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• Interfacial nanoparticle complexation
was employed to draw filament.

• Bio-based filaments were prepared
using cationic chitin nanocrystal and an-
ionic naoncellulose as raw materials.

• The influence of drawing speed on the
tensile strength was investigated.

• Conductive filament with single walled
carbon nanotubes was fabricated using
interfacial nanoparticle complexation.
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In this paper, anionic TEMPO-oxidized cellulose nanofibers (TO-CNFs) and cationic, partially deacetylated, chitin
nanocrystals (ChNCs) were used to fabricate continuous composite filaments (TO-CNF/ChNC filament) with a
straightforward and sustainable aqueous process based on the interfacial nanoparticle complexation (INC) of op-
positely charged nano-constituents. In particular, the role of TO-CNF and ChNC concentrations in filament draw-
ing and the effect of drawing speed on the mechanical properties of composite filaments were investigated.
Moreover, conductive filaments were fabricated by mixing single walled carbon nanotubes (SWCNTs) with
TO-CNF dispersion and further complexing with the ChNC aqueous suspension. A conductive filament with an
electrical conductivity of 2056 S/mwas obtained. However, the increase in the SWCNTs content reduced theme-
chanical properties of the formed filament compared to neat TO-CNF/ChNC filament. This study not only intro-
duces a new nanoparticle candidate to prepare filaments based on INC method but also provides potential
advanced and alternative green filament to be used as wearable electronics in biomedical area.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Polysaccharides are carbohydrates formed by monosaccharide con-
densation via hemi-acetal or hemi-ketal linkages [1]. Cellulose and
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2020.108594&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2020.108594
mailto:kaitao.zhang@oulu.fi
mailto:topias.jarvinen@oulu.fi
mailto:henrikki.liimatainen@oulu.fi
Journal logo
https://doi.org/10.1016/j.matdes.2020.108594
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/matdes


2 K. Zhang et al. / Materials and Design 191 (2020) 108594
chitin are typical polysaccharides found abundantly in nature that act as
structural building blocks to provide physical support to the living bod-
ies of green plants and some marine animals. Due to the abundance,
sustainability, biodegradability and low cost of many polysaccharides,
interest in developing bio-based products to substitute materials
based on petrochemistry has grown [2].

Cellulose, as themost abundant natural polymer on the earth, is one
of themost important polysaccharides. Native cellulose is mainly found
in cell walls of cellulose resources includingwood, plants, tunicates, and
algae [3]. With appropriate chemical [4–8], mechanical [9,10] or enzy-
matic treatment [11], nanocellulose (NC) with one dimension of less
than 100 nm, can be extracted. Similarly, chitin, as the second most
abundant polysaccharide after cellulose, is known as a cellulose ana-
logue consisting of repeatingN-acetylglucosamine units. It existswidely
in the exoskeletons of shellfish and insects and the cell walls of fungi
[12,13]. Nanosized chitin, called nanochitin (NCh), can be fabricated
by disintegrating the hierarchical structure of chitin through, for exam-
ple, acid hydrolysis ormechanical treatments [14–18]. BothNC andNCh
have attracted notable attention, as they combine important polysac-
charide properties with the unique and appealing characteristics of
nanomaterials [19] such as their high aspect ratios, large surface areas,
and easy surface modifications [20–22]. The outstanding physical and
chemical properties of NC and NCh enable their use in a range of appli-
cations including polymer composites, emulsifiers, package materials,
water treatment additives and drug delivery agents [23–27].

Cellulose and chitin exist inherently as part of composite structures
formed by various biopolymers and compounds that organize in a hier-
archical design with diverse functionalities [28]. Inspired by these com-
posite architectures, various types of sustainable structural materials,
such as films, hydrogels, aerogel, and filaments, have been fabricated
based on thenanostructuredNC andNCh [29–40]. Particularly, the com-
posite film, hydrogel, and aerogel of NC and NCh were fabricated by the
utilization of ionic interaction between anionic NC and cationic NCh
[41–45]. Recently, NC-derived filaments created by the interfacial poly-
electrolyte complexation (IPC) were reported based on the mechanical
drawing of anionic NC and cationic chitosan [46,47]. The spinning
method using IPC technique is based on the spontaneous formation of
the interface complex film between two oppositely charged polyelec-
trolytes solutions. Self-assembled continuous filament could be ob-
tained by pulling up the formed interface complex film [46]. This
process is carried out under aqueous, neutral pH, and ambient temper-
ature conditions, it compares favorably to many other fiber spinning
processes that typically requires the use of volatile organic solvents or
polymer melt [48]. Since the discovery of IPC method, various IPC fibers
have been fabricated based on different combinations of oppositely
charged polyelectrolytes. Besides, the biocompatible nature of IPC
fiber makes them useful for a variety of applications especially in bio-
medical area such as drug delivery, cell culture and biosensor [48–50].
Inspired by this, we produced NC based filaments using only charged
colloidal NC without any soluble polyelectrolytes, which was termed
as “interfacial nanoparticle complexation (INC)” [51]. In nature, chitin
is reported to present amino groups at C2 on the nanofibril surfaces,
these amine groups can be protonated under acidic conditions to
make chitin positively charged. Thus, it could be assumed that the spin-
ning of positively charged NCh with negatively charged NC by INC
method is also possible [52]. To our best knowledge, the filaments
based on NC and NCh nanoparticles using the INC method have not
yet been reported.

Carbon nanotubes (CNTs), i.e. single andmulti-walled carbon nano-
tubes (SWCNTs and MWCNTs, respectively), have excellent physical
properties as well as good electrical conductivity. They are considered
promising constituents in conductive composite materials and electro-
chemical devices. However, their exploitation in composites requires
that they are homogeneously dispersed in the matrix. It was reported
early that stable hybrid dispersion was formed by the dispersion of
CNT in aqueous NC suspension [53–55]. This approach was used as an
efficient technique for the fabrication of NC-CNT composites, such as
films [56], aerogels [57,58], hydrogels [59], and microfibers [60–62]
for applications in supercapacitors, textile sensor, and so on. In particu-
lar, hybrid filaments of CNTs and NC have been prepared based on wet-
spinning and 3D printing [55,60,61].

Herein, partially deacetylated chitin nanocrystals (ChNCs)were pro-
duced and used as a cationic component to engineer new type of nano-
composite filaments with anionic cellulose nanofibers (CNFs).
Furthermore, conductive ChNC/CNF composite filaments were success-
fully designed by incorporating SWCNTs into the filaments. These green
and conductive filaments can potentially be used aswearable electronic
devices (such as sensors and supercapacitors) applied in biomedical
area [60,62].

2. Experimental

2.1. Materials

Bleached birch (Betula pendula) chemical wood pulp obtained in dry
sheetswasused as a cellulose rawmaterial after disintegration in deion-
ized water. 2,2,6,6-Tetramethylpiperidinyl-1-oxy radical (TEMPO), so-
dium bromide (NaBr), sodium hypochlorite solution (NaClO, 15 wt%),
and chitin powder from crab shells were obtained from Sigma–Aldrich
(Finland). The TEMPO-oxidized CNFs (TO-CNFs) were prepared accord-
ing to the previously reported method [63]. The dose of NaClO during
oxidation was 10.0 mmol/g of pulp. The oxidized pulp was furtherly
disintegrated via probe sonication for 1 h (Heilscher UP 400s, power dis-
charge 0.5 s and pause 0.5 s, 60% amplitude and 22mmprobe tip diam-
eter) to obtain the TO-CNFs. The carboxylated group content of the TO-
CNFswas determined to be 1.57mmol/g using conductometric titration
method [64]. SWCNTs (Product TNST) were purchased from TimeNano
(Chengdu, China). The morphological characteristics of the TO-CNF and
SWCNTs are shown in Fig. S1 and S2, respectively. The dimension of the
obtained TO-CNF is 172 to 958 nm in length and 5 ± 2 in width;
SWCNTs aggregate into bundles (ropes) with a width of 17 ± 3 nm
and individual SWNCT shows a diameter of about 1 nm.

2.2. Preparation of cationic chitin nanocrystals

Chitin surface deacetylation was conducted according to the previ-
ously reported procedure [65]. Chitin powder was suspended in aque-
ous NaOH (20 wt%) and refluxed for 6 h. The deacetylated chitin
slurry was collected by filtration, and washed thoroughly with distilled
water by centrifugation. The wet sample was dispersed in water at 1 wt
%, and acetic acid was added to adjust the pH value to 4. The dispersion
was passed once through a microfluidizer (Microfluidics M-110EH-30,
USA) with a pair of chambers (400 and 200 μm). Then, the obtained
gel-like suspension was diluted to 0.6 wt% and further disintegrated
with an ultrasonicator (output power of 400W, 13mmprobe tip diam-
eter, 60%) for 1 h.

2.3. Preparation of TO-CNF/ChNC and SWCNTs@TO-CNF/ChNC hybrid
filaments

The TO-CNF/ChNC filaments were fabricated using our previously
reported INC method [51]. Aqueous ChNCs and TO-CNFs suspensions
with different concentrations (from 0.15 to 0.5 wt%) were used. A
drop (100 μL) of ChNC suspension was placed on a Petri dish next to a
drop (100 μL) of anionic TO-CNF suspensions. A pair of tweezers was
used to bring the two droplets together and draw TO-CNF/ChNC hybrid
filaments using a universal testing machine. For the SWCNT containing
TO-CNF/ChNC hybrid filaments, various amounts of SWCNTs powder
were first mixed with 15 mL of a 0.3 wt% TO-CNF aqueous suspension
and further treated with an ultrasonic homogenizer for 20 min
(Heilscher UP 400s, power discharge 0.5 s and pause 0.5 s, 60% ampli-
tude and 7 mm probe tip diameter), resulting in 0.3 wt% TO-CNF
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suspension containing 0.05, 0.1, and 0.2 wt% SWCNTs, respectively. The
obtained suspensions were directly used as a negatively charged com-
ponent to draw the filaments with 0.3% cationic ChNC suspension. All
the TO-CNF/ChNC filament containing SWCNT (SWCNT@TO-CNF/
ChNC filaments) were drawn using a universal testing machine with a
speed of 40 mm/min. The fresh drawn filaments were attached to a
glass rod and air-dried at room temperature.

2.4. Characterization

2.4.1. Transmission electron microscopy
The morphological features of ChNCs were analyzed using a trans-

mission electron microscope (TEM, JEOL JEM-2200FS, Japan). A small
droplet of 0.005 wt% ChNC suspension was dosed on the top of a
carbon-coated copper grid. After drying, the sample was negatively
stained with uranyl acetate (2% w/v) for 20 min. The staining agent
was removed by a small piece of filter paper and the samples were
allowed to dry at room temperature. Standard conditions with 200 kV
were used during the TEM analysis. The dimensions of the ChNCs
were measured using iTEM (Olympus Soft Imaging Solutions GMBH,
Munster, Germany) image analysis software.

2.4.2. Field emission scanning electron microscope (FESEM)
The FESEM images of the composite filaments were obtained using a

field emission scanning electron microscope (FESEM, Zeiss Sigma HD
VP, Oberkochen, Germany) at 0.5 kV acceleration voltage. All samples
were sputtered with platinum before observation.

2.4.3. Elemental analysis
The composition of the filaments in terms of their ChNC content was

calculated directly from the nitrogen content of the ChNC and formed
filaments as determined using a PerkinElmer CHNS/O 2400 Series II el-
emental analyzer:

ChNC in filament %½ � ¼ N %½ � of filament
N %½ �of ChNC

2.4.4. Polyelectrolyte titration
The charge density of the ChNC was measured using a particle

charge detector (Mütek PCD 03, USA), in which 10 mL 0.01 wt%
ChNCs suspension was titrated with polyethylene sulfonate sodium
(PES-Na, 1meq/L) and the charge density was calculated based on the
consumption of PES-Na [66].

2.4.5. Diffuse reflectance infrared Fourier transform spectroscopy
The chemical characterizations of the chitin, ChNC, TO-CNF, and

formed composite filaments were carried out using diffuse reflectance
infrared Fourier transform (DRIFT) spectroscopy. The spectra were re-
corded on a Bruker Vertex 80v spectrometer (USA) in the
800–4000 cm−1 range with 2 cm−1 resolution.

2.4.6. Thermogravimetric analysis
The thermogravimetric analysis (TGA) was performed using a ther-

mal analyzer Netzsch STA 449 F3 apparatus (Germany) under nitrogen
flow with a constant rate of 60 mL min−1. Each measurement was
heated from 30 to 700 °C at a scanning rate of 10 K/min.

2.4.7. Mechanical properties
Themechanical properties of thefilamentswere studied using a uni-

versal testingmachine (ZwickD0724587, Switzerland) equippedwith a
200 N load cell. The samples were glued on paper frames before being
tested to avoid sample slippage and were then mounted onto the
clamps. Once the frame was secured, the paper was cut, leaving the
fiber ready for testing. All the samples were tested at a speed of
5 mm/min at room temperature and a gauge length of 20 mm using a
pre-force of 0.01 N until breakage. Five replicates for each material
were tested and all samples were placed at a relative humidity of 50%
and a temperature of 22 °C for at least one day prior to the testing.
The diameters of the filaments were measured using an optical micro-
scope (Leica MZ6 equipped with a Leica DFC420 camera) and the
cross-section was assumed to be circular. The average values and stan-
dard deviations of the diameter, tensile strength and strain were also
reported.

2.4.8. Electrical conductivity measurement
The electrical conductivities of the SWCNTs@TO-CNF/ChNC fila-

ments were measured using a two-point probe setup (Keithley 2636A
SourceMeter, 21 oC, 30% relative humidity). When calculating the con-
ductivity, the filament was regarded as a perfect round shape. At least
five filaments of each kind were measured and each filament was mea-
sured two times.

3. Results and discussion

3.1. Characterization of ChNCs

The ChNCs were prepared by the partial deacetylation of α-chitin
followed by microfluidic and ultrasonic disintegration. Fig. 1 shows
the TEM image and the length and width distribution of the obtained
ChNCs. The ChNCs displayed rod-like shapes with an average of
122 ± 44 nm in length and 6.1 ± 2.5 nm in width. The cationic charge
density of the ChNCs was determined via polyelectrolyte titration to
be 1.7 mmol/g.

3.2. Fabrication of TO-CNF/ChNC composite filaments

Aqueous ChNC and TO-CNF suspensions with different concentra-
tionswere used to investigate their feasibility in the composite filament
drawing based on the INC. All the experiments were performed at a
drawing speed of 40 mm/min using a universal testing machine. The
formed filaments from various concentration pairs were dried at room
temperature, and filaments with lengths of more than 200 cm were
regarded as a successful drawing process. The maximum filament
length in thedrawing testswas limited to 693mmbecause of the exper-
imental setup.

The results of the filament drawing tests are shown in Table 1. The
filaments could be formed with all the combination pairs of TO-CNF
and ChNC, but the lengths of the filaments drawn by 0.5 wt% TO-CNF
were less than 200 mm, indicating an unstable spinning process. This
result could be ascribed to the high viscosity of 0.5wt% TO-CNF (the vis-
cosities of TO-CNF and ChNC could be found in Fig. S3), whichmay hin-
der the diffusion and replenishment of the consumed TO-CNF in the
suspension at the complexation interface. In contrast, with lower con-
centration of TO-CNF, all the filaments could be drawn successfully
(with filament lengths of longer than 200 mm). However, the concen-
tration of 0.15 wt% ChNC seemed be too low for effective filament fabri-
cation, and amaximum filament length of 450mmwas obtained. It was
observed that the combination of 0.3 wt% TO-CNF with 0.3 wt% ChNC
showed the best fiber drawing feasibility. All filaments for further mea-
surements were made from 0.3 wt% TO-CNF and 0.3 wt% ChNC compo-
sition. Reason to select this combination is the good feasibility at
relatively high concentration and low viscosity for TO-CNFs and ChNC.

3.3. Effect of drawing speed on the mechanical properties of TO-CNF/ChNC
composite filaments

Drawing speed is one of the key factors that affects the formation of
INC filaments [48]. To evaluate the influence of the drawing speed on
themechanical properties of the formed TO-CNF/ChNCfilaments, differ-
ent drawing speeds ranging from 40 mm/min to 500 mm/min were
tested. Fig. 2 shows typical stress-strain curves, average ultimate tensile



Fig. 1. TEM image (a) of the chitin nanocrystals and their length (b) and width (c) distributions.
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strength, strain and Young's modulus of the formed TO-CNF/ChNC fila-
ments with different drawing speeds. The diameter slightly decreased
with increasing the drawing speed (from ~24 to 20 μm, Table S1).

The tensile strength and Young's modulus of the TO-CNF/ChNC fila-
ments formed by the lowest speed of 40 mm/min were about 184 MPa
and 8.3GPa, respectively. The increase in the drawing speed to 100mm/
min and 150mm/min, decreased the tensile strength and Young'smod-
ulus only slightly. At 200mm/min, the ultimate tensile strength reached
the maximum value of 188 MPa, presumably because of the improved
alignment of the nanoconstituents. However, a further increase in the
drawing speed dropped the ultimate tensile strength significantly.
This result can be attributed to kinetics of the complexation process;
in other words, too short interaction time resulted in only a partial com-
plexation process at higher drawing speeds [48]. On the other hand, the
replacement of the charged nanoparticles at the interface through diffu-
sion and convection also requires slow drawing speed to create a stable
and homogeneous filaments. With a drawing speed of 500 mm/min or
higher, gel droplets were reported to appear along the longitudinal
axes of the filaments because of the release of counterions and water
during complexation [67]. After drying, the droplets can create irregular
protuberances, which make the filament uneven and influence the
Table 1
The feasibility and lengths (mm)of thefilament spinning fromdifferent combination pairs
of ChNC and TO-CNF suspensions.

Sample 0.5 wt% TO-CNF 0.3 wt% TO-CNF 0.15 wt% TO-CNF

0.5 wt% ChNC No (160) Yes (620) Yes (693)
0.3 wt% ChNC No (199) Yes (693) Yes (693)
0.15 wt% ChNC No (190) Yes (333) Yes (450)
mechanical properties of the formed filaments. The strain of the fila-
ments was similar at all drawing speeds except the highest speed.

3.4. Chemical structure of TO-CNF/ChNC filaments

The DRIFT spectra of the TO-CNF, ChNC and TO-CNF/ChNC filaments
are presented in Fig. 3. TO-CNF showed the characteristic vibration
bands of cellulose sample at 3490 (O\\H stretching), 2900 (C\\H
stretching), 1170 (asymmetrical stretching vibration of C\\O\\C glyco-
side bonds) and 1123 cm−1 (\\C\\O stretching vibration of ether
groups). Two typical bands at around 1623 and 1427 cm−1, correspond-
ing to the antisymmetric and C_O stretching of the carboxylate groups
(COO\\) formed by TEMPO oxidation,were noted [68]. The spectrum of
theChNC showed a strong and broad band centered at about 3484 cm−1

with a shoulder at 3269 cm−1, which resulted from the overlapping of
the O\\H and N\\H stretching vibrations of the functional groups en-
gaged in hydrogen bonds [69]. Two characteristic bands of the amide
groups at 1664 and 1580 cm−1 were attributed to the C_O stretching
of amide I and the N\\H bending vibration of the amide II, respectively
[18]. Absorption bands at 2879, 1320 and 1260 cm−1 were attributed to
symmetric and antisymmetric CH2 vibrations of the carbohydrate ring
[70]. The TO-CNF/ChNC filament exhibited a characteristic spectrum,
different from those of the individual components, especially in
1800–1400 cm−1 the area. The bands in the TO-CNF at 1423 (symmetric
stretching vibration of the carboxylate group) and 1623 cm−1 shifted to
1411 and 1630 cm−1, respectively. Moreover, the absorption band at
1630 cm−1 might also belonged to the antisymmetric N\\H deforma-
tion vibration in protonated amines, which has been reported in the
polyelectrolyte complexes of chitosan with alginate [71] or
carboxymethyl cellulose [72]. The N\\H bending vibration of amides II



Fig. 2. Tensile properties of the TO-CNF/ChNC filaments fabricated using different drawing speed: (a) typical stress-strain curves, (b) strain at the break, (c) tensile stress, and (d) Young's
modulus.
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at 1580 cm−1 in ChNC shifted to 1552 cm−1. All these changes in the
DRIFT spectra of the TO-CNF/ChNC filament likely indicated the forma-
tion of ionic bonds between the carboxylate group of TO-CNF and the
ammonium group of ChNC.

The TO-CNF/ChNC filament fabricated using 0.3 wt% ChNC and
0.3 wt% TO-CNF suspensions was further investigated via elemental
analysis. The ChNC content in the TO-CNF/ChNCfilamentwas calculated
to be 47.6% by dividing the N content in the TO-CNF/ChNC filament by
the N content in ChNC. We also calculated the theoretical value of
ChNC in the TO-CNF/ChNC filament by dividing the theoretically
absorbed ChNC weight by the theoretical total weight of TO-CNF/
ChNC filament based on the charge ratio of cationic and anionic group
Fig. 3. (a) DRIFT spectra and (b) magnified DRIFT spec
contents of TO-CNF and ChNC (i.e., 1.7 g of 1.53 mmol/g TO-CNF assem-
bled with 1.53 g of 1.7 mmol/g ChNC). The calculated theoretical con-
tent of ChNC in the TO-CNF/ChNC filament was 48%, which is close to
the obtained experimental value (47.6%). This result suggests that the
charges on the surface of ChNC and TO-CNF were almost fully compen-
sated in the INC.

3.5. SEM images of TO-CNF/ChNC composite filaments

Fig. 4a shows an SEM image of a knot tied by the TO-CNF/ChNC fila-
ment, indicating good flexibility of the filaments. The TO-CNF/ChNC fil-
ament displayed a fibrous meridian structure, in which aligned
tra of TO-CNF, ChNC and TO-CNF/ChNC filaments.



Fig. 4. Scanning electronmicroscopy (SEM) images of the (a–c) longitudinal direction and (d–f) cross-sectional fracture of TO-CNF/ChNCfilament fabricated by 0.3wt% TO-CNF and 0.3wt
% ChNC.
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microscale fibers with diameters of 1–3 μm could be clearly observed in
Fig. 4b and c, showing a similar hierarchical structure with previously
reported pure nanocellulose INC filaments [51]. Obviously, a large num-
ber of nanofiberswith an average diameter (10±2nm) larger than that
of ChNC (6± 3 nm) or TO-CNF (5± 2 nm) could be found in the cross-
section area. These nanofibers were assumed to be formed by the ionic
combination of ChNCs and TO-CNF (more SEM images of TO-CNF/ChNC
composite filaments can be found in Fig. S4 in Supplementary Informa-
tion) [51].

3.6. Characterization of SWCNT@TO-CNF/ChNC filaments

Previously, NC has been used as an efficient surfactant to disperse
CNTs (single- or multi-walled CNTs) to form aqueous suspensions
with good stability [54]. Various types of CNT/NC composites, such as
nanopaper, foams and fibers, have been fabricated based on this strat-
egy [55]. Accordingly, we used TO-CNF to disperse SWCNTs and the ob-
tained 0.3wt% TO-CNF dispersionwith 0.05, 0.1 or 0.2wt% SWCNTswas
used as an anionic component to draw TO-CNF/ChNC filament contain-
ing SWCNT (SWCNT@TO-CNF/ChNC filaments). 0.3 wt% TO-CNF sus-
pensions with higher SWCNT concentrations were not considered
Fig. 5. SEM images in (a–c) longitudinal direction and (d–f) cross-sectional fracture of SWCNT
SWCNTs.
because they cannot form filamentswith 0.3wt% ChNC; this is probably
due to their high viscosity. The particle size of TO-CNF suspensionswith
various amount of SWCNT after sonication could be found in Fig. S5 in
Supplementary information. TO-CNF with 0.05 and 0.1 wt% SWCNTs
displayed a similar average diameter (about 1 μm). The average diame-
ter of TO-CNF with 0.2 wt% SWCNTs was about 3 μm. All the obtained
suspensions could stay stable for several months without phase sep-
aration (Fig. S6). Fig. 5 presents the morphologies of the formed
SWCNT@TO-CNF/ChNC filaments. Like the neat TO-CNF/ChNC fila-
ment without CNTs, a typical fibrous structure could also be ob-
served on the surface of the SWCNT@TO-CNF/ChNC filament.
However, the SWCNT@TO-CNF/ChNC filament exhibited a rougher
surface than the TO-CNF/ChNC filament. Moreover, a less dense and
more irregular structure was observed in the fracture surface com-
pared to TO-CNF/ChNC filament. The long and individualized
SWCNTs were clearly recognizable in the cross-sectional area, differ-
ent from the short nanofibers observed in the TO-CNF/ChNC fila-
ment, indicating the successful incorporation of the SWCNTs.
Nevertheless, the short nanofibers observed in the TO-CNF/ChNC fil-
ament could not be found. Besides, the SWCNTs seems randomly ar-
ranged without orientation in the drawing direction.
@TO-CNF/ChNC filaments fabricated by 0.3 wt% ChNC and 0.3 wt% TO-CNF with 0.2 wt%



Fig. 6. TGA of (a–d) the TO-CNF/ChNC filament and the SWCNT@TO-CNF/ChNC filament
fabricated with different CNT concentrations and of (e) pure SWCNTs.
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Fig. 6 shows the TGA results of pure CNT and ChNCs/TO-CNF fila-
ments fabricated using different concentrations of SWCNTs. All the sam-
ples showed an initial weight loss of between 35 and 100 °C due to the
evaporation of absorbed moisture in the materials [73]. The pure TO-
CNF/ChNC filament showed a major weight loss in the temperature
range of 200–380 °C, whichmainly came from the thermal degradation
of cellulose and chitin [74,75]. Above 700 °C, the residualmass increased
with increasing concentration of SWCNTs. The weight loss of pure
SWCNTs was only 1% at temperatures up to 700 °C. On the basis of the
residual mass at 700 °C, the percentage of nanotubes by weight was es-
timated. It was calculated that the content of SWCNTs in the SWCNT@
TO-CNF/ChNC filaments fabricated from suspension containing 0.05,
0.1 and 0.2 wt% SWCNTs was 6.9, 29.3, and 38.6%, respectively. The
SWCNT@TO-CNF/ChNC filament fabricated from 0.1 wt% SWCNTs
showed a much higher CNTs content (about four times) than the fila-
ment obtained from 0.05 wt% SWCNTs. We believe that the amount of
incorporated CNTs into the filament was quite related to the formation
mechanismof thefilamentswith CNTs. TO-CNFwasused as “surfactant”
to disperse CNTs, in which TO-CNF and CNTs could interact with each
other and form electrostatically stabilized associated structures [54].
Then, these associated structures would assemble with cationic ChNC
to form the filament [76]. Thus, the content of CNTs in the formed fila-
ments is depended not only on the association between TO-CNF and
CNTs but also on the electrostatic interaction between the associated
structures and ChNC. With 0.3 wt% TO-CNF, both 0.05 wt% and 0.1 wt
% CNTs could be dispersed well (average diameter is about 1 μm).
Thus, for 0.3 wt% TO-CNF suspension with 0.05 wt% CNTs, there are
probably more TO-CNFs associated with CNTs. In turn, more ChNC will
Fig. 7. Typical strain–stress curves (a) and I–V curves (e) of the SWCNT@TO-CNF/ChNC filamen
used as a conductive line to light an LED.
be incorporated into formed filament, resulting in a relatively lower
content of CNTs compared to that of filament formed by 0.3 wt% TO-
CNF with 0.1 wt% CNTs. The quantitative calculation of the amount of
TO-CNF interacted with CNTs is still unclear [54], which needs more in-
vestigations in future.

Fig. 7 and Table 2 present themechanical and electrical properties of
the SWCNT@TO-CNF/ChNC filaments. The addition of the SWCNTs ex-
hibited a negative effect on the mechanical properties, i.e., the tensile
strength, strain, and Young's modulus of the SWCNT@TO-CNF/ChNC fil-
aments decreased compared to those of the TO-CNF/ChNC filament. It is
likely that the SWCNTs led to insufficient complexation between ChNC
and TO-CNF and a less homogeneous structure than the TO-CNF/ChNC
filament. The strain was also decreased due to the rigidity of SWCNTs
[77]. With the increase of SWCNT concentration from 0.1 to 0.2 wt%,
SWCNTs@TO-CNF/ChNC filaments showed a similar tensile strength
and Young's modulus. This might be explained by the fact that with
the higher SWCNT content embedded inside the fiber, the SWCNT net-
work compensated for the loose structure of the filament and provided
structural integrity and mechanical strength to the filaments [78]. The
electrical properties of the SWCNT@TO-CNF/ChNC filaments weremea-
sured using a two-point probe. All the SWCNT@TO-CNF/ChNC filaments
displayed linear I–V curves, revealing an Ohmic behavior. Notably, the
conductivity of the filaments improved dramatically with increasing
SWCNT content in the original dispersion. The electrical conductivity
of the filament fabricated by 0.2% SWCNTs was 2056 S/m. The formed
SWCNTs@TO-CNF/ChNC filament showed a comparable mechanical
and electrical conductivity to the previous report based on similar strat-
egy i.e., polyelectrolyte complexation. For example, Granero et al. [77]
used the wet-spinning method to inject SWCNTs (dispersing in carra-
geenan) into oppositely charged chitosan based on IPC, resulting in a
conductive fiber with a conductivity of 20.6 S/cm and a tensile strength
of 104 MPa. However, the tensile strength is still lower than that of
SWCNTs/TO-CNF hybrid fibers prepared via traditional wet-spinning
(260–472 MPa) or 3D-printing method (~247 MPa) [60,62]. Therefore,
in order to improve the strength of INC fibers, further investigations,
for example, the effects of stretching or alignment of nanofiber, need
to be conducted in future.

4. Conclusion

In this study, the drawing of composite filaments based on oppo-
sitely charged nanoparticles (anionic TO-CNF and cationic ChNC),
using interfacial nanoparticle complexation (INC) was demonstrated.
By increasing the drawing speed, the mechanical properties of the TO-
CNF/ChNC filaments decreased, exhibiting a phenomenon opposite to
that of traditional wet-spinning. A relatively slow drawing speed is re-
quired for the INC method in order to offer enough time for the
ts fabricatedwith different CNT concentrations; the inset in part (b) is the formed filament



Table 2
Characteristics of the fabricated SWCNT@TO-CNF/ChNC filaments.

Samplea SWCNTs content (%) Ultimate tensile strength (MPa) Strain at break (%) Young's modulus (GPa) Electrical conductivity (S/m)

0% SWCNTs – 184 ± 20 12.3 ± 4 8.9 ± 2 –
0.05% SWCNTs 6.9 149 ± 17 12.6 ± 2 7.3 ± 3 9.6 ± 3
0.1% SWCNTs 29.3 121 ± 11 11.6 ± 3 6.0 ± 2 388 ± 60
0.2% SWCNTs 38.6 125 ± 13 10.5 ± 3 6.3 ± 2 2056 ± 230

a Filament prepared from 0.3 wt% TO-CNFs and 0.3 wt% ChNCs with different SWCNTs concentration.
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interfacial complexation of two oppositely charged nanoparticles. With
a drawing speed of 40mm/min, a TO-CNF/ChNC filament with a tensile
strength of 184 MPa and Young's modulus of 8.3 GPa were obtained.
Moreover, SWCNTs were successfully incorporated into TO-CNF/ChNC
filaments. Even thoughmechanical properties decreased, conductive fil-
aments with a tensile strength of and an electrical conductivity of
2056 S/m were obtained.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.108594.
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