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We report the role of chemically expanded graphite in the fabrication of high-performance graphene oxide
fibers by wet spinning. X-ray diffraction peak showed that the interplanar distance of the expanded
graphene oxide (EGO) fiber was more than that of graphene oxide (GO) fiber due to the expanded
graphite. X-ray photon spectroscopy analysis revealed that EGO was more oxidized than GO. The
hydrogen bonding network and secondary intermolecular interaction made the EGO aqueous solution

more stable and crystalline, and it was able to be stretched in the coagulation bath. Morphological
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Accepted 2nd January 2019 analysis showed the excellent alignment and compactness of EGO sheets in the fibers. The increased

interplanar distance between the EGO sheets favored the edge-to-edge interaction more than the basal

DOI: 10.1039/cBra09464k plane interaction within the fiber, thus resulting in high mechanical strength (492 MPa) and increased
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A Introduction

In recent years, many studies have focused on graphene oxide
liquid crystals (GOLC) due to their large-scale applications.
Graphene oxide (GO) is a chemically-modified graphene in the
oxygenated form, having colloidal liquid crystalline proper-
ties."” Colloidal liquid crystal fluid is the structure of the
anisotropically shaped colloids retaining liquid-like fluidity and
crystal-like ordering.® The long-range structural alignment and
fluidic nature of GOLC make it a key building block for diverse
graphene-assembled structures, as it enables the adoption of
the excellent properties of graphene to microscopic carbon
materials.*® These macroscopic materials including fibers,
hydrogels, aerogels, have been found to be excellent in extensive
applications.®® Thus, GOLC material has become a major
scientific and technological issue in the field of material science
and nanotechnology."® In the wet spinning of GOLC, the liquid
crystalline behavior of GO dispersion can lead to the orientation
of GO sheets under shear force, which can form ordered
assembly in microscopic fibers.'*** The first fabrication method
of graphene fibers via wet spinning was reported by Gao et al. in
2011 and the tensile strength reached 102 MPa."® Since then,
many efforts have been devoted to improving the mechanical
properties of fibers, with some of these including using
phenolic carbon,® introducing chemical bonds to cross-link GO
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sheets, using giant GO sheets," and intercalating small-sized
graphene sheets into fibers consisting of large-sized graphene
sheets.” Recently, T. H. Han et al. reported a novel method to
improve the strength and stiffness of GOLC fibers by using
trivalent metal ions as a coagulant.’® Summary of different
methods to improve the mechanical properties of GO fibers is
given in Table S1 in ESI.f However, while the strength of the
fibers was achieved, the elongation at break was too poor. If the
elongation at break is too short, the application of the fibers will
be limited. In recent years, many scientists have been working
on developing strong fibers with increased elongation so that
they can be used for wide applications. Therefore, it is impor-
tant and also a big challenge to simultaneously increase the
strength and elongation of GO fibers.

The orientation of GO sheets, the interaction between the
sheets, and defects or packing density within the fibers are the
key factors for determining the properties of the fibers.”” Chao
et al. explained the fracture mechanism of the fibers based on
the tensile shear model. According to this model, under tensile
force in the fiber axial direction, the graphene oxide sheets
endure a pulling force to slide from the stacked sheet blocks.*?
Thus, controlling the sliding among the GO sheets can prevent
the fracture of the fibers, thereby simultaneously improving the
strength and elongation. Expanded graphene oxide (EGO)
sheets can control the sliding among themselves under axial
force by enhancing the edge-to-edge interaction rather than the
basal plane interaction. Here we present the fabrication of
fibers with simultaneous high strength (492 MPa) and increased
elongation (6.1%) by using EGO. The expanded graphite
(chemical treated) having large interplanar distance was used as
a precursor to synthesized EGO by modified Hummer's method.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) XRD plot of EGO and GO fibers, expanded graphite (EG) and
graphite (G) powders showing interplanar distance. Chemical treat-
ment of graphite (b) before expansion (c) after expansion. XPS spectra
of deconvoluted C 1s peaks in (d) GO and (e) EGO.

The strong edge-to-edge interaction and weak basal plane
interaction between EGO sheets due to large interplanar
distance could lead to enhanced load transfer and fiber
strength. The defects within the fiber could be reduced by
stretching the fiber in the coagulation bath. The underlying
advantage is that EGO modulates the chemical interactions
between the EGO sheets, which consequently improves the
mechanical strength and elongation simultaneously.

B Results and discussion

In order to evaluate the effect of chemical expansion, chemically
treated graphite and normal graphite were used to synthesize
EGO and GO, respectively, by modified Hummer's method.
Further, EGO and GO aqueous solution were made and used to
fabricate the EGO and GO fibers, respectively, by the wet spin-
ning process. The X-ray diffraction (XRD) plot shows that the
diffraction peaks (26) for graphite (G) and expanded graphite
(EG) are 26.460 and 26.230, respectively. In contrast, in the cases
of GO and EGO fibers, they are 9.60 and 9.20 correspondingly
(Fig. 1a). XRD analysis reveals that the interplanar distance
between the layers of EG is 3.40 A, while in the case of graphite it
is 3.35 A. This shows that after the chemical expansion of
graphite, the interplanar distance between graphene layers has
increased by 0.05 A. A photograph of the expansion of the
graphite after chemical treatment is shown in Fig. 1b and c, and
the detailed process are given in the Experimental section. The
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calculated interplanar distances of the EGO and GO fibers are
9.55 A and 9.2 A respectively.

Dimiev et al. explained the mechanism of graphene oxide
formation in three distinct steps: the first step is the conversion
of graphite into a stage-1 graphite intercalation (GIC)
compound followed by the conversion of the stage-1 GIC into
pristine graphite oxide (PGO). Finally, PGO reacts with water to
yield graphene oxide." As the interplanar distance of the
expanded graphite grows, it becomes easier for acid and
oxidizing agents to go in-between the layers of graphite for
oxidation. In Fig. 1d and e, qualitative analysis of the results of
X-ray photoelectron spectroscopy (XPS) of GO and EGO sheets
confirmed the effect of chemical treatment of graphite on
oxidation degree. The summary of the deconvoluted C 1s peak
having different functional groups and its atomic fractions are
presented in Table 1. XPS analysis reveals that the EGO (65.6%)
is more oxidized than GO (57.6%) due to its larger d-spacing.
The degree of functionalization is the important factor for
forming a liquid crystal. The colloids in aqueous solution retain
their stability to electric charges (functional groups on gra-
phene sheets) so that each particle will repel others before they
come into actual contact, effectively forming a liquid crystal.*>**
The strong hydrogen bonding networks between graphene
sheets control the stabilization of the graphene oxide aqueous
solution for a long period.”* The high number of hydroxyl
groups in EGO enhanced the secondary intermolecular inter-
action between EGO sheets, which allowed for the excellent
dispersion stability compared to GO. Highly crystalline ther-
modynamically stable aqueous expanded graphene oxide liquid
crystal (EGOLC) solution provided organized prealigned sheets
for the spinning of a strong and flexible fiber. The larger d-
spacing and increased oxidation degree of EGO makes for easy
and stable dispersion in water as compared to GO. The EGO and
GO aqueous solutions, after four days, prepared by the respec-
tive dispersion of EGO and GO powder in water by sonication
are shown in Fig. S1 of the ESL{

The morphologies of EGO and GO flakes are examined by
scanning electron microscopy (SEM), as shown in Fig. 2a and b.
The lateral size of the EGO (20-45 pm) sheets is bigger than GO
(10-25 pm). A number of FESEM micrographs were recorded
and provided in ESL} The two-dimensional anisotropic
morphology of the graphene oxide sheets explains the forma-
tion of GOLC by analogy with the plate-like colloidal model.*
Large graphene sheets excluded volume for small sheets giving
rise to entropic rearrangement to form long ordered assembly
to form a liquid crystal of aqueous solution.’ The asymmetric
colloids of sheets in a liquid crystal could easily form a regular
alignment due to a shear force applied during spinning of

Table 1 Summary of the deconvoluted C 1s peak having different functional groups and its atomic fractions

GO EGO
c=c/c-C

(sp*/sp°) c-0 Cc=0 0-C=0 c-C c-0 Cc=0 0-C=0
42.2% 45.2% 9.1% 3.3% 34.2% 52.5% 9.5% 3.6%
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Fig. 2 SEM images of (a) EGO and (b) GO sheets. (c) UV-visible of GO
and EGO. (d) Optical image of EGO and GO fibers.

fibers.? In the UV-visible spectra, the high absorption intensity
of EGO as compared to GO reveals that EGO sheets are stable
and well dispersed in the aqueous solution, as indicated in
Fig. 2c. Due to the strong hydrogen bonding networks and
superior secondary intramolecular interaction between EGO
sheets, fibers made from EGO were able to stretch in the
coagulation bath as well as while drying (Videos, ESIt). While
GO fibers were not able to stretch like EGO due to less inter-
molecular interactions (oxidation) and bad crystalline solution.
The stretching of fibers in the bath and while drying made

Fig. 3 SEM images of EGO and GO fibers. Cross-sections of (a and b)
EGO, (c and d) GO fibers, surface morphologies of (e) EGO and (f) GO
fibers.
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fibers more compact, uniform (Fig. 2d), aligned and reduced the
defects and voids within the fibers resulting in good mechanical
properties. The wet spinning of EGO and GO fibers with and
without stretching is shown schematically in Fig S4 (ESIT).

The section and lateral morphology of fibers were charac-
terized by SEM as shown in Fig. 3. Stretching has improved the
alignment and compactness of EGO sheets in the EGO fibers as
compared to those of the GO sheets in the GO fibers, and this is
advantageous for improving the mechanical properties. The
effect of stretching is on EGO and GO fibers is schematically
represented in Fig. 4c. Further, stretching of fibers in the
coagulation bath has made the EGO fiber more uniform with
good surface morphology.

The sheet alignment, compactness, and interaction between
the sheets eventually determine the mechanical properties of
the fibers. The mechanical strengths of the EGO and GO fibers
are shown in Fig. 4a and their mechanical properties are sum-
marised in Table 2. Under tensile stress fibers have shown
notable mechanical strength (492 MPa) and increased elastic
elongation (6.1%). The area under the stress-strain curve is
used to express the toughness of the material. The strength,
Young's modulus, toughness, and elongation at break of the
EGO fiber were increased after using chemically expanded
graphite as a precursor to synthesize the expanded graphene
oxide. The intermolecular interaction and hydrogen bonding
are strong when the distance is small. The more interplanar
distance between the EGO sheets and comparatively less
distance between the edges of the sheets favored the edge-to-
edge interaction rather than the basal plane interaction
within the sheets of EGO fibers.” Therefore, the edge-to-edge
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Fig. 4 (a) Mechanical properties of spun EGO and GO fibers. (b)
Raman spectra of EGO and GO fibers. (c) Schematic illustration
showing alignment, defects and molecular level interaction within GO
and EGO fibers.
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Table 2 Summary of d-spacing and mechanical properties of fibers
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Young's
Fiber d-spacing [A] Tensile strength [MPa] Elongation break [%] Modulus [GPa] Toughness [MJ m ]
EGO 9.55 492 6.1 14.5 18.77
GO 9.2 375.5 5.5 12.4 12.64

binding force became more dominant to achieve high elonga-
tion break and mechanical strength by controlling the sliding of
EGO sheets from stacked blocks under axial force. The sche-
matic illustration of the edge-to-edge and basal molecular
interaction in between graphene sheets, which are responsible
for the mechanical properties, are shown in Fig. 4c. Moreover,
the stretching of EGO fibers also contributed to the improve-
ment of the mechanical properties of the fibers by reducing the
defect and voids.

Raman spectroscopy is a tool that is widely used to charac-
terize carbon-based materials. Fig. 4b shows the recorded
Raman spectra of EGO and GO fibers. They consisted of two
peaks, D and G. Broadly, they were assigned to the sp® and sp*
phases of graphene, respectively. The D peak originates from
the disorder of graphene, and the G peak originates from the
hexagonal carbon ring.** The integrated intensity ratios Ip/Ig of
EGO and GO are 0.98 and 0.85, respectively. This reveals that
EGO has a more disordered structure than GO, due to the
increased oxidation and chemical expansion of precursor
graphite, which is in accordance with the XRD and XPS data.

C Experimental
a Materials

To begin, 5 g of graphite (Asbury 3061) is mixed in the reactor
containing sulfuric acid (160 ml) and hydrogen peroxide (40 ml)
in the ratio of 8 : 2. The mixture is then stirred for 30 min and
kept at water circulation for a day at a temperature of 50 °C. The
next day, chemically expanded graphite is washed with acetone
to get expanded graphite (EG). Then graphite and EG were used
as a precursor to synthesize EGO and GO, respectively, by
modified Hummer's method.

b Wet spinning of fibers

The obtained EGO and GO were used to make the liquid crys-
talline solution (10 mg ml™") by adding EGO and GO, respec-
tively, in DI water, followed by 1 h sonication and shaking for
5 h. The prepared EGO and GO solutions were centrifuged at
3000 rpm so as to remove the visible particles. The wet spinning
of EGO and GO fibers was achieved by injecting the aqueous
solution in the coagulation bath of ethanol/water (1:3 v/v)
solutions of 5 wt% of CaCl,. The stretching of the fiber was
achieved by adjusting the rpm of the collecting roller. A video of
the spinning process and drawing is available in the ESL.{ GO
fibers were washed with DI water and dried at room
temperature.

This journal is © The Royal Society of Chemistry 2019

¢ Characterizations

The prepared G and EG powder, GO and EGO fibers were
characterized by XRD (D8 Discover Bruker) using Cu Ko radia-
tion (A = 1.54 A). XPS was performed using a VG Microtech
ESCA2000 System operated at 14 kV and all binding energies
referenced to the C 1s neutral carbon peak at 284.6 eV. SEM
images were taken on a Jeol JSM-6701F field emission system.
UV-visible characterization was measured using Agilent 89090A
spectrometer. Optical microscopic images were taken by
Olympus BX51M Microscope. The tensile test was carried on
Instron 3343 at the load rating of 5 mm min~" with the fiber
length of 5 mm. The reported results are the average value of 10
samples. Raman spectra were recorded with a Witec confocal
Raman microscope using 532 nm laser wavelength.

D Conclusions

In summary, the role of expanded graphite is to fabricate high-
performance fibers by wet spinning. In order to study the effect
of expansion, chemically treated graphite (with increased
interplanar distance) and normal graphite were used to
synthesize the EGO and GO, respectively. The hydrogen
bonding network and secondary intermolecular interaction
made the EGO aqueous solution more stable and crystalline.
The stable liquid crystalline EGO solution was able to contin-
uously spin the fiber with stretching in the coagulation bath.
The high alignment and compactness of the EGO sheets in the
fiber along with the uniform diameter of the fibers improved
the mechanical properties. The increased interplanar distance
between the EGO sheets favored the edge-to-edge interaction
rather than the basal plane interaction, which led to high
mechanical strength (492 MPa) and increased elongation break
(6.1%). Chemical treatment of the graphite was particularly
advantageous for developing the intermolecular level interac-
tion, which led to improved strength and stiffness of the fibers.
These EGO fibers with simultaneous strength and elongation
can be reduced to make graphene fibers with a high toughness
which can be used for great technological applications in the
future.
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