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batch processes using numerous intercalating agents, especially -+
ispersant s
organic acids. In this study, a Taylor—Couette reactor (TCR) +
setup is used to expand and exfoliate natural graphite and produce ~>**"**"
a mixture of EG and FLG in aqueous solutions using an
amphiphilic dispersant and a semiflexible stabilizer. Laminar ‘
Couette flow structure and high shear rates are achieved via the —
rotation of the outer cylinder while the inner cylinder is still, which
circumvents vortex formation because of the suppression of centrifugal forces. Our results reveal that the level of expansion and
exfoliation using an aqueous solution and a TCR is comparable to that using commercial EG (CEG) synthesized by intercalating
sulfuric acid. More importantly, the resultant EG and FLG flakes are more structurally homogeneous than CEG, the ratio of FLG to
EG increases with increasing shearing time, and the produced FLG sheets exhibit large lateral dimensions (>10 ym). The aqueous
solutions of EG and FLG are wet-spun to produce ultralight fibers with a bulk density of 0.35 g/cm>. These graphene fibers exhibit a
mechanical strength of 0.5 GPa without any modification or thermal treatment, which offers great potential in light-weight

in Water

Graphene-

in Water based fibers

composite applications.
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1. INTRODUCTION

Graphene, a two-dimensional material that consists of a single
atomic layer of sp>bonded carbon atoms arranged in a
honeycomb lattice, has attracted tremendous attention because
of its remarkable electronic,' mechanical,” and thermal®
properties. It is considered the parent material for many
carbon allotropes, including fullerene (0D), carbon nanotubes
(1D), and graphite (3D).* As a result of its large theoretical
surface area (>2600 m?*/ g)5 and ease of surface modification,’
graphene could be used as a two-dimensional coating material
to enhance the properties of the underlying material.”*
Graphene-based materials are being investigated for potential
use in numerous applications, including batteries,” super-
capacitors,10 fuel cells,'! and transistors."”

A number of graphene synthesis methods have been
reported, including chemical vapor deposition,” epitaxial
growth on silicon carbide substrates,'* micromechanical
exfoliation,"” and thermal and chemical reduction of graphene
oxide (GO).'”"” Because the production of GO is diffusion-
limited, a Taylor—Couette reactor (TCR) with a rotating inner
cylinder was used in batch to produce multilayered GO sheets
within 30 min. The rotation of the inner cylinder in the TCR
generates Taylor vortices, which enhances the diffusion of
oxidizing agents into the interlayer spacing in between
graphene sheets in graphite particles.'® In our previous
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study, a continuous TCR system was deployed and the Taylor
vortex flow regime resulted in uniformly structured graphite
oxide sheets with low defect amounts and high yields."” High
shear-induced exfoliation of graphite into high-quality
graphene was achieved using an inner-rotating TCR setup
using natural graphite and organic solvents. Turbulent Taylor
vortices were used to induce high wall shear stress and pressure
to produce few-layer graphene (FLG) sheets with a low degree
of defects at ~5% yield.”” Conventional TCR setups consist of
two coaxial cylinders with the inner cylinder rotating while the
outer cylinder is still, creating toroidal, or Taylor, vortices that
enhance the mixing of the reaction medium.”"** Other TCR
setups could include the rotation of the outer cylinder while
the inner cylinder is still, which generates Couette flow without
vortex formation because of the absence of centrifugal forces
acting on the reaction medium. While co- and counter-rotating
cylinders in the TCR could generate a number of flow vortex
structures, the rotating outer cylinder and slowly rotating inner
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cylinder could induce high wall shear stress on the reaction
medium while maintaining a Couette flow regime (CFR).*’

Expandable graphite (EG), or the graphite intercalation
compound, is an essential precursor for the production of
expanded graphite, which consists of stacked, flexible graphene
sheets capable of expanding upon heating. Graphite
intercalation is achieved using an intercalant material, which
is inserted between the graphene sheets. The resulting graphite
material comprises hybrid properties that are a function of the
intercalating material.”* Intercalation affects the physical and
chemical properties of graphite and results in low yields of
exfoliated graphene sheets.”> Numerous intercalants have been
used to intercalate graphite materials including halogens,***°
alkali metals,””*® sulfate,”™>' nitrate,>>3%32 organic
acids,”**”* and metal oxides.”> EG can also be produced
with ultrasound irradiation using an ultrasonic solvent.”> EG
can be exfoliated resulting in single graphene sheets upon
exposure to heat. High temperatures cause the expansion and
gasification of the intercalating agents, resulting in sufficient
pressure to break the van der Waals forces that hold the
graphene sheets together.”* Other exfoliation methods that use
EG as a starting material include microwave irradiation using
sulfuric acid®® and ammonia®® and solvothermal-assisted
exfoliation in acetonitrile.”” Expanded graphite has been
widely used as high-performance sealing gaskets, fire
extinguisher agents, thermal insulators, conductive resin
composites, electrodes, fibers, and in more applications.*®

Graphene fiber (GF) has raised a considerable attention
because of its extraordinary inherent mechanical and electrical
properties. Ever since GF was first produced, novel processes
have been investigated to fabricate GF from graphite.”
However, these processes usually included severe chemical or
thermal modifications.*” Cong and his co-workers used wet-
spinning assembly to fluidly spin GO suspensions into
macroscopic GF in a low-cost, effective, and scalable manner.
The assembly of GF was performed under the electrostatic
interactions of the opposite charges present in the wet-
spinning coagulation bath.*' The fabrication of GF is affected
by the crumpled nature of graphene and low bending rigidity.
This leads to irregularly folded structures and creased regions,
altering the physical and chemical properties of the planar
precursor.”* Other folding techniques can be employed on
2D materials to produce three-dimensional shapes including
capillary origami** and nanodroplet-guided folding.*

In the current study, we report the synthesis of EG and FLG
using simple shearing in the TCR with a dimensionless control
parameter, namely, the Reynolds number of the outer rotating
cylinder. The results will be discussed in terms of expansion of
the interlayer spacing in between graphene sheets, structural
defect content, and exfoliation levels. The reported novel
expansion and exfoliation method is performed in an aqueous
solution that contains a benign, amphiphilic dispersant and a
semiflexible stabilizing agent instead of a highly acidic solution.
We will demonstrate how maintaining the simple shear flow
structure in the TCR by rotating the outer cylinder, while the
inner cylinder is still, resulted in a structurally uniform EG and
FLG product that is comparable to commercial EG (CEG),
and the produced sheets exhibit large lateral dimensions that
exceed 10 ym. We also demonstrate how longer shearing times
in the TCR could result in structural defects on the graphene
sheets. In addition, we demonstrate how fibers could be
fabricated from EG and FLG aqueous solutions using a wet-
spinning setup. We finally demonstrate how the effective, low-

cost spinning process results in ultralightweight graphenic

fibers that exhibit very high mechanical properties.

2. EXPERIMENTAL SECTION

2.1. Materials. Natural graphite powders (3061, 180—425 mesh)
and CEG (3772, 180—425 mesh) were obtained from Asbury Carbon.
Xanthan gum (CAS# 11138-66-2) and ethanol were purchased from
VWR and used as provided as a stabilizing agent. Pluronic F127
(CAS# 9003-11-6), PEO/PPO/PEO = 100:65:100, was obtained
from BASF and used as provided as a dispersant. Cetyl
trimethylammonium bromide (CTAB) (CAS# 57-09-0) was
purchased from Sigma. Deionized (DI) water was used during all of
the syntheses.

2.2. Experimental Setup. The experimental setup of the TCR
shown in Figure 1 consisted of two coaxial cylinders, with the outer

LAY : — :

(b)

Figure 1. Schematic of a Couette flow reactor setup: (a) side view of
the reactor with the physical dimensions and (b) cross-sectional view
of the reactor.

one (plexiglass) rotating while the inner one (stainless steel) is still.
The physical specifications of the TCR used in the current study are
displayed in Table 1, where r, and r, are the outer and inner cylinder

Table 1. Dimensions of the TCR

d (r, = 1) (cm) L, (cm)
2.46 2.54 0.08 30.48

r; (cm) o (cm)

radii, respectively, d is the corresponding gap width, and L, is the
length of the TCR. The outer cylinder rotation rate is controlled using
a phase inverter, connected to a motor drive that provides rotation
rates in the range of 10—1800 rpm. The TCR system is driven
through the rotation of the outer cylinder, which is quantified in the
dimensional form of the outer cylinder’s angular velocity €, and in
the dimensionless form by the Reynolds number Re, using the
kinematic viscosity v of the Newtonian fluid between the two
cylinders, which is calculated using the following equation

Q. d
A (1)

2.3. EG and FLG Synthesis. Natural graphite (20 g) was
suspended in DI water (200 mL), and the obtained solution is stirred
for 10 min. Then, Xanthan gum (0.54 g) is slowly added, and the
stirring continued for 10 min. Pluronic F127 (0.6 g) is slowly added
to the mixture, and the stirring continued for 10 min.*® The mixture
solution is introduced into the gap between the two cylinders in a
stationary TCR. The rotation speed is fixed at 1500 rpm. The rotation
of the outer cylinder while the inner cylinder is stationary induces
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Figure 2. XRD patterns of natural graphite, CEG, and synthesized EG/FLG samples in the CFR with respect to shearing time.

high wall shear stress (shear rate ~ 5300 s™'), which eases the
penetration of the dispersant particles into the interlayer spacing of
the graphene sheets. The shearing time in the TCR is varied between
1 and 9 h. The observed color of the mixture is dark gray, and
underexpanded natural graphite flakes are suspended in the solution.
The resulting mixture is centrifuged at 2000 rpm for 90 min, where
the underexpanded natural graphite flakes sediment. Air-controlled
electrospray is applied for directly depositing the centrifugate on
silicon wafers (254 mm diameter, 400 um thickness, University
Wafer).” The electrospray is performed under ambient conditions
using a Harvard Apparatus PHD 2000 infusion syringe pump with a
coaxial needle set. EG/FLG solution is supplied through the inner 17
G needle, and air is supplied through the outer 12 G needle. The
working voltage is set at 25 kV, the working distance is set at 15 cm,
the solution feeding rate is set at 0.05 mL min™", the air pressure is set
at 20 psi, and a total of 2 mL of the sprayed material is used. The
sprayed wafers are dried using a vacuum oven at 45 °C.

2.4. GF Fabrication. The aqueous EG/FLG solution is loaded in
a plastic syringe (5 mL) and injected into a rotating CTAB
coagulation bath (0.5 wt % in DI water/ethanol = 1:1) using a 22
G needle with an infusion rate of 0.75 mL min™" and a rotation speed
of 15 rpm. Charge neutralization between the graphene sheets and the
coagulant in the wet-spinning process weakens the electrostatic
repulsions that lead to the curling and folding of the edges of the
sheets. The obtained fibers are kept in the coagulation bath for 30 min
and then transferred into a washing bath (DI water/ethanol = 1:1) for
60 min. The fibers are then dried at room temperature.

2.5. Characterization. For sample characterization, the collected
EG/FLG solution is centrifuged at 2000 rpm for 90 min to allow for
the sedimentation of underexpanded natural graphite particles. The
centrifugate is collected and electrosprayed on silicon wafers. X-ray
diffraction (XRD) patterns of the electrosprayed EG/FLG samples
are determined using a D8 ADVANCE ECO powder diffractometer
(Bruker Corporation) using a high-brilliance 1 kW X-ray source. The
microstructures of the graphene sheets are investigated using inVia
confocal Raman microscopy (Renishaw) with a 488 nm laser beam.
Scanning electron microscopy (SEM) is performed using a MIRA 3
FEG-SEM (Tescan). Optical microscope images of EG/FLG
solutions are obtained using a 40X—2000X Professional Infinity
trinocular compound microscope with a 14 MP camera (AmScope).
The zeta potential values of the EG/FLG solutions are determined
using a Zetasizer Nano S (Malvern). Mechanical properties of the as-
spun EG/FLG fibers are analyzed by dynamic mechanical analysis.

3. RESULTS AND DISCUSSION

In the current TCR system, the outer cylinder rotation and the
idle inner cylinder resulted in the continuous formation of a
CFR. Couette flow is a simple, stable shearing flow regime
characterized by the absence of axisymmetric instabilities and
centrifugal forces that form Taylor vortices in conventional
TCR setups with the rotating inner cylinder.”*

3.1. XRD Analysis. XRD analysis was used to study the
effect of the CFR on the expansion of graphene sheets and the
structural crystallinity of the synthesized samples. Figure 2
compares XRD patterns for the samples with respect to
shearing time in the TCR. The main graphenic XRD peak
corresponds to the interlayer spacing according to Bragg’s law.
Natural graphite has the main peak at 26.66° of 26
corresponding to an interlayer spacing of 3.34 A. We note
that CEG has a broad peak expanding between ~25 and ~28°.
The broad CEG XRD spectrum can be deconvoluted to a
number of smaller peaks that correspond to interlayer spacing
spanning between ~3.18 and ~3.55 A. This confirms the
structural inhomogeneity in the CEG sample that contains
graphite flakes with varying interlayer spacing. After expanding
natural graphite to synthesize EG and FLG, the main XRD
peak shifts toward the left with a longer residence time in the
TCR. The much narrower XRD peaks suggest the structural
homogeneity in the synthesized EG and FLG samples. All
XRD peaks are narrow-shaped, suggesting that the stacking
structure of the natural graphite precursor is preserved. Figure
3 shows the increasing interlayer spacing between graphene
sheets from ~3.34 to ~3.40 A based on Bragg’s law. The
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Figure 3. Interlayer spacing of the EG/FLG samples.
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increase in interlayer spacing is attributed to the intercalation
of the dispersing and stabilizing agents in between the
graphene sheets in the graphite structure.

3.2. Raman Spectroscopy. Raman spectroscopy was used
to investigate structural defects on the synthesized graphene
sheets. The energy shift caused by laser excitation creates main
Raman peak positions: D band (1350 cm™), G band (1570
cm™'), and 2D band (2700 cm™). The D band is a defect-
activated peak that corresponds to sp*-defects or vacancy-type
defects.”” The G band position shifts to a higher wavelength
(1600 cm™) in the presence of oxygenated functional groups
on the graphene structure. The absence of oxidation in this
application suggests that all defect-activated peaks correspond
to vacancy-type defects. The 2D band increases in intensity
and broadens in shape with increasing exfoliation levels.
Exposing natural graphite flakes to the strong Couette fluid
flow results in structural changes in the graphite lattice, which
yields a higher intensity of the D band. Figure 4 shows the
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Figure 4. Raman spectroscopy of natural graphite, synthesized EG/
FLG samples in the CFR with respect to shearing time, and CEG.

Raman spectra (B = 488 nm) of the natural graphite
precursor, CEG, and TCR-synthesized EG/FLG samples. It
shows that the natural graphite precursor and the synthesized
EG/FLG samples with the shearing time between 1 and 3 h
exhibit almost no defects on the graphene sheets. Raman
spectra of the EG/FLG samples with 6 and 9 h shearing time
and the CEG reveal the presence of structural defects on the
graphene sheets. The I(D)/I(G) ratio is used to determine the
defect level and increases with increasing defects. The I(p)/I(g)
ratio of natural graphite (~0.04) indicates the low defect level
in graphite particles. We note that the I(p)/I(g) ratio of the
synthesized EG/FLG samples at shearing times between 1 and
3 h remains at the same level as the I(p)/I(g) ratio of the natural
graphite precursor. The I(p)/I(g) ratio starts increasing after 6 h
(Ipy/I(g) = ~0.48) and 9 h (I1p)/I(G) = ~0.48) because of the
exposure of the high shear rate at extended shearing times in
the TCR. The defect levels after 6 and 9 h are reportedly
higher than CEG (I(p)/I(g) = ~0.18).

3.3. Zeta Potential. Zeta potential represents the potential
difference between the stationary double layer attached to the
dispersed particle and the mobile dispersion medium. Zeta
potential values reflect the short- and long-term stability of
dispersions. Solutions with high zeta potential, positive or
negative, are electrically stabilized. The stability in the EG/
FLG solution depends on the balance between two counter-
acting forces: van der Waals attractive forces and electrical
double-layer repulsive forces. If the zeta potential of an
emulsion is high, the repulsive forces exceed the attractive
forces, which results in a relatively stable system. Figure 5
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Figure 5. Zeta potential of Xanthan gum and Pluronic F127 solution
and synthesized EG/FLG samples in the CFR with respect to
shearing time.

depicts the zeta potentials of the solutions where the pH of the
synthesized EG/FLG solutions was 7.64 + 0.13 (see the
Supporting Information). It shows that the zeta potential is
comparable in synthesized EG/FLG samples with the shearing
time between 1 and 3 h. We note a decrease in the magnitude
of the zeta potential in samples with shearing times of 6 and 9
h, which suggests the increased concentration of exfoliated
graphene sheets (e.g, FLG) and the lack of repulsive forces
displayed by the EG.

3.4. Morphological Characterization. SEM micrographs
of CEG and synthesized EG flakes are shown in Figure 6. The
representative micrographs showed how the stacked morphol-
ogy of the graphite layers in the synthesized EG samples has
expanded and the layer distance has been enlarged. Figure 6a is
comparable to Figure 6b—f in terms of the expanded graphene-
layered structure (see the Supporting Information for SEM
micrograph of NG). This confirms the morphological
similarity between CEG and the synthesized EG samples,
which includes well-marked separation of the expanded layers.
The synthesized EG samples were further diluted in DI water,
and the flake size distribution was investigated using optical
microscopy (see the Supporting Information). The ratio of EG
to exfoliated graphene sheets in EG/FLG samples is
determined using optical microscopy images and edge-
detection using an in-house-developed MATLAB code. Each
detected particle is classified as EG or FLG based on the
brightness of the particle. Stacked graphitic particles are
observed to be darker in color under the microscope in
comparison to FLG particles. The number of particles in each
classification is used to determine the ratio of EG particles to
graphene sheets according to the following equation

. number of EG particles
Ratio =

number of FLG particles 2)

It can be seen in Figure 7 that there is a decrease in the EG/
FLG ratio as the shearing time increases, which suggests the
increase in the degree of exfoliation with longer shearing times.

3.5. Fiber Fabrication. Water-based wet spinning was
used to fabricate fibers from CEG and EG/FLG solutions
obtained from natural graphite. The initial CEG dispersion
contains smaller flakes than natural graphite dispersion as
illustrated in optical microscopy images (see the Supporting
Information), and wet spinning was not a viable option.
Further expansion and exfoliation in the TCR for 1 h rendered
the solution spinnable, and CEG fibers were fabricated from 10
to 15% solutions. All samples were rested overnight in order
for the larger particles to sediment, and the upper solution was
then used for fiber fabrication. The spun solution contained 60
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Figure 6. SEM micrographs of (a) CEG, (b) CFR 1 h, (c) CFR 2 h, (d) CFR 3 h, (e) CFR 6 h, and (f) CFR 9 h.
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Figure 7. Ratio of EG to exfoliated graphene sheets in synthesized
EG/FLG samples in the CFR with respect to shearing time.

and 80 wt % of the flakes for CEG and EG/FLG fibers,
respectively.

Fiber morphology and mechanical properties were studied
for all fabricated fibers. Figure 8 illustrates the tensile strength
of different fibers. Both 10 and 15% CEG fibers were weak in
terms of tensile strength and Young’s modulus in comparison
to EG/FLG fibers. This further shows the importance of the
flake size on the macroscopic fiber properties, where larger
flakes in EG/FLG dispersions led to stronger fibers. EG/FLG

fibers revealed higher tensile strengths, and Young’s modulus
could reach as high as 35 GPa. Longer shearing times in the
TCR affected the mechanical strength of the resulting fibers
which peaked for fibers from 3 h of shearing time, followed by
significant decreases with further increasing shearing time. It
shows that 3 h of shearing time is optimal to expand graphite
sheets and interlink the suspended particles. Additionally, the
presence of structural defects, increased exfoliation rate, and
smaller flake size after 6 h of shearing time result in weaker
fibers. This trend is in line with what was observed in Raman
spectroscopy of the solutions before spinning.

Morphology of the EG/FLG fibers was investigated by SEM.
As illustrated in Figure 9a—h, the diameter of the fibers was
maintained with longer shearing times in the TCR. The cross-
sectional view suggests that the fibers became more packed
with increasing shearing times. Comparing the EG/FLG fibers
(Figure 9a—c,e—g) with CEG fibers (Figure 9d,h) reveals how
the CEG fibers possess more porous morphology.
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Figure 8. Mechanical properties of (a) CEG and (b) EG/FLG fibers.
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Figure 9. SEM micrographs of (a,b) EG/FLG 1}, (c,d) EG/FLG 2 h,
(ef) EG/FLG 3 h, and (gh) CEG fibers.

4. CONCLUSIONS

The expansion and exfoliation level of natural graphite particles
using an aqueous solution and a TCR with a rotating outer
cylinder and still inner cylinder was found to be determined by
the shearing time in the TCR. This setup could potentially be
used to expand and exfoliate graphite particles continuously by
imposing an axial flow. In summary, the interlayer spacing in
between graphene sheets increased with increasing shearing
time. The level of expansion was found to be comparable to
that of CEG particles. Moreover, the results obtained from
XRD clearly show how structurally uniform the synthesized
EG sample is in comparison to structurally inhomogeneous
CEG particles. More importantly, a shearing time between 1
and 3 h resulted in almost no defects, which was essential for
strong GFs. Shearing times exceeding 3 h resulted in an
increase in graphene sheet exfoliation and the formation of
structural defects on the graphene sheets. These defects could
be used for nucleation on graphene sheets in energy storage
and catalysis processes. Finally, the fibers fabricated using EG
dispersions possessed noticeably better mechanical properties
than fibers fabricated using CEG.
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