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A facile route to mechanically robust graphene
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Excellent mechanical, electrical, and thermal properties of graphene have been achieved at the macroscale by

assembling individual graphene or graphene oxide (GO) particles. Wet-spinning is an efficient and well-
established process that can provide GO assemblies in fiber form. The coagulation bath in the wet-spinning
process has rarely been considered for the design of mechanically robust GO fibers (GOFs). In this study,
locating the amidation reaction in the coagulation bath yielded mechanically improved GOFs. The imides 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide and N-hydroxysuccinimide were used to form covalent amide
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bonds between GO flakes and chitosan, thereby reinforcing the GOFs. Evidence and effects of the amidation

reaction were systematically examined. The tensile strength and breaking strain of the GOFs improved by 41.6%
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1. Introduction

Carbon fibers have extraordinary mechanical, thermal, and
electrical properties that result from their turbostratic struc-
ture. They are used in many high-tech aerospace, automotive,
and electrical applications.* The superior material properties of
single-crystalline graphite whiskers, e.g., high strength of
20 GPa and excellent electrical conductivity of 1.5 x 10°Sm ™"
have stimulated the development of single-crystalline-like
carbon fibers having properties exceeding those of conven-
tional turbostratic carbon fibers. Graphene has emerged as
a building block for this kind of carbon fiber due to its excellent
material properties, such as high strength (130 GPa),® Young's
modulus (1 TPa),® electrical conductivity (10° S m™"),* and
thermal conductivity (5000 W m K ')* at the nanoscale. Gra-
phene oxide (GO), which is prepared by chemical oxidation and
exfoliation of natural graphite, is of particular interest because
it can be readily processed into macroscopic assemblies, such
as GO fibers (GOFs). Such mass and solution processabilities
are attributed to hydrophilic functional groups.®

Graphene oxide has been used since 2011 to synthesize GO
or reduced graphene fibers.” Polymeric fibers are manufactured
by aligning their constituent elements. To form GOFs, the GO
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and 75.2%, respectively, and the toughness almost doubled because of the optimized crosslinking reaction. Our
work demonstrated that using a coagulation bath is a facile way to enhance the mechanical properties of GOFs.

units must first be aligned in solution, i.e., form a liquid crys-
talline phase. Fortunately, high-aspect-ratio particles can form
nematic liquid crystalline phases above their critical concen-
trations.*® Graphene oxide particles can also be dispersed to
form a nematic liquid crystalline phase; the high shear present
in an extrusion orifice during wet-spinning aligns the nematic
structure. Then, solvent exchange in a coagulation bath trans-
forms the aligned GO structure into gel-fibers, which are con-
verted into solid GOFs by subsequent drying. These GOFs have
been intensively investigated for applications to conducting
fibers,'***  sensors,”*™* fiber supercapacitors,””*” and
batteries.'®* Nevertheless, the mechanical properties of GO
fibers are still inferior to those of the individual GO particle, and
their improvement in this respect remains challenging.
Various approaches have been used to design mechanically
robust GOFs. These include (i) mixing large and small GO flakes
at the golden ratio,* (ii) adding organic molecules in the spin-
ning dope to form a composite fiber,>*?> and (iii) grafting polymer
molecules on the GO surface.” The coagulation bath is a suitable
vessel via which to chemically treat GOFs, to modify their
microstructure and thereby improve their mechanical properties.
However, the coagulation bath has rarely been investigated in the
context of the synthesis of mechanically robust GOFs. Herein,
a coagulation solution (bath) was designed to enable crosslinking
of the GO flakes within GOFs to improve the fiber mechanical
properties. There have been many studies on high strength and
modulus of GO fibers.* In most studies however, improved
mechanical properties of GO fibers were achieved using large
sized GOs.>*** In contrast, our study has been focused on the
crosslinking reaction between GO and chitosan and its effect on
the strength and modulus. We developed a new wet-spinning
process with in situ crosslinking and characterized
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manufactured GO fibers using chemical and mechanical anal-
yses to find optimum process condition. Since we have used
small sized GOs, the mechanical properties of GO fibers in this
study can be lower than other GO fibers based on large sized GOs.
We expect that our finding on the optimum condition of the
crosslinking between GOs and chitosan enables very strong and
tough GOs to be manufactured if large sized GOs are used, which
is beyond our research scope in this study.

Crosslinking between GO flakes occurs when carboxylic
groups on the GO surface form amide groups by reacting with
amine groups of chitosan during the amidation reaction in the
coagulation bath. The amide group is a highly popular and
reliable functional group because of its high polarity, stability,
and conformational diversity.*® Herein, mechanically robust
GOFs were synthesized via continuous wet-spinning followed by
amidation in the coagulation bath. The effects of this process
were systematically examined and the optimum reaction
conditions were identified.

2. Experimental

2.1. Materials

An aqueous dispersion of GO flakes (V-50; 1 wt%; D < 10 pm,
Fig. S1at) was purchased from Standard Graphene Inc. Chito-
san (medium molecular weight), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), and N-hydrox-
ysuccinimide (NHS) were supplied by Sigma-Aldrich. Acetic acid
(99.7%) was purchased from Daejung Chemicals & Metals.

2.2. Tough GO fiber synthesis

GOFs were manufactured by wet-spinning. First, the spinning
dope was prepared using the GO dispersion. The concentrated GO
dispersion was diluted to 0.5 wt% with distilled water and stirred
for 24 h at room temperature. This solution was gently sonicated
for 1 h in a bath-type sonicator and further filtered through a 400-
mesh stainless steel sieve to remove agglomerates. The filtrate was
then degassed in a vacuum chamber. The nematic liquid crystal-
line phase of the prepared spinning dope was confirmed using
a polarized optical microscope (POM; BX-51; Olympus Co.) (Fig.-
S1bt). The schlieren texture, which is characteristic texture for
nematic liquid crystal solution, evident in the POM image
confirms the nematic phase.*” The liquid crystalline spinning
dope was spun into a continuous fiber in a coagulation bath, in
which the phase transition occurred by diffusion of the coagulant
into the spinning dope; it is later solidified by evaporating the
solvent."” In this study, the aqueous coagulation solution was
prepared by dissolving chitosan (3.0 g) in distilled water (500 mL)
containing acetic acid (10 mL). The EDC (10 mM) and NHS (10
mM) were added to the coagulation solution to activate the reac-
tion between the carboxylic acid groups of the GO surface and the
amine groups of the chitosan molecules.

Various GOFs were spun under different conditions using the
prepared spinning dope and coagulation solution. A 27-gauge
needle with an inner diameter of 0.2 mm was used as the wet-
spinning nozzle; the feed rate of the spinning dope was 2 mL

h™'. The wet-spun GO-gel fibers were collected at 50 cm min "
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Five groups of GO-gel fibers (denoted as C-GOF1, C-GOF2, C-
GOF3, C-GOF4, and C-GOF5) were held in the coagulation bath
for various periods (¢ = 1, 2, 3, 4, and 5 h, respectively) to examine
the effect of crosslinking development on the mechanical prop-
erties of the produced GOFs. The C-GOFs were then rinsed with
distilled water and placed between two stainless steel rods
separated by 15 cm to solidify the gel fibers. The solidified fibers
were further dried in a vacuum oven at 50 °C for 24 h. For
reference, non-crosslinked GOFs were synthesized using the
same processes, but without the chemical additives (EDC and
NHS) and a further holding period in the coagulation bath.

2.3. Structural and mechanical characterizations

The GO and GOF morphologies were observed by field-emission
scanning electron microscopy (FE-SEM; Supra 55VP; Carl Zeiss).
Crosslinking between the GOFs and chitosan molecules was
evaluated by Fourier transform-infrared spectroscopy (FT-IR;
4000-650 cm !, resolution: 4 cm™*; Tensor 27; Bruker) and X-
ray photoelectron spectroscopy (XPS; Sigma Probe; Thermo
Fisher Scientific). Thermogravimetric analysis (TGA; TGA/DSC
1; Mettler Toledo) and differential scanning calorimetry (DSC;
DSC 823e; Mettler Toledo) were used to examine the thermal
decomposition behavior of the GOFs and the crosslinking
reaction. The weight change of the GOFs was measured by TGA
in the temperature range of 100 to 600 °C at a heating rate of
10 °C min~ " under an N, atmosphere. Meanwhile, the heat flow
for the thermal decomposition of the GOFs was measured by
DSC in the temperature range of 25 to 320 °C at a heating rate of
10 °C min~' under an N, atmosphere. Before any DSC
measurement, adsorbed water molecules were removed from
the GOFs by heating to 150 °C, holding at this temperature for
5 min, and then cooling to room temperature. The heating and
cooling were done at 10 °C min™" in an N, atmosphere.

A swelling test was conducted to assess structural robust-
ness. Samples of GOFs were soaked in distilled water (100 pL)
and their diameter changes were monitored over time (0.5, 1, 3,
6, and 24 h) using an optical microscope. The mechanical
properties of the GOFs were carefully examined using a single-
fiber tensile test (gauge length: 10 mm, crosshead speed: 0.5
mm min~') on a universal testing machine (UTM; RB 302 ML;
R&B Co.).

3. Results and discussion

3.1. Chemistry and processing

The crosslinking amidation reaction between carboxyl groups
and primary amine groups via the EDC/NHS activation mech-
anism*® was used to manufacture tough GOFs. Carboxyl-
functionalized GO flakes were selected for the crosslinking
reaction with the primary amine groups of chitosan molecules;
the presence of carboxylate groups was confirmed by C=0
absorption at about 1725 em ™' in the FT-IR spectrum
(Fig. S2at).?* The amine groups were characterized by an N-H
absorption at about 1560 cm™* (Fig. S2a1).* Fig. 1a schemati-
cally describes the crosslinking reaction. First, carboxylic acid
groups on the GO flakes react with EDC to form unstable
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Fig. 1 Cross-sectional and surface field-emission scanning electron microscopy images of graphene oxide fibers (GOFs) and chemically
crosslinked GOFs (C-GOFs). (a and b) GOFs, (c and d) C-GOF1, (e and f) C-GOF2, (g and h) C-GOF3, (i and j) C-GOF4, and (k and |) C-GOF5.

Marked areas were used for the effective diameter calculation.

reactive O-acylisourea esters. These unstable EDC ester inter-
mediates are stabilized by NHS addition to form NHS esters.
Finally, the NHS ester intermediates react with the primary
amine groups of the chitosan molecules to form stable amide
crosslinks.* Fig. 1b schematically illustrates the wet-spinning
process. The chemical crosslinking reaction was designed to
occur during gel-fiber formation in the coagulation bath. Pre-
crosslinked solutions have been used to manufacture highly
tough GO membranes.?” For the wet-spinning of GO fibers,
liquid crystallinity of the spinning dope is very important,
affecting the spinnability as well as the properties of spun
fibers.*® When pre-crosslinking GO and chitosan is used for
spinning dope, liquid crystalline phase of the spinning dope
can be deteriorated by already-aggregated GO flakes. Thus, we
believe that real-time (or in situ) crosslinking method is inevi-
table to maximizes the effect of the crosslinking in wet-spinning
process. To confirm this, polarized optical microscope images
of pre-crosslinked GO-chitosan aqueous solution were exam-
ined (Fig. S31). In the pre-crosslinked GO-chitosan aqueous
solution, schlieren texture, which is characteristic texture for
nematic liquid crystal solution between crossed polarizers,
could hardly be observed compared to GO aqueous solution and
its spinnability was very limited.

3.2. Morphologies of the GOFs

The GOFs were successfully manufactured by the liquid crystal
wet-spinning process, as shown by cross-sectional and surface
SEM images (Fig. 2). Short residence times in the coagulation
bath were expected to limit the extent of crosslinking of the

20250 | RSC Adv., 2019, 9, 20248-20255
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Fig. 2 Schematic diagrams describing (a) amide bond formation
between graphene oxide (GO) flakes and chitosan molecules via the 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/N-hydrox-
ysuccinimide (NHS) activation mechanism and (b) wet-spinning for
manufacturing continuous GO fibers using the amidation reaction.
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chitosan. The effective diameter of the fibers can be confirmed by
the area inside the outline of the cross-sectional SEM images;
equivalent circular cross-sectional areas were assumed because
of the non-cylindrical morphology of the GOFs. The average
effective diameter of the fibers was calculated by measuring the
cross-section of five fibers. The cross-sectional areas of the GOFs
were not affected by the crosslinking reaction, since the calcu-
lated effective diameters changed insignificantly with increasing
crosslinking reaction time, i.e., 25.6 & 1.4 pm, 26.7 £+ 1.0 um, 26.7
+ 1.9 um, 26.7 £+ 1.6 um, and 25.7 + 1.1 um for GOF, C-GOF1, C-
GOF2, C-GOF3, C-GOF4, and C-GOF5, respectively. In wet-
spinning of GO fibers, wrinkles tend to form in the coagulation
and drying process.** In our study, the wrinkles were observed in
both GOFs and C-GOFs and more wrinkles in the latter (Fig. 2).
The cross-linked chitosan is more strongly bound to the surface
of the GO, interfering the planar packing of GO particles and thus
forming more wrinkles. This can be confirmed by a fact that the
chitosan particles bound to the GO surface was observed on the

View Article Online
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fracture surface of GO fibers, more visible in GO fibers with
increased cross-linking (Fig. S41). As a result, cross-linking
seemed to bring about more wrinkles in GO fibers.

3.3. Evidence of the amidation reaction

The crosslinking reaction between GO and chitosan was inves-
tigated by FT-IR and XPS (Fig. 3 and S2bf). Fig. 3a shows that
most of the FT-IR peaks, including the C=0 (1725 cm ™), C=C
(1620 em ™), O-H (1380 em™ "), and C-O (1220 em™ ") absorp-
tions, were common to all GOFs because of the predominance
of GO flakes in the GOFs.***” However, as the crosslinking
reaction time increased, N-H absorption at about 1569 cm™*
gradually developed®® while the intensity of the O-H peak
(1380 cm™") decreased due to the formation of amide bonds
(O=C-N-H). At the same time, the XPS wide-scan surveys in
Fig. 3b revealed increasing N1s peak intensity at about 400 eV
owing to the amidation reaction; the N1s peak was located
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Fig. 3 Characterization of the amidation reaction. (a) Fourier transform-infrared spectra and (b) wide-scan X-ray photoelectron spectra of GOF
and C-GOFs. Deconvoluted high-resolution N1s signal for (c) GOF, (d) C-GOF1, (e) C-GOF2, (f) C-GOF3, (g) C-GOF4, and (h) C-GOF5.
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Fig. 4 Thermal decomposition behaviors of raw materials and GOFs. (a) Full temperature range and (b) near 500 degrees of thermogravimetric

curves. (c) Differential scanning calorimetry curves.

between the C1s peak (285 eV) and the O1s peak (534 eV). The
nitrogen content of the GOFs was 1.09 at% (GOF), 3.34 at% (C-
GOF1), 4.23 at% (C-GOF2), 4.33 at% (C-GOF3), 4.53 at% (C-
GOF4), and 4.27 at% (C-GOF5). The FT-IR and XPS analyses
confirmed that the amidation reaction occurred in the coagu-
lation bath. Although the XPS data suggested that the nitrogen
content reached saturation after 2 h of reaction, it was expected
that the extent of crosslinking would nevertheless continue to
increase at longer times. The N1s feature was examined at high-
resolution to quantify the amount of amide bonds. Fig. 3c-h
shows the deconvolution of the N1s spectrum into two
components corresponding to amine nitrogen at 398.6 eV and
400.7 eV.*® The proportion of amide bonds in the N1s spectrum
increased from 6.24% (GOF) to 24.3% (C-GOF1), 24.8% (C-
GOF2), 25.2% (C-GOF3), 26.1% (C-GOF4), and 26.6% (C-GOF5).

The thermal decomposition behavior of the GOFs, which was
examined using TGA and DSC analyses, also supported cross-
linking between GO and chitosan. Fig. 4a shows the amount of
residual carbon from the GOFs after thermal decomposition of
oxygen-containing functional groups derived from the chitosan
present in the GOFs. The amount of polymer in the GO fibers was
measured by thermogravimetric analysis. Measuring the remnant
of the samples after 500 °C (Fig. 4b), the amount of polymer con-
tained in GOF, C-GOF1, C-GOF2, C-GOF3, C-GOF4, and C-GOF5 was
measured to be 3.5, 4.8, 5.2, 4.9, 5.1, and 5.3 wt%, respectively. The
crosslinking reaction brought about tightly bounded-chitosan, and
the fraction of chitosan in the fiber was slightly increased.

The onset temperature for thermal decomposition of the C-
GOFs was considerably lower (173-175 °C) than those of GO

20252 | RSC Adv., 2019, 9, 20248-20255

and chitosan (183 °C and 276 °C, respectively), and the onset of
decomposition of GOF occurred at 195 °C. Likewise, the
exothermic DSC peak observed for GO at 201 °C due to thermal
decomposition shifted to 191-197 °C (C-GOFs) and 212 °C (GOF)

a s
=3
3
z B GOF
] ~@—C-GOF1
2 201 —A—c-GoF2
£ —¥—C-GOF3
% —4—C-GOF4
e —P—c-GoFs
S 154
®
5
E N
<] —4
z
1.0
¥ T T T
0 5 10 20 25
Time (hr)
b 125
- —8—GOF
k) —®— C-GOF1
T 1.20{ —A—C-GOF2
5 ~¥— C-GOF3
% —4—C-GOF4
£ 115 —»—C-GOF5
-}
T
B 1104
N
©
E 1054
<]
F4
1.00
T T T T T T T
0 1 2 3 4 5 [
Time (hr)

Fig. 5 Diameter change of GOFs soaked in distilled water with
increasing time during the swelling test. (a) Long and (b) short soaking
times.
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as a result of fiber formation and the chemical reaction (Fig. 4c).
The decrease of the thermal decomposition temperature of the C-
GOFs is attributed to a synergistic interaction between covalently
bonded GO and chitosan molecules.***' Additionally, the lower
thermal decomposition temperature of GOF is attributed to
disruption of hydrogen bonds between the GO layers.*> Our
experimental results clearly indicate that amide crosslinking
groups successfully formed between the GO and chitosan.

3.4. Effects of the amidation reaction

The improved structural stability provided by the amidation
reaction was evaluated using a swelling test of the GOFs in
distilled water. Thickness changes over time were monitored
using the optical microscope. Fig. S5 shows that the diameter
of the GOFs instantaneously increased upon contact with water,
and this increase continued over the next hour. In contrast,
even as the soaking time increased, the chemically crosslinked
samples (C-GOFs) hardly swelled because the GO flakes were

View Article Online
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immobilized. The considerable swelling of the GOFs is shown
in Fig. 5a, while Fig. 5b shows the more limited swelling
behavior observed as the crosslinking reaction time increased.

Tensile testing was used to quantitatively assess the struc-
tural stability provided by the crosslinking. Typical stress-strain
curves of the GOFs indicated the improved mechanical prop-
erties of the C-GOFs compared with GOFs (Fig. 6a). The fracture
load of the GO fibers in single fiber tensile tests was about 0.1 N.
Load variation due to noise (e.g., machine vibration) during the
tensile test was about 0.001 N, affecting high fluctuations in the
tensile. We believe that the clamp and fracture did not affect the
fluctuations. Young's modulus and tensile strength of
composite fibers tend to increase with increased crosslinking
density, while the breakage elongation tends to decrease.
However, the effect of crosslinking reaction between GOs and
chitosan on the breakage elongation was quite different. This is
presumably due to the crosslinking reaction mostly occurring
on the edges of GO flakes since the carboxyl group is mainly
present at the edge of the GO flakes.*® This seemed to connect

a 120 4

90

60

Stress (MPa)

30 4

b 35

3.0

A1 { .

Modulus (GPa)

1.5

T

o4
-
-
&

T T T T T T
GOF C-GOF1 C-GOF2 C-GOF3 C-GOF4 C-GOFs

2
Strain (%)
c* d-
140 4
5
120 4 % + X
—_ x 44
©
& 100+ §
= S
~ 80 - 3
£ e
: . il
£ 8 2
» 40 2
92 44
20 w
0 T T T T T T 0 T T T T T T
GOF C-GOF1 C-GOF2 C-GOF3 C-GOF4 C-GOFS GOF C-GOF1 C-GOF2 C-GOF3 C-GOF4 C-GOF5
e .|
—
£
S 24
2
1]
73
o
o
S 14
=
o
[
o T T T T T T
GOF C-GOF1 C-GOF2 C-GOF3 C-GOF4 C-GOF5

Fig. 6 Mechanical properties of the GOFs. (a) Typical stress—strain curves, (b) Young's modulus, (c) tensile strength, (d) elongation at break, and

(e) toughness.
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Fig. 7 Low and high magnification field-emission scanning electron
microscopy images of fractured cross-sectional surfaces of GOFs and
C-GOFs. (a and b) GOFs, (c and d) C-GOF1, (e and f) C-GOF2, (g and h)
C-GOF3, (i and j) C-GOF4, and (k and |) C-GOF5.

GO particles in the axial direction, playing a similar role
reducing defects of the fibers.** As a result, Young's modulus,
tensile strength, and breakage elongation were improved
simultaneously by the amidation reaction.**** This effect could
be observed only for the small amount of crosslinking. As the
crosslinking density increased beyond an optimum, the
breakage elongation decreased. These properties are compared
in detail in Fig. 6b-e. The Young's modulus of all GOFs
increased according to differences between hydrogen bonding
in the GOFs and covalent amide bonding in the C-GOFs
(Fig. 6b). Fig. 6¢c and d shows that the tensile strength and
breaking strain increased as the amidation time increased from
2 to 3 h, but these properties decreased at amidation reaction
times greater than 3 h. The average tensile strength of C-GOF3
(129.6 + 26.4 MPa) was 41.6% higher than that of GOF (91.5 +
15.2 MPa), while the average elongation at break of C-GOF3
(4.03 £+ 0.97%) was 75.2% higher than that of GOF (2.30 +
0.40%). Although it was expected that better mechanical prop-
erties would be obtained with higher crosslinking density, the
best properties were observed at an amidation reaction time of
2-3 h. The same behavior was reported for the crosslinked
chitosan system®**® and can be explained by the increased
rigidity of over-crosslinked chitosan molecules.”” We conclude
that the optimum amidation reaction time in our process was
2-3 h. The toughness curve in Fig. 6e has a pronounced para-
bolic shape, which is attributed to a synergistic effect between
the strength and breaking strain. Notably, the toughness of C-
GOF3 (1.253 + 0.447 MJ m ®) was significantly greater (by
99.1%) than that of GOF (2.495 + 0.585 MJ m3), and the
percentage improvement in toughness was much greater than
that observed for the tensile strength and breaking strain.

The fracture surface of the GOFs was observed using SEM to
qualitatively understand the improved toughness (Fig. 7). The
low-magnification SEM images show the flat cross-sectional
surfaces of the GOFs. The high-resolution images of the C-
GOFs show highly toughened cross-sections of the pulled-out
parts (highlighted in yellow), while the GOF fibers were
sharply cut without significant pull-out. The C-GOF2 and C-
GOF3 in Fig. 7f and h displayed large protrusion areas
because of effective load transfer by the optimal crosslinking
density.
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4. Conclusions

More structurally and mechanically robust GOFs were manu-
factured by crosslinking them in the coagulation bath during
the wet-spinning process. Carboxylic acid groups on GO flakes
and amine groups on chitosan molecules crosslinked to form
amide bonds through the EDC/NHS amidation mechanism; FT-
IR, XPS, and TGA/DSC analyses confirmed the crosslinking. The
structural and mechanical robustness of the modified GOFs
were demonstrated by swelling and tensile tests. An amidation
reaction time of 2-3 h provided fibers having the best
mechanical properties. The toughness of the GOFs exposed to
the amidation reaction time of 3 h was 99.1% higher than that
of GOFs not exposed to the amidation reaction.
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