared under various conditions. Both SWCNT content and applied
voltage did not induce any statistical differences in the filament diameter. (C) Backscattered electron imaging of filament composites prepared at
applied voltages of 0 and 100 V,,. (D) FTIR spectra of nanocellulose filaments containing 0 and 50 wt % SWNTs. The vertical solid and dashed
lines highlight the peak positions in the FTIR spectra of pure CNF and CNF/SWNT samples, respectively.
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9,34,36,44

clouds of carbon nanotubes are expected to generate a stronger
electric-field-induced polarization than the polar groups
periodically occurring along the cellulose chains. Then, our
previous numerical study demonstrated that while shorter
fibrous particles exhibit a faster response to the electric field
and align better, they also de-align more rapidly downstream of
the electric field.*® In addition, Brownian motion tends to limit
the hydrodynamic flow alignment of shorter fibrous particles.
Therefore, considering the estimated residency times of
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nanoparticles in the extensional flow region (ie. 8.3 s) and
in the applied electric field region (ie. 150 s), the greater
polarizability and length of SWNTs (i.e. few um) compared to
CNFs (i.e. few hundred nm) allow them to both align better
along the electric field and hydrodynamic flow directions, and
withstand orientation relaxation better until the gelation of the
filament structure. The presence of SWNTs at 15 and 25 wt %
in the filament composition decreased both the strength,
stiffness, strain-to-failure, and toughness of the nanocomposites
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Figure 6. (A) I-V curves of hybrid filaments containing S0 wt % SWNTSs prepared at applied voltages of 0 and 100 V,,.. (B) Photograph of a LED

operated using a single hybrid filament connected to a 12 V battery.

compared to pure CNF materials (Figure SB,C). This loss in
mechanical properties was recovered, at least partially, by the
improved nanoparticle orientation at 50 wt % SWNT loading.
Most notably, when the electric field was switched from 0 to
100 V,, the nanocomposite filaments comprising an equal
proportion of CNFs and SWNTs achieved the same strength
of ~261 MPa than pure CNF filaments, while surpassing its
toughness by more than 50%. Such simultaneous improvement
in both strength and toughness is relatively seldom for this type
of cellulose-based composites at high CNT contents (Figure
SD). When compared with other nanocomposite manufactur-
ing methods previously reported in the literature, our tested
filaments exhibited tensile strength values (i.e. 261 MPa) that
are 3.6 times that of CNF/SWNT membranes (i.e. 73 MPa),"’
2.5 times that of CNF/CNT filaments fabricated by interfacial
nanoparticle complexation (i.e. 103 MPa),* and 2.3 times that
of CNF/CNT filaments produced by wet spinning (i.e. 113
MPa).*

The beneficial effect of the electric field was also evident
when looking at the electrical characteristics of the materials.
Electrical measurements were conducted by mounting the as-
prepared nanocomposite filaments onto glass slides using silver
paste to minimize the contact resistance. Ohmic contacts were
revealed from the linear trend that emerged from the current—
voltage curves displayed in Figure 6A.* The resistance of the
specimens containing the highest SWNT content considered
in this work (i.e. SO wt %) was reduced by more than 25%
when the applied voltage was switched from 0 to 100 V,,
which was sufficient to conduct enough current to operate a
light-emitting diode (LED) when supplied with a 12 V battery
(Figure 6B). Under the electric field, the nanoparticles became
polarized and got attracted to each other by Coulombic
interactions from the opposite charges present at their ends,
forming a percolated network of electrically conductive
SWNTs, hence lowering the resistance of the composite.
This observation is consistent with previous studies on the
dielectrophoretic alignment of CNTs, demonstrating that a
gain in electrical conductivity is typically associated with
materials exhibiting more organized microstructures.”®**>°

2.5. Ultrasensitive-Resistive Response to Liquid
Water. Prompted by the anisotropic hydroexpansion behavior
of cellulose, we proposed to examine whether the higher
ordering degree of the hybrid filaments comprising of 50 wt %
SWNT's and prepared under an applied voltage of 100 V,,, may
be advantageous for advanced liquid-sensing applications. To
this aim, the sensitivity to liquid water of different filament
nanocomposites was assessed by recording simultaneously the
relative changes in their diameter and electrical resistance as a

function of time upon drop-casting 1 L of deionized water.
The analysis was carried out with the filament-mounted slides
using an inverted light microscope (Zeiss Axiolab) equipped
with a digital camera (Zeiss Axiocam ERc5s) and fitted with a
Keithley 2450 Source Measurement Unit, as illustrated in
Figure 7. The anisotropic swelling of the cellulose filaments,

Figure 7. Schematic of the experimental set up used to measure
simultaneously the variations in diameter and resistance of filament
composites in the dry and wet states. Wetting involved drop casting 1
L of deionized water onto the center position of the filament
between the two electrodes.

observed in Figure 8A and supplementary Video S1, disrupted
the electron transport within the SWNT network, resulting in
an abrupt increase in resistance upon immediate wetting.
Unlike SWNT's which do not experience obvious dimensional
change in water, wet cellulose fibers typically expand radially
rather than in the longitudinal direction. The CNF hydro-
expansion results from the water penetration into the cellulose
intra/interchain pores with interactions between polar water
molecules and oxygen groups on the CNF surface, which
occurs mainly in the amorphous regions of cellulose where
larger numbers of free hydroxyl moieties are available.”’ To a
lesser extent, the presence of free water molecules may also
affect the interfiber spacing by disrupting hydrogen bonding
between adjacent CNFs. Given the relative alignment of
nanoparticles in the macroscopic structure, it makes sense that
the filaments also expand in the out-of-plane direction. While
the radial expansions of the filaments were fully reversed upon
drying, the electrical resistances did not completely return to
their initial levels. This hysteresis effect was found to fade away
after a few wetting/drying cycles. Recently, Soderberg et al.
also revealed that the conductivity of CNF composites could
be fully recovered after exposing spent materials to humidity
values below 5% RH.'"' The hydroexpansion behavior and
liquid sensitivity of nanocomposite filaments prepared with
and without external electrical field were compared, as shown
in Figure 8B,C. In each case, the evolutions of the filament

https://doi.org/10.1021/acsami.3c03906
ACS Appl. Mater. Interfaces 2023, 15, 36647—36656


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03906/suppl_file/am3c03906_si_002.mp4
https://pubs.acs.org/doi/10.1021/acsami.3c03906?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03906?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03906?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03906?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03906?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03906?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03906?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03906?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c03906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

| 100+ 4
B 07 oV OOA
80| e e = 80 £
© ) - —— e s —— | @
-y ! — - - - - - o
- qE’ 601 =% . . te0 &
s |: [T 2
o 404 J ®
" 40 2
2 50l I ©
3 R 20 2
C ol °
” . &

0 2 4 6 8 10 12

C 1004 -100
| 100V =
< » anen s
T 1 N (80 g
3 ) W e
g0 ST 60 §
s 1 ot ?
{ = r/ ]
3 a0 / t40
\. [T e S | 2 20: .'. / t “2’
~— 3 = 120 &
| | - P 2
O =—Tmngn _. . TEEg ¢ | 0
A 0 100 200 1200 1300 | l 0 2 4 6 8 10 12
|

Time (s)

Time (s)

Figure 8. (A) Optical microscope images taken at the same 200X magnification depicting the swelling of a SO wt % CNF/SWNT filament upon
contact with 1 yL deionized water. The color-coded vertical lines in the graph showing the relative resistance of the filament composite over two
successive wetting/drying cycles correspond to the times at which the various optical micrographs were taken. Note that the highlighted regions in
the graph represent the wet stages of the analysis. Evolution of the relative resistance and diameter of filament composites comprising 50 wt %
SWNT prepared in the absence (B) and in the presence (C) of a 100 Vpp voltage.

diameter and relative resistance were similar with both
specimens presenting the same linear increase at very short
times (ie. <4 s). These initial trends were followed by a
secondary increase at a slower rate both in diameter and
resistance for the filaments prepared under an applied voltage
of 100 V,,. These observations are consistent with the swelling
behavior of other cellulosic materials, which are commonly
understood to demonstrate two distinct swelling phases when
immersed in water: an initial short but fast phase where the
swelling rate reaches a maximum, followed by a longer and
slower phase where the swelling rate approaches zero.”> For
the filaments produced in the absence of electric field, a plateau
was reached rapidly after the initial linear response, which
might be attributed to the lower ordering degree of these
samples. All filaments exhibited a maximum augmentation in
their relative diameter of approximately 80% (Figure 8B) with
a swelling rate of 60%-s™" (Figure 8C) regardless of the voltage
applied. Despite similar hydroexpansion characteristics, the
filaments prepared at an applied voltage of 100 V,, showed
more than 2 times greater sensitivity compared to those
fabricated in the absence of electric field. The improved
nanoparticle orientation in this material enabled a record
sensitivity of 800% after being wetted with only 1 uL for 2 min,
which is nearly five times higher than our previously reported
ultrasensitive paper sensors under similar wetting conditions.>”
Although benchmarking the liquid-sensing performance is
quite challenging due to the varying experimental conditions
(i.e. volume and composition of water, temperature, etc.) listed
in the literature, comparable sensitivities have been reported

when the sensory materials were soaked in water for extended
L 13,44,53
time.” ™"

3. CONCLUSIONS

In summary, pristine CNF and composite CNF/SWNT
macroscopic filaments were produced by a scalable field-
assisted double flow focusing method at ambient temperature
and using nontoxic water as solvent. The presence of SWNT's
yielded commendable enhancements in the mechanical and

electrical characteristics of hybrid filaments, especially when an
alternating electric field of 100 V,, was applied during
fabrication. The applied voltage was significantly lower than
what is typically required to generate observable changes in the
properties of pristine CNF filaments. Notably, the filament
composites comprising 50 wt % SWNT exhibited superior
Young’s modulus and tensile strength than other similar
materials reported in the literature, with values of 23 GPa and
261 MPa, respectively. The self-assembled nanostructured
filament composites were further demonstrated to possess
great potential in sensing of liquid water, with nearly 3 orders
of magnitude change in their electrical resistance after being in
contact with 1 uL water for only few minutes. This research
paves the way toward the design of other multifunctional
filaments comprising a variety of nanoparticles.

4. METHODS

4.1. Materials and Chemicals. Bleached Kraft softwood pulp,
comprising a mixture of Douglas fir (Pseudotsuga menziesii) and
Western Hemlock (Tsuga heterophylla), was kindly supplied by the
WestRock mill in Tacoma, WA. Carboxyl-functionalized single-walled
CNTs (>99% carbon purity) with respective length and diameter in
the [S—30] ym and [2—S5] nm ranges were purchased from Cheap
Tubes Inc. in Grafton, VT. Sodium bromide (NaBr, 99+%), sodium
hypochlorite (NaClO, 12.5 w/w %), hydrochloric acid (HCI, 1 M),
and sodium hydroxide (NaOH, 1 M) were purchased from Fischer
Scientific, while 2,2,6,6-tetramethylpiperidine (TEMPO, >98%) was
obtained from Tokyo Chemical Industry Co. All the analytical grade
reagents were used without further purification as received from the
suppliers.

4.2. CNF Synthesis. CNFs were synthesized from Kraft pulp
based on a previously described TEMPO-mediated oxidation process
followed by mechanical defibrillation using an ultrasonic probe.”***
Briefly, the pulp was mixed in an aqueous solution containing
TEMPO (9.5 mg'mL™"), sodium bromide (10 w/w %), and sodium
hypochlorite (5 mmol-g™" pulp). Sodium hydroxide (1 M) was added
dropwise to the mixture to stabilize the solution pH at 10. The
reaction was stopped after 120 min by adjusting the solution pH to
neutral using 1 M HCL The suspension was then centrifuged at 5000
rpm for 15 min (Allegra 25R Centrifuge, Beckman Coulter) and the
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precipitate was dialyzed against deionized water for five days. The
dialyzed solution was blended for 30 min and sonicated for an
additional 2 min using a Sonics Vibracell VCX750 operated at 100%
amplitude. The resulting dispersion was centrifuged at 5000 rpm for
15 min and the supernatant was stored for further characterization
and processing. The length and diameter of as-synthesized CNFs were
determined using an Asylum Research Cypher atomic force
microscope (AFM) equipped with Arrow UHF probes, while the
carboxylate content was measured by conductometric titration using a
Cole-Palmer Oakton CON 6+ water quality meter based on a
previously established procedure.”***

4.3. Characterization of Colloidal Dispersions. A previously
established double acoustic irradiation procedure was employed to
mix the CNFs and SWNTs in deionized water in various
proportions.”” All double sonicated mixtures were centrifuged for
4S min at 5500 rpm to remove nanoparticle aggregates prior to
further testing. As-prepared aqueous CNF/SWNT dispersions were
then characterized by absorption spectroscopy within the [250—800]
nm range with a 1 nm resolution using a PerkinElmer Lambda 750
spectrophotometer, and by transmission electron microscopy using a
Tecnai G2 F20 SuperTwin TEM operated at a 200 kV accelerating
voltage. The viscosity of the mixtures was measured at a constant
temperature of 293 K using a DV2TLV viscometer from Brookfield
fitted with a ULA spindle. The extent of sonication-induced cutting
was assessed by measuring the nanoparticle length after different
treatment conditions using an Asylum Research Cypher AFM
equipped with ArrowUHF probes and operated in tapping mode at
a scan rate of 1 Hz. Samples were prepared by drop casting 0.0005 wt
% nanoparticle dispersions onto freshly cleaved Mica discs (TedPella
Inc, 12 mm) and dried at room temperature under nitrogen
atmosphere for 2 h prior to imaging. To ensure statistical soundness, a
minimum of 25 measurements was collected for each sample and the
results were subjected to Tukey tests with statistical differences in
nanoparticle length being determined based on p-values <0.05 at a 5%
alpha level (i.e. 95% confidence). The chemical interactions between
CNFs and SWNTs were probed by nano-FTIR spectroscopy. The IR
photo-induced force microscopy (PiFM, Molecular Vista) data were
collected within the [750—1870] cm™" range using a VistaScope from
Molecular Vista Inc. couple to a LaserTune LT-OEM. Nano-FTIR
signals outside of the above wavenumber range were not recorded due
to higher noise levels induced by the lower laser energy at lower and
higher frequencies. The PiFM analysis was conducted by operating
the AFM in tapping mode using a ymasch NCH—Pt 300 kHz non-
contact cantilever from Nanosensors.

4.4. Macroscopic Filament Preparation and Character-
ization. Filament composites were prepared by feeding the aqueous
CNF/SWNT mixtures into a field-assisted double flow focusing
system. The specifications of the microfluidic channel are reported in
Figure S7 and the operating conditions were adjusted from our
previous research.” Briefly, the aqueous colloidal dispersions were fed
into a 1 X 1 mm?* channel at a flow rate of 2.4 mL-h™". Five 2 mm
diameter copper electrodes spaced by 10 mm were set along the
channel and supplied with an AC sinusoidal voltage from a function
generator, which was then amplified using a high-voltage amplifier.
The first pair of deionized (DI) water sheath flows was located 3 mm
downstream from the bottom of the last electrode. The DI water
sheath flow rates were adjusted to 6 mL-h™" using syringe pumps. The
second pair of sheath flows was positioned 3 mm downstream from
the first one and supplied 1 M hydrochloric acid at a flow rate of 3.6
mL-h™". The gel-like materials were collected in a DI water container
4S mm downstream of the second pair of sheath flows. As-produced
filaments were cut to 30 mm sections and mounted on sample holders
for drying in an oven operated at 60 °C for 24 h prior to further
testing.

The filament morphology was examined by electron microscopy
with a ThermoFisher Scientific Apreo SEM. Surface and cross-section
topography images were taken using the in-chamber Everhart—
Thornley detector at a 2 kV accelerating voltage, while subsurface
micrographs were obtained using the in-column secondary e~ (SE)
detector at an accelerating voltage of 20 kV. The chemical

36654

characteristics of the filaments were assessed by Fourier transform
infrared spectroscopy within the [1100—3500] cm™' wavenumber
range and with a resolution of 1 cm™ using a Shimadzu
spectrophotometer operated in attenuated total reflectance (ATR)
mode.

The mechanical properties of the filaments were assessed by
performing tensile tests at a 0.5 mm-'min~' drawing rate using a
Shimadzu EZ-SX uniaxial tester equipped with a 1 N load cell. The
samples’ cross-section was assumed to be circular, and the diameter
was determined by electron microscopy analysis. For statistical
soundness, a minimum of 2S5 replicates were conducted for each
sample.

The current—voltage (I-V) curves of 30 mm long composite
filaments with Ag paste were collected with a Keithley 2450 source
meter unit using a two-probe configuration at a constant temperature
and moisture of 23 °C and 50% relative humidity, respectively. The
reported values and standard deviations correspond to averages of at
least five measurements.

Swelling rate measurements were performed in real-time by
mounting the filaments on a glass slide placed on a Zeiss Axiolab
light microscope equipped with a Zeiss Axiocam ERcSs digital camera.
Videos were recorded to show the active changes in the filament
diameter upon dropping 1 uL deionized water onto the samples.
Frames were extracted from the videos at a 0.7 s interval using
Kinovea software, and Image ] was employed to compute the filament
diameter in each frame. The evolution of the samples’ electrical
resistance was also collected in situ during the swelling analysis by
attaching a Keithley 2450 source meter unit. The relative change in
resistance was calculated by dividing the difference between the wet
and dry resistances over the initial resistance of the sample in its dry
state.
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