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• Cellulose nanocrystals and graphene
oxide hybrid ﬁlaments were fabricated.
• Interfacial nanoparticle complexation
method was applied to draw hybrid ﬁlament.
• Conductive hybrid ﬁlament was obtained after chemical reduction.
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a b s t r a c t
The present work demonstrates the spinning of conductive ﬁlaments from oppositely charged nano-scale entities, i.e., cationic cellulose nanocrystals (CNC) and anionic graphene oxide (GO), via interfacial nanoparticle complexation. Especially, the role of CNC and GO concentration in ﬁlament formation was investigated. Moreover, the
chemical structure, morphology and composition of formed CNC/GO composite ﬁlaments were further characterized. The positively charged CNC formed ﬁrstly a complex ﬁlm with negatively charged GO ﬂake and then
the complexed structures were further assembled into macroscale hybrid ﬁlament (diameter about 20 to
50 μm). After chemical reduction of the hybrid ﬁlament, conductive ﬁlaments with an average tensile strength
of 109 ± 8 MPa and electrical conductivity of 3298 ± 167 S/m were obtained. The presented approach provides
a new pathway to understand the interaction of GO and nanocellulose, and to design macroscopic, assembled and
functionalized architectures of GO and nanocellulose composites.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
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Graphene, consisting of several single layers of carbon atoms arranged in a honeycomb lattice, has received much interest due to its
outstanding electronic, thermal, and mechanical properties and potential applications in optoelectronics [1], energy-storage [2], and sensors
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[3]. Particularly, graphene oxide (GO), as one of the most important
derivatives of graphene, is a negatively charged and oxygenfunctionalized form of graphene produced from chemical exfoliation
of graphite [4]. The multiple oxygen-containing functional groups,
such as epoxy, hydroxyl, and carboxylic acid, on the basal planes and
edges of GO sheets signiﬁcantly improve the dispensability of GO in
polar solvents [5]. To promote the practical application of graphene,
the integration of individual graphene nanosheets into ordered macroscopic materials becomes crucial [6]. Thus, various graphene based macroscopic materials such as ﬁlms [7,8], aerogels [9,10], hydrogels [11] and
ﬁbers [12–14] have been fabricated via self-assembly of graphene and
its derivatives. The obtained macroscopic materials usually own hierarchical microstructures with superior properties translated from the inherent attributes of graphene [15]. Graphene ﬁber (GF) has arisen
high expectations as new carbonaceous ﬁbrous materials in terms of
mechanical and functional performance since it was ﬁrst prepared by
the wet spinning of graphene oxide (GO) [16]. By virtue of the electrical
conductivity, ﬂexibility, toughness, and strength of GFs, some potential
applications of GFs have been demonstrated including conducting
wires, ﬁber-shaped energy-storage devices, and sensors [17–20].
Nanoscale building blocks from biological origin have attracted tremendous interest in materials science and engineering [21]. As natural
nanomaterial produced from native cellulose including plants, animals,
and bacteria, nanocellulose (NC, usually referring to cellulose nanoﬁbers
(CNF), cellulose nanocrystals (CNC) or bacteria cellulose ﬁbers), possesses many characteristics similar with graphene, such as large speciﬁc
surface area, excellent mechanical properties, and tailorable surface
chemistry. On the other hand, it also holds many appealing features different from graphene like high crystallinity, biodegradability and renewable resource [22]. Recently, many researchers have been
attempting to combine NC with graphene to assemble multifunctional
hybrid composites, which possess the advantages of both NC and
graphene [23–27]. Various hybrid composites of NC and graphene
have been fabricated, such as ﬁlms, aerogels and ﬁlaments [28–31]
and they have been used in water treatment, supercapacitors and sensors [32–34]. Most of the assembled materials target to membranes or
aerogels, and only a few efforts on designing of macroscopic NC and
graphene hybrid ﬁlaments have reported.
The micro-sized CNF and GO hybrid (NC/GO) ﬁlaments with a noticeable improvement in mechanical properties were ﬁrstly fabricated
by Li et al. [30,35]. The fabricated NC/GO ﬁlaments were successfully
used as high performance ﬁber-shaped supercapacitors. The hydrophilic NC can act as a “spacer” to effectively reduce π-π stacking interactions between the graphene and facilitate the absorption of electrolyte,
improving the electrochemical performance of the supercapacitors
[36–39]. However, most of these reported NC/GO hybrid ﬁlaments
were prepared by traditional wet-spinning method, in which volatile
organic coagulation solvents and repeated washing processes are
needed. In our previous paper, we reported a mild and green method
to fabricate micro-sized ﬁbers from oppositely charged nanoparticles
using interfacial nanoparticle complexation (INC). This method was carried out under aqueous conditions at neutral pH and at room temperature based on oppositely charged one-dimensional (1D) CNF and CNC
[40,41]. As mentioned before, GO is a colloidal negatively charged
nanoﬂake with carboxylic groups on its surface. Moreover, the complexation of GO with polyelectrolytes (such as chitosan) into mesoscale ﬁber
was also demonstrated [42–44]. Given these fact, there is a strong possibility that negatively charged GO could complex with positively
charged NC to fabricate NC and GO (NC/GO) ﬁlament based on INC
method. Different from the complexation with soluble polyelectrolytes,
the INC complexation reported here is between two non-soluble
charged nanomaterials, i.e., two dimensional (2D) GO nanosheets and
1D CNCs, which may broaden the suitable materials for the INC complexation (from 1D with 1D to 1D with 2D).
Herein, two types of positively charged CNCs were prepared and
used to complex with negatively charged GO to assemble CNC and GO

hybrid ﬁlaments. Especially, CNC/GO composite ﬁlaments with variable
CNC and GO concentrations were investigated. Moreover, the chemical
structure, morphologies and composition of formed CNC/GO composite
ﬁlaments were further characterized. After chemical reduction of the
obtained hybrid ﬁlament, conductive reduced GO ﬁlament was obtained, showing good mechanical properties and an electrical conductivity of 3298 ± 167 S/m.
2. Materials and methods
2.1. Materials
Bleached kraft birch (Betula pendula) commercial pulp sheet was
used as a source of cellulose. Lithium chloride (LiCl, 99%), sodium
periodate (NaIO4) and glycerol were acquired from Sigma Aldrich
(Germany). Girard's reagent T (2-hydrazinyl-2-oxoethyl)trimethylazanium chloride (GT), aminoguanidine hydrochloride (AH)
and hydroiodic acid (HI) were supplied from Tokyo Chemicals Industry
(Japan). Graphene oxide (GO) was purchased from NewMater Nanotech (Sichuang, China) in a water solution of 10 mg/ml and used without further puriﬁcation. Deionized water was used in all experiments.
2.2. Methods
2.2.1. Preparation of 2,3-dialdehyde cellulose (DAC) by periodate oxidation
15.0 g of bleached birch pulp was torn and mixed at 10000 rpm with
1500 ml deionized water using an Ultra-Turrax mixer (IKA T25, Staufen,
Germany) for 1 min. Then, 12.3 g of NaIO4 and 27 g of LiCl were added
into the dispersion and the reaction was conducted at 65 °C in a water
bath for 3 h with an aluminum foil cover. After reaction, the product
was ﬁltered and washed several times with deionized water and stored
in a non-dried state at 4 °C for further use [45]. The aldehyde content of
DAC was measured to be 3.86 mmol/g based on an oxime reaction between the aldehyde group and NH2OH·HCl [46].
2.2.2. Cationization of DAC with Girard's reagent T or aminoguanidine
hydrochloride
Cationization of DAC was conducted using two different routes as
described previously [45,47,48]. Reaction routes are shown in the Fig.
S1 in Supplementary Information.
2.2.2.1. Cationization of DAC with Girard's reagent T. 24.32 g of Girard's reagent T was ﬁrstly dissolved to 600 ml of deionized water in a beaker
and the pH of solution was adjusted to 4.5 using a dilute HCl. 6.0 g of
non-dried DAC was added and the mixture was stirred and allowed to
proceed for 72 h at room temperature [48]. After that, the product was
puriﬁed by water ﬁltration until the conductivity of the ﬁltrate was
below 20 μS cm−1.
2.2.2.2. Cationization of DAC with aminoguanidine hydrochloride (AH) in
deep eutectic solvent (DES) system. The DES system was synthesized by
mixing of aminoguanidine hydrochloride (75 g) and glycerol (125 g)
with a molar ratio 1:2 into a ﬂask and preheated to 90 °C. After the mixture became a transparent liquid, it was cooled down to 80 °C. Then,
10 g (abs.) non-dried DAC was added into DES liquid for reaction. The
mixture was stirred continuously by magnetic bar and reacted for
10 min. The reaction was stopped by adding 250 ml of ethanol. The obtained product suspension was ﬁltrated and washed twice with 500 ml
of water and ethanol, respectively [47].
2.2.3. Nanoﬁbrillation of cationic cellulose pulps to CNC
The chemically treated cationic cellulose pulps were passed through
a double-chamber system (400 and 200 μm) of a microﬂuidizer
(Microﬂuidics M-110EH-30, USA) for two times at 1000 bar pressure
using a solids content of 1 wt%. The cationic CNC obtained from DAC
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reaction with GT and AH were denoted as GT-CNC, and AH-CNC,
respectively.
2.2.4. CNC/GO ﬁlament fabrication
Droplets of oppositely charge GO and CNC aqueous suspensions
(100 μL each) were placed adjacent to each other on a polystyrene
Petri dish without the two droplets coming into together. Then, a pair
of tweezer was plunged into the two droplets to bring them into contact
to form a stable interface. The plunged tweezer was further clamped to
the universal testing machine and dragged upwards with a constant
rate of 30 mm/min, resulting in the formation of a continuous ﬁlament
(Video.S1). All formed wet ﬁlaments were attached to a glass rod and
air-dried at room temperature. The hybrid ﬁlaments formed by GTCNC or AH-CNC with GO was designated as GT-CNC/GO ﬁlament and
AH-CNC/GO ﬁlament, respectively.
2.2.5. Reduction of AH-CNC/GO ﬁlament
The formed AH-CNC/GO hybrid ﬁlaments were immersed into HI solution (57 wt%) at 80 °C for 6 h, washed with water and ethanol to remove the HI and iodine, and ﬁnally dried at 80 °C under vacuum for
12 h to obtain AH-CNC/reduced GO (rGO) hybrid ﬁlaments.
2.2.6. Transmission electron microscopy
The morphological features of cationic CNC and GO were measured
by transmission electron microscope (TEM, JEOL JEM-2200FS, Japan).
Preparation of the samples was performed by ﬁrst adding a small droplet of 0.003 to 0.005 wt% CNC suspension on the top of carbon-coated
copper grid. After setting for 1 min, the sample was absorbed by a
small piece of ﬁlter paper, the sample left on the grid was negatively
stained with uranyl acetate (2% w/v) for 1 min. The staining agent was
then removed again by ﬁlter paper. All the samples were allowed to
dry at room temperature before the measurements were conducted.
The standard conditions with 200 kV were used during the TEM analysis. The dimensions of the CNC were measured (N100 individual particles) using iTEM (Olympus Soft Imaging Solutions GMBH, Munster,
Germany) image analysis software.
2.2.7. Atomic force microscopy imaging
The morphology of GO was analyzed by an atomic force microscope
(AFM, MultiMode8, Bruker, Germany) with ScanAsyst™ in air and triangular Si probes (with a typical tip radius of 2 nm and a nominal spring
constant of 0.4 N/m). 30 μL of 0.001% w/w GO dispersion was dripped
on a freshly cleaved mica surface after 1 min bath sonication and airdried for the analysis.
2.2.8. Field emission scanning electron microscope
The structure of formed ﬁlaments were observed using a ﬁeld emission scanning electron microscopy (FESEM, Zeiss Sigma HD VP,
Oberkochen, Germany) at 0.5 kV acceleration voltage. All samples
were sputtered with platinum prior to observation.
2.2.9. Elemental analysis
The cationic group content of GT-CNC and AH-CNC were calculated
directly from the nitrogen content of the product as determined using
a PerkinElmer CHNS/O 2400 Series II elemental analyzer. The content
of cationic CNC in the formed hybrid ﬁlament were calculated based
on the equation below:
CNC content ðwt%Þ ¼

Nitrogen wt%of CNC=GO hybrid filament
 100:
Nitrogen wt%of cationic CNC

2.2.10. Polyelectrolyte titration
The charge density of GO was determinated by a particle charge detector (Mütek PCD 03, USA), in which 10 ml 0.01 wt% GO was titrated
with poly-diallyl-dimethylammonium-chloride (polyDADMAC 1 meq/
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L) and the charge density was calculated based on the consumption of
polyDADMAC (see the calculation equation in the Supplementary Information). The results are the average of at least three tests with minor
difference.
2.2.11. Diffuse reﬂectance infrared Fourier transform spectroscopy
The chemical characterization of cationic CNC, GO and the formed
composite ﬁlaments were carried out using diffuse reﬂectance infrared
Fourier transform (DRIFT). The spectra were recorded on a Bruker Vertex 80v spectrometer (USA) in the 800–4000 cm−1 range with 2 cm−1
resolution.
2.2.12. Mechanical properties
The tensile tests of the ﬁlaments were performed on a universal testing machine (Zwick D0724587, Switzerland) equipped with a 200 N
load cell. The ﬁlaments were preconditioned at room temperature
(23 °C) and a relatively humidity of 50% for at least one day prior to
the 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. The diameters of ﬁbers were measured with an
optical microscope (Leica MZ6 equipped with a Leica DFC420 camera)
and the cross-section was assumed to be circular. A total of 5–6 measurements for each sample were tested, and their average value was
reported.
2.2.13. Electrical conductivity measurement
Current-voltage (IV) -curves of reduced CNC/rGO hybrid ﬁlaments
were measured using a two-point probe setup (Keithley 2636A
sourcemeter, 21 °C at 30% relative humidity). The ﬁlaments were ﬁxed
with silver paste which was also used as a contact point for the probes.
When calculating the electrical conductivity, the ﬁlament was regarded
as a perfect round shape. A Leica DM2700 microscope was used to measure the length and diameters of dried ﬁlaments. Six samples were prepared and each sample was analyzed for three times, and the values
with large errors in each measurement were excluded. Electrical conductivity is calculated based on this formula: σ = 1/ρ = L/RA = LI/VA,
ρ is the resistivity; V is the voltage; I is the current; R is resistance; L is
the ﬁber length; and the cross-section of ﬁber is regarded as round
shape and A is the cross-section area calculated from diameter.
3. Results and discussion
3.1. Morphology of GT-CNC, AH-CNC and GO
Cationic CNCs were prepared based on our previously reported
methods [47–49]. The chemical pretreatment of cellulose provides cationic charged groups on the surface of cellulose ﬁber, which would facilitate the nanoﬁbrillation of cellulose pulp by the strong shear forced
caused by the mechanical disintegration [49,50]. Fig. 1a-c show the
morphologies of GT-CNC, AH-CNC and GO as characterized by TEM
and Fig. 1d is the AFM image of GO. The obtained GT-CNC consisted of
rod-like nanocrystals of 92 ± 28 nm in length and 6 ± 1.5 nm in
width (Fig. 1a). AH-CNC prepared in DES system displayed a similar
morphology with 92 ± 31 nm in length and a diameter of 6.6 ±
1.4 nm (Fig. 1b). The size distributions of CNC can be found in Fig. S2.
GO showed smooth, transparent and ﬂake-like appearance (Fig. 1c).
The elastic wrinkles and the scrolled or folded edges were also observed
as darker areas. The average dimension and thickness of GO were obtained using AFM imaging (Fig. 1d and Fig.S3). The dimensions of GO
sheets varied from hundreds of nanometers to around 8 μm and the
thickness was about 1 nm, corresponding to a single layer structure.
3.2. Feasibility of GT-CNC/GO and AH-CNC/GO in ﬁlament drawing
The amount of cationic groups in GT-CNC and AH-CNC were determined to be 1.1 and 2.3 mmol/g, respectively, using elemental analysis.
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Fig. 1. TEM image of (a) GT-CNC, (b) AH-CNC and (c) GO and AFM image of GO.

The anionic charge density of GO was in turn 0.39 mmol/g as measured
with polyelectrolyte titration. When the GT-CNC or AH-CNC suspension
was mixed with GO suspension, precipitated complexes formed immediately owning to the ionic complexation of oppositely nanoparticles,
presumably attributed to interaction between carboxyl groups for GO
and quaternary ammonium groups of GT-CNC or AH-CNC (Fig. 2a).
INC method was used to form continuous CNC/GO hybrid ﬁlament
from aqueous droplets of CNC and GO as is illustrated in Fig. 2b-e. By

combining the two droplets of oppositely charged nanoparticle suspensions together using a pair of tweezers, self-standing GT-CNC/GO and
AH-CNC/GO ﬁlaments could be successfully drawn. It is hypothesized
that a complex ﬁlm of CNC and GO formed immediately on the contact
interface of droplets, and by picking up the interface ﬁlm upwards, continuous hybrid ﬁlament of CNC and GO could be drawn (Fig. 2g).
The inﬂuence of GT-CNC, AH-CNC and GO concentrations on composite ﬁlament drawing process was studied using a constant drawing

Fig. 2. (a) Suspensions of cationic CNC and GO and a dual precipitated complex after simple mixing; (b-e) CNC/GO hybrid ﬁlament drawing process; (f) a single dry CNC/GO hybrid
ﬁlament with a diameter of ~ 33 μm and a length of 53 cm; (g) a scheme illustrating the CNC/GO hybrid ﬁlament drawing process.
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Table 1
Effects of concentrations of GT-CNC, AH-CNC and GO on the CNC/GO hybrid ﬁlament formation and diameter of ﬁlaments.
Sample

0.5 wt% GO

0.5 wt% GT-CNC
0.3 wt% GT-CNC
0.15 wt% GT-CNC
0.5 wt% AH-CNC
0.3 wt% AH-CNC
0.15 wt% AH-CNC

51
35
34
50
43
32

±
±
±
±
±
±

10 μm
7 μm
2 μm
8 μm
5 μm
3 μm

0.3 wt% GO
36
24
20
46
36
26

±
±
±
±
±
±

5
3
2
6
5
3

μm
μm
μm
μm
μm
μm

0.15 wt% GO
30
23
16
32
23
20

±
±
±
±
±
±

3
2
2
4
5
2

μm
μm
μm
μm
μm
μm

0.05 wt% GO
NO
NO
NO
NO
NO
NO

speed of 30 mm/min. The formed ﬁlaments were dried in room temperature and their diameters were measured using an optical microscope.
It was observed that the GO suspensions from 0.15 to 0.5 wt% formed
uniform and strong ﬁlaments with 0.15 to 0.5 wt% GT-CNC or AH-CNC
suspensions (Table 1). When the concentration of GO decreased to
0.05 wt%, the ﬁlament was too weak to be drawn upward. The diameter
of the formed CNC/GO hybrid ﬁlaments decreased with decreasing the
concentration of GO or CNC suspension. Using 100 μL droplet of 0.3 wt
% AH-CNC or GT-CNC with 100 μL 0.3 wt%, CNC/GO, uniform ﬁlaments
with a length higher than 60 cm could be obtained.
3.3. DRIFT
Diffuse reﬂectance infrared Fourier transform (DRIFT) spectroscopy
was used to conﬁrm the presence of GO, GT-CNC or AH-CNC in the
formed INC ﬁlaments. Fig. 3 depicts the DRIFT spectra of GO, GT-CNC,
AH-CNC and their corresponding hybrid ﬁlaments. In the spectrum of
GO, the absorbance bands at 3434, 1743, 1620 and 1074 cm−1 can be attributed to the O\\H stretching, C_O of carboxyl group, aromatic C_C
bond in unoxidized graphitic domain and the C\\O stretching in epoxy
group, respectively [51]. The typical characteristic peaks of cellulose
could be observed in all cellulosic samples (GT-CNC, AH-CNC and their
hybrid ﬁlaments). The broad bands near to 3405 cm−1 were related to
hydroxyl group stretching vibration while the band at 2904 cm−1 is associated with the C\\H stretching vibrations in the cellulose glucose
rings. It can be observed that GT-CNC exhibited a distinctive band between 1600 and 1700 cm−1 (mainly overlapping of C_O and C_N
stretching) and amide II band at 1550 cm−1 (C\\N stretching coupled
with N\\H bending modes) [52]. In the spectrum of AH-CNC, two obvious peaks at 1681 and 1641 cm−1, corresponding to the C_N bond vibration and N\\H bond bending, respectively, were also observed. The
carboxyl group of GO (1743 cm−1) was found in GT-CNC/GO and AHCNC/GO ﬁlaments, but it shifted to a lower peak at 1737 cm−1,
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indicating the successful incorporation of GO into the CNC/GO ﬁlament.
In addition, the carbonyl band (1695 cm−1) of GT-CNC and the C_N
band (1681 cm−1) of AH-CNC slightly shifted to 1702 and 1683 cm−1,
respectively, which probably due to the ionic bonding between the carboxyl group of GO and quaternary ammonium group of GT-CNC or AHCNC.
3.4. Morphology of formed GT-CNC/GO and AH-CNC/GO ﬁlaments
The surface and cross sectional morphologies of obtained hybrid ﬁlaments are shown in Fig. 4. Various wrinkles and gullies could be observed aligned along the longitudinal direction of the formed
ﬁlaments. Interestingly, the rod-like CNC which was randomly distributed on the surface of GO ﬂakes, could be observed on surface of both
hybrid ﬁlament at higher magniﬁcation (Fig. 4c and f), (More SEM images can be found in Fig.S4 and S5 in Supplementary Information).
Moreover, more CNCs were found on the surface of GT-CNC/GO than
that of AH-CNC/GO ﬁlament, probably indicating more GT-CNC was incorporated into the hybrid ﬁlament. The cross sectional area of formed
CNC/GO ﬁlaments is presented in Fig. 4 d-f (GT-CNC/GO) and j-l (AHCNC/GO). The hybrid ﬁlaments displayed a circular cross-section, this
structure was probably associated with the supporting effect of CNCs
on GO skeleton [36]. Layered structures of curvy GO ﬂakes were revealed in the cross sectional area, which were stacked compactly and
parallel to the axial direction. However, no CNCs was found in the
cross-sectional area. Based on these microstructural ﬁndings, Fig. 4m
presents a possible structure of formed CNC/GO hybrid ﬁlament. This
structure was created when the positively charged CNC ﬁrstly complexed with GO ﬂakes and the individual complexes further assembled
into macroscale layered hybrid ﬁlament.
3.5. Composition of CNC/GO ﬁlaments
Elemental analysis was conducted to determine the composition of
CNC/GO hybrid ﬁlament fabricated using 0.3 wt% CNC (GT-CNC or AHCNC) with 0.3 wt% GO suspensions (Table 2). The proportion of CNC
was analyzed from nitrogen contents in ﬁlaments (Table 2). There was
also trace amount of nitrogen in GO because NaNO3 was used in GO synthesis (Hummers' method), but the N content was very low and was not
taken account in calculations. The GT-CNC and AH-CNC contents were
very different, being 45.6 wt% and 16.0 wt% in the composite ﬁlaments,
respectively. The lower content of AH-CNC was probably due to its notable higher cationic charge density. Because the complexation was
based on charge interaction/neutralization, a smaller amount of CNC
with high charge density was required to form a neutral complex.
3.6. Fabrication of reduced AH-CNC/GO (AH-CNC/rGO) ﬁlament

Fig. 3. DRIFT spectra of GO, GT-CNC, AH-CNC and their corresponding hybrid ﬁlaments.

To study the potential application of these fabricated hybrid CNC/GO
ﬁlaments for electronics, a preliminary study to prepare conductive ﬁlament using CNC/GO ﬁlament was conducted. AH-CNC/GO ﬁlament
was chosen as an example and chemically reduced using HI as a reducing agent. The morphology, electrical and mechanical property of reduced AH-CNC/GO ﬁlament were investigated. Fig. 5 (a-f) shows the
SEM images of reduced AH-CNC/GO ﬁlament (AH-CNC/rGO). The AHCNC/rGO ﬁlament displayed a similar structure with AH-CNC/GO ﬁlament both in longitudinal and transverse direction. The ﬁbrillar outline
of CNC could still be observed distributing randomly on the surface of
reduced ﬁlament. The layered rGO ﬂakes were identiﬁed in the crosssectional area (Fig. 5f) but displayed a looser structure compared with
the compact layered GO sheets in AH-CNC/GO ﬁlament (Fig. 4i). This altered structure was probably due to the partial removal of the oxygencontaining groups from the GO sheet surface [53]. In other words, cationic AH-CNC acted as an “adhesive” and bonded the adjacent GO nanosheets together via electrostatic interaction before reduction. After HI
reduction, carboxylic group was partly reduced, the interactions
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Fig. 4. The side view and cross-sectional SEM images of (a-f) GT-CNC/GO and (g-l) AH-CNC/GO ﬁlaments and the scheme of potential structure of CNC/GO hybrid ﬁlament.

between AH-CN and GO decreased forming a relatively less dense structure than GO ﬁber. This structure was also supported by the higher
strain value of AH-CNC/rGO hybrid ﬁlament (5.6%) compared to the
strain (1.8%) of original AH-CNC/GO ﬁlament. Due to the reduction of

Table 2
Elemental analysis of Nitrogen content in GT-CNC, GO, AH-CNC and their corresponding
CNC/GO hybrid ﬁlament.
Sample

GT-CNC

AH-CNC

GO

GT-CNC/GO

AH-CNC/GO

N (wt%)

4.6 ± 0.1

15.6 ± 0.2

0.05 ± 0.01

2.1 ± 0.1

2.5 ± 0.1

the oxygen containing functional groups of GO, AH-CNC/rGO ﬁlament
showed a much higher thermal stability (b17% weight loss at 700 °C)
than unreduced AH-CNC/GO ﬁlament (about 53% weight loss at
700 °C) (Fig.S6 in Supplementary Information). The average tensile
strength of AH-CNC/rGO hybrid ﬁlament also increased to 109.3 ±
8 MPa, which was about 25% better compared with the original ﬁlament
(87.1 MPa). This enhancement in tensile strength was presumably associated with the intrinsic higher mechanical properties (lower interlayer
space) of reduced GO sheets compared to GO sheets [54,55].
The reducing treatment played an important role in restoring the
electrical conductivity of the GO sheet. AH-CNC/rGO hybrid ﬁlament
had an electrical conductivity of 3298 ± 167 S/m. Using the AH-CNC/
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Fig. 5. Surface and cross sectional SEM images (a-f) of AH-CNC/rGO ﬁlament; (g) typical strain-stress curves of the single AH-CNC/GO and AH-CNC/rGO hybrid ﬁlament; (h) typical I-V
curve of the single AH-CNC/rGO ﬁlament; (i) lighted LED lamp using the prepared AH-CNC/rGO ﬁlament as the leads in the electrical circuit.

rGO hybrid ﬁlament as leads in an electrical circuit, its conductance is
sufﬁcient for lighting up a LED lamp (Fig. 5i). Even though the reduced
AH-CNC/GO ﬁlaments showed a lower mechanical properties compared
to previously reported ﬁlaments based traditional wet spinning method
(Table S1), we believe that the mechanical properties of CNC/GO ﬁlaments can further be improved by post-treatments, such as stretching
or high-temperature graphitization [13,56,57]. Overall, the invented approach presents, a new facile and green technique for the assembly of
2D nanosheets with 1D nanomaterials [58]. The incorporation of additional nanoparticles and small molecules could further enable to tailor
the features of ﬁlaments for other applications [41].
4. Conclusion
In conclusion, organic-inorganic nanoparticle hybrid ﬁlaments were
successfully spun from cationic CNC and anionic GO via interfacial nanoparticle complexation. This process was conducted in aqueous condition and at room temperature without using any organic coagulants,
thus being green and simple. Conductive CNC/rGO ﬁlament was further
obtained from reduced GO, showing an improved tensile strength of
109.3 ± 8 MPa and an electrical conductivity of 3298 ± 167 S/m. The results help understanding the interactions between nanocellulose and
graphene sheets for designing a NC and GO based macroscopic, assembled hybrid architectures. Additional components such as nanoparticles
and small molecules can easily be integrated to the ﬁlament structure
for further tailoring of material properties. This simple and versatile assembly method opens pathways to many exciting superstructures between 2D nanosheets and 1D nanocrystals or nanoﬁbers.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.108791.
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