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ABSTRACT: Graphene oxide (GO) has proven to be an
invaluable material for a wide range of applications. The
development of a bulk-scale continuous process to synthesize
GO materials has become crucial. In this study, we used a
model Taylor—Couette reactor with axial flow to transform
the oxidation of graphite flakes into a continuous process.
Efficient mixing of graphite and oxidizing agents was achieved
via Taylor vortices, which remarkably shortened the duration
of graphite oxide (GtO) synthesis from hours to minutes. Our
results reveal that the level of oxidation increased at the
Taylor vortex flow (TVF) regime and significantly decreased
at other hydrodynamic flow regimes. More importantly, TVF
regime resulted in structurally uniform GtO products. This
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confirms that the developed apparatus offers a robust method to synthesize high-quality, structurally uniform GtO in a

continuous manner that can be used in numerous applications.

1. INTRODUCTION

Reliance on depleting fossil fuels along with the associated
environmental concerns has urged the development of
sustainable energy resources. This led to a rising demand for
advanced energy storage units suitable for electric vehicles and
intermittent renewable energy resources. Lithium-ion batteries
(LIBs) have been receiving unprecedented attention as the
leading power source of choice for sustainable energy due to
their high voltage, low self-discharging rate, long cycling life,
low toxicity, and high reliability.1 Nonetheless, LIBs are
reaching their performance limit, which is highly dependent on
the choice of electrode materials. This led to an increased
demand for a newer generation of LIBs.” Conventional LIBs
consist of a graphite anode, a lithium metal oxide cathode (e.g,
LiCo0,), and an electrolyte containing a solution of a lithium
salt (e.g, LiPF¢) imbedded in a separator membrane.’
Recently, silicon (Si) has attracted attention as an emerging
alternative to graphite (372 mAh/g) for anodes in LIBs due to
its high theoretical specific capacity (~4200 mAh/g)
corresponding to the formation of Liy,Sis alloy.”> However,
its potential has been limited given the massive volume
expansion (>300%) during charging/discharging cycles,
resulting in structural crumbling and particle cracking,
especially at higher currents.”™® This also led to loss of
electrical contact and capacity fading.”*”'" Xiang and his co-
workers prepared graphene/nanosized Si composites by
homogeneously mixing graphene oxide (GO) and nanosized
Si particles in an aqueous solution and annealing the samples at
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500 °C to yield thermally reduced GO and nanosized Si
composites. The addition of graphene materials to the
composites proved to effectively enhance the cycling stability
of Si anode in LIBs.'""”

Graphene has attracted massive attention in the past decade
due to its large theoretical surface area (>2600 m?/ g),B_15
high electrical conductivity,16 mechanical robustness,'” and
ease of surface modification.'® Graphene has also been used as
a coating for other materials to enhance their properties while
maintaining the properties of the underlying material."'**’
Graphene could be prepared by the oxidation of graphite in the
presence of strong acids and oxidizing agents to produce
graphite oxide.'” Graphene could also be synthesized via other
top-down approaches such as mechanical exfoliation known as
the “Scotch tape” or peel-off method."”*' Bottom-up routes
can also be used to produce graphene, such as chemical vapor
deposition (CVD) and epitaxial growth on silicon carbide
substrates.”* >

GO was mainly produced by the Brodie,”® Staudenmaier,”’
and Hummers”® methods. Hummers and his co-workers
synthesized graphene by deep oxidation of natural graphite
flakes to form graphite oxide, followed by the sonication of
graphite oxide to produce GO. GO is then reduced, either
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chemically or thermally, to yield graphene sheets. The two-step
oxidation method uses an anhydrous mixture of sulfuric acid
(H,S0,), sodium nitrate (NaNO;), and potassium permanga-
nate (KMnO,), which are mixed at three different temperature
stages, followed by the addition of deionized (DI) water to
complete the second oxidation stage, and finally the addition of
hydrogen peroxide (H,0,) to terminate the oxidation
reaction.”® There are a number of variations of Hummer’s
oxidation method using different oxidants and temperature
stages. For example, Tour and his co-workers investigated the
addition of phosphoric acid (H;PO,), which has improved the
efficiency of the oxidation process, increased the viscosity of
the reaction medium, eliminated the generation of toxic gases
(NO, and N,0,), and resulted in an easily temperature-
controlled reaction medium.”” Chen and his co-workers
concluded that eliminating NaNO; would also result in a
simplified waste disposal because of the inexistence of Na* and
NO,™ ions. Their method resulted in a lower content of Mn**
ions in the purified wastewater.”® Shahriary and his co-worker
synthesized GO at a lower temperature (35 °C) and a longer
reaction time (12 h).>’ Since the oxidation step in the
Hummer’s method is mass-transfer limited, Park and his co-
workers used a batch Taylor—Couette reactor (TCR), which
generated turbulent Taylor vortices that enhanced the mixing
and mass transfer of graphite and the oxidizing agents. This
revolutionized the synthesis of graphite oxide (GtO), as the
time length of the first oxidation step was shortened from 4 h
to 30 min.”” Taylor—Couette flow was named after the works
by G. L Taylor” and M. Couette.”* TCR consists of two
coaxial cylinders with the inner one rotating while the outer
one is still, creating toroidal vortices, or Taylor vortices,
resulting in efficient radial mixing of the reaction medium.*
Couette was the first to observe that the torque needed to
rotate the outer cylinder while the inner cylinder is stagnant
and increases linearly with the rotation speed. After reaching a
critical rotation speed, the torque increased more rapidly as the
flow observes an instability, where the flow is transitioned from
stable to unstable.”* Taylor observed flow instability between
two concentric rotating cylinders. Taylor succeeded in
applying linear stability theory for viscous flow and compared
the results to flow pattern observations. When the rotation of
the inner cylinder is low, the flow remains laminar, or Couette
flow (CF). When the rotation speed of the inner cylinder
exceeds a critical value, a primary flow instability is observed,
and stable vortices, or cellular rolls, are developed. This flow
pattern is called the Taylor vortex flow (TVE). When the
rotation of the inner cylinder increases and reaches a secondary
critical value, a secondary flow instability is observed. The
cellular vortices break down and a turbulent pattern is
developed, where vortices’ boundaries are wavy. This flow
pattern is called the wavy vortex flow (WVE).”> TCR flow
regime has been extensively studied to investigate the effects of
mixing and axial dispersion in a number of applications.”*~*’
Aljishi and his co-workers studied the effect of vortex flow in a
Taylor—Couette crystallizer on the precipitation of barium
sulfate crystals and how different flow regimes could impact
the crystal properties.*® Nguyen and his co-workers employed
a continuous TCR to study the effect of Taylor vortices on the
phase transformation of guanosine S-monophosphate (GMP).
Intensive mixing in the TCR resulted in the growth of the
hydrate GMP crystals within a mean residence time of S min,
which is at least five times faster than phase transformation
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observed in conventional crystallizers under the same
crystallization conditions.*'

In this investigation, we report the synthesis of graphite
oxide using a continuous flow TCR with dimensionless control
parameters, namely, the Reynolds number and the Taylor
number. The results will be discussed in terms of yield of
graphite oxide. The reported new method significantly
shortens the reaction time with promising GtO yields. The
TCR employed for this method creates different flow regimes
to effectively mix graphite with strong oxidizing agents (H,SO,
and KMnO,). We will demonstrate that the level of oxidation
strongly depends on flow structure, and continuous Taylor
vortex flow regime resulted in a structurally uniform graphite
oxide product.

2. EXPERIMENTAL SECTION

2.1. Materials. Natural graphite powders were obtained
from Asbury Carbon (230U, 25—45 mesh). Concentrated

Graphite Oxide Solution

Vortices

Q
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KMnO,
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Figure 1. Schematic of graphite oxidation in a Taylor—Couette
reactor system.

Table 1. Dimensions of Taylor—Couette Reactor
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sulfuric acid (H,SO,) (cat# 470302-872) and 30% hydrogen
peroxide (H,0,) (cat# BDH7742-1) were purchased from
VWR and used as provided. Potassium permanganate
(KMnO,) (cat# 223468) and 37% hydrochloric acid (HCI)
(cat# 258148) were purchased from Sigma-Aldrich and used as
provided. Deionized (DI) water was used during all of the
syntheses.

2.2. Experimental Setup. The experimental setup of the
TCR, illustrated in Figure 1, consisted of two coaxial bronze
cylinders, with the inner one rotating while the outer one is
still. The inner cylinder rotation rate is controlled by a phase
inverter, connected to a motor drive that provides rotation
rates in range of 30—1500 rpm. Table 1 includes the physical
specifications of the TCR used in the current study, where r,
and r, are the inner and outer cylinder radii, respectively, d is
the corresponding gap width, and L, is the length of the TCR.
Aljishi and his co-workers characterized a TCR system with the
same dimensions reported in Table 1 and determined that the
presence of axial flow delays the formation of instabilities.*®
The TCR system is driven through the rotation of the inner
cylinder, which is quantified in dimensional form of the inner
cylinder’s angular velocity €; and in dimensionless form by the
Reynolds number Re; based on the inner cylinder rotation

R rQ.d
e. =
' v (1)
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Figure 2. Hydrodynamic flow regimes in TCR: (a) CF, (b) PI, (c) TVF, (d) SI, and (e) WVE.

where v is the kinematic viscosity of the Newtonian fluid
between the two cylinders. The viscosity is determined by
Einstein’s formula based on the volume fraction of suspended
particles for heterogeneous mixtures."”” The hydrodynamic
instabilities are determined by the critical Taylor number
(Ta,;), where i corresponds to the instability (i = 1 for the
primary instability between laminar CF and TVF and i = 2 for
the secondary instability between TVF and WVF). In order to
characterize the TCR flow regime, one can use the Taylor
number Ta

224 (Q :
Ta="5_"517
(" =)\ v (2)

The superimposed axial flow is characterized by the axial
Reynolds number Re,

_Vd _Qd _
B _Ay

Q

Re =
: a(r, + r)v

14

Q)

where V, is the mean axial velocity, Q is the flow rate, and A is
the cross-sectional area of the channel. The viscosity used for
the calculation of Ta and Re, is the viscosity at the inlet, which
determines the flow condition at the inlet. The scope of this
study involved oxidizing natural graphite flakes under laminar
CF (Ta < Ta,,), TVF (Ta,, < Ta < Ta,,), and WVF (Ta >
Ta.,) with Re, = 7.9 (mean residence time ~75 s). It should be
noted that Ta_; is adjusted to accommodate for the presence of
axial flow, which causes the system to become more stable and
significantly delay the onset of instability, as the increase in
axial flow diminishes the dominance of centrifugal forces.*>*’
The determination of the Taylor number is affected by the
gradual change in viscosity of the fluid medium in the TCR
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given that the viscosity of the fluid medium changes as the feed
solutions enter the reactor, which results in an uncertainty in
the pumping flow. Park and his co-workers have demonstrated
how using a TCR would almost double the viscosity of the
reaction medium in comparison to the conventional Hummers
method. A residence time of 75 s in the TCR would increase
the viscosity of the mixture at the inlet by almost 5%.>** We
determined the effective Reynolds and Taylor numbers based
on the apparent viscosity at the inlet (before the reaction) and
at the outlet (after the reaction) to represent the change in
viscosity and Reynolds and Taylor numbers in the reactor.
2.3. Graphite Oxide (GtO) Synthesis. GtO was prepared
according to the Hummer’s method. Modifications in the
synthesis method were performed to understand the parameter
that could affect the quality of the synthesized material.
Graphite (4 g) was suspended in 120 mL of concentrated
sulfuric acid in an ice bath (0 °C) in a 250 mL round-bottom
flask equipped with a magnetic stir bar. The obtained solution
was stirred for 10 min. Then, 12 g of KMnO, was slowly
added, and the stirring continued for 30 min. The mixture
solution was transferred to a TCR using a peristatic pump with
a pumping rate of 1.6 mL s™'. The mixture solution was
introduced into the gap between the two cylinders while the
inner cylinder was rotating under room temperature. The
rotation speed of the inner cylinder was varied from 290 to 600
rpm. The rotation of the inner cylinder while the outer cylinder
is stationary induces highly effective radial mixing, an enhanced
mass transfer of the reactants, and a high wall shear stress,
which strongly improves the rate of mass transfer of the
oxidizing agents into the graphite interlayer and exfoliates
graphene sheets.”” Then, the solution was transferred to a
room-temperature water bath, and 120 mL of DI water was

DOI: 10.1021/acs.iecr.8b04428
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added slowly into the solution. After that, 12 mL of H,0, was
added slowly to the mixture to terminate the reaction. GtO
synthesis was completed within 1 h. The observed color of the
mixture was dark brown. For purification, the resulting mixture
was centrifuged at 3300 rpm for 15 min, where the oxidized
graphite will sediment at the bottom of the centrifuging tube as
pellets. After that, the graphite oxide pellets were rinsed with
5% HCI solution. Then, vacuum filtration was used to separate
the graphite oxide from the supernatant by a membrane filter
paper with a pore size of 11 pym.

2.4. Characterization. X-ray diffraction (XRD) patterns of
oxidized graphite synthesis were determined by a D8 Advance
ECO powder diffractometer (Bruker Corporation) using a
high-brilliance 1 kW X-ray source. The Fourier transformed
infrared (FTIR) spectrum was measured with a Bruker Vertex
V80 V Vacuum FT-IR spectrometer coupled with an IR
microscope and a mercury cadmium telluride (MCT) detector
cooled with liquid nitrogen (Bruker Corporation) in the range
of 400—4000 cm™'. The microstructures of GtO sheets were
investigated using inVia confocal Raman microscope (Re-
nishaw) with a 488 nm laser beam. Optical microscope images
were obtained using Axioskop 40 (ZEISS) and Hammamatsu
ORCA CCD camera. Obtained images were processed using
image processing and statistical tools in Image]. For sample
characterization, the collected GtO product was vacuum-dried
at low temperatures (45 °C) overnight. The dried products
were subject to grinding before XRD, FTIR, and Raman
analysis. The dried products were stored in a desiccator at
vacuum conditions to avoid ambient moisture prior to
characterization.

3. RESULTS AND DISCUSSION

In the TCR system, the hydrodynamic condition of the fluids
is dependent on the Taylor number (Ta).”> In this

Table 2. Ta/Ta_ Ratios for Flow Regimes in Taylor—
Couette Reactor System

flow regime CF PI TVF SI WVE
Ta/Ta e 0.72 1.04 1.16 142 2.90
Ta/Taoue  0.66 0.95 1.06 129 2.64
GtO GtO-1 GtO-2 GtO-3 GtO-4 GtO-5

investigation, we carried out the oxidation of graphite in the
TCR at five different hydrodynamic flow regimes:
(i) CF,
(ii) the onset of the primary instability (PI) between CF and
TVE,
(iii) TVF,
(iv) the onset of the secondary instability (SI) between TVF
and WVFE,
(v) WVE.
TVEF is a stable flow regime characterized by the presence of
axisymmetric instabilities that leads into the formation of
toroidal vortices, or Taylor rolls. As the rotation speed
increases, the flow is transformed into WVF, which is an
unstable flow regime characterized by the presence of
nonaxisymmetric instabilities due to a traveling wave within
the flow.** We note that at the onset of both primary and
secondary instabilities, the flow condition transforms from one
regime to another regime due to the increase in viscosity of the
mixture. This causes the mixture to experience unstable and
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Figure 3. X-ray diffraction patterns of natural graphite and GtO
samples synthesized in continuous Taylor—Couette reactor system
with respect to flow regimes.
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Figure 4. Fourier transform infrared spectra of natural graphite and
GtO samples synthesized in continuous Taylor—Couette reactor
system with respect to flow regime.

nonhomogeneous flow conditions in TCR. The hydrodynamic
flow regimes investigated are shown in Figure 2. Table 2 shows
the ratio between the Taylor number and the critical Taylor
number for each flow regime at the inlet and the outlet. Given
the gradual increase in viscosity, the critical point at which the
flow starts transforming from TVE to CF (Figure 2b) is around
14 cm from the inlet. Similarly, the critical point at which the

DOI: 10.1021/acs.iecr.8b04428
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Figure S. Optical microscope image of GtO sample in powder form

on a glass substrate used in image acquisition mode for Raman
spectroscopy.

flow starts transforming from WVF to TVF (Figure 2d) is
around 12 cm from the inlet.

3.1. X-ray Diffraction (XRD) Analysis. XRD analysis was
used to investigate structural crystallinity of the synthesized
GtO samples. Figure 3 compares XRD patterns for the samples
with respect to the flow regime. XRD patterns correspond to
the interlayer spacing according to Bragg’s law. Graphite has
the main peak at 26.66° 20 corresponding to the interlayer
spacing of ~0.34 nm. After oxidation, the graphite structure is
modified with the addition of oxygenated functional groups,
which increases the interlayer spacing and moves the main
XRD peaks toward the left. The new peak of 26 at ~9.23°
corresponds to an oxidized graphite structure with an
interlayer spacing of ~0.95 nm. The new peak of 26 may
reflect the degree of oxidation in which the highest oxidation
degree could correspond to the largest interlayer spacing. On
the other hand, the interlayer spacing is variable in GtO sample
reported in the literature depending on synthesis methods, air
moisture content, drying methods, and other factors.*” The
variability in the interlayer spacing between GtO samples could
be attributed to the perturbation of the oxygen functional
groups bound to the graphitic basal plane and the presence of
water molecules between the graphene sheets.** We note that
in the presence of inhomogeneity in the flow structure in PI
and SI and in the WVF regime, the characteristic graphite peak
is still present, whereas the graphite peak completely
disappears in CF (GtO-1) and TVF (GtO-3) cases. This
indicates that the laminar CF and TVF regimes result in higher
oxidation levels of graphite flakes. The peaks corresponding to
graphite oxide (20 ~9.23°) were much broader in comparison
to the characteristic graphite peak (20 ~ 26.66°). This
indicates an exfoliation of the graphene sheets from the
precursor structure caused by the formation of oxygenated
functional groups and the wall shear exfoliation induced by the
rotation of the inner cylinder. This corresponds to a significant
decrease in the crystallite length along the c-axis in the graphite
structure and a decrease in the number of layers.””*® The
number of layers decreases from ~8S layers (natural graphite)
to ~8 layers, as determined by the Scherrer formula.

3.2. Fourier Transform Infrared (FTIR) Spectroscopy.
The produced GtO has oxygenated functional groups in its
graphitic sheets: carboxyl (COOH), carbonyl (—C=O0),
epoxy (C—O—C), and hydroxyl (—OH) groups on the
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graphene sheet basal plane and edges.”’ Figure 4 shows the
FTIR spectra of the samples to show the existence of the
different oxygenated functional groups. There are six main
peaks centered at 865, 1025, 1060, 1580, 1715, and 3240 cm™".
The peaks at 865 and 1580 cm™ denote the presence skeletal
vibration from unoxidized graphitic domain (C=C). The
peaks at 1025 and 1060 cm™" correspond to epoxy (C—O—
C) and carboxyl (COOH) groups. The peak at 1715 cm™'
arises from the vibrational mode of carbonyl (—C=0)
groups. The broad peak at 3240 cm™" indicates the presence of
OH stretching in carboxyl (COOH) and hydroxyl (—OH)
groups. Thus, the FTIR spectra verify the significant existence
of various oxygenated functional groups in the produced
graphite oxide samples. We note that the formation of the
oxygenated functional groups is independent of the flow
structure given that the same oxidizing agents are used in the
synthesis.

3.3. Raman Spectroscopy. Raman spectroscopy can be
used as a noninvasive method to characterize graphitic
properties such as disorder, edge and grain boundaries,
thickness, and exfoliation. Raman spectoscopy for all samples
was carried out using a map image acquisition mode to test for
structural properties and homogeneity in different graphite
oxide samples. Image acquisition mode focused the laser to a
spot and moves the sample under the laser using a motorized
stage, which results in an array of sample points spanning the
defined region of interest, as shown in Figure 5. Energy shift
caused by laser excitation creates main peak positions: D band
(1350 cm™), G band (1570 cm™), and 2D band (2700 cm™).
Exposing graphite flakes to strong oxidizing agents and the
formation of oxygenated functional groups result in structural
changes in graphite lattice at the basal plane and at the edges.
Oxidizing graphite contributes to the formation of defects and
disorders that result in a higher intensity of the D band. The
intensity of the D band increases with increasing oxidation.
The G band position is due to first-order scattering of the E2g
mode of vibration and shifts toward higher wavenumber with
an increase in oxidation level. The G band position will reach
1600 cm™" at highest level of oxidation due to the formation of
new sp’ carbon atoms in graphitic lattice. The full-width-at-
half-maximum (fwhm) of the G band increases with increasing
oxidation level due to the presence of sp® carbon atoms. The
2D band is used to evaluate the structural parameters of the c-
axis orientation and exfoliation levels. The 2D band increases
in intensity after oxidation due to the exfoliation of graphene
sheets. The intensity of the 2D band increases with increasing
exfoliation levels and broadens at higher oxidation levels. A
new band at 2950 cm ™' called the D + G band starts appearing
at increasing oxidation levels that illustrates disruption in
graphitic stacking order. The Ip)/I(g) ratio is used to
determine oxidation levels. The Ip)/I(g) ratio increases with
increasing oxidation levels and becomes saturated at highest
oxidation levels. The I;;p)/I(g) ratio is used to illustrate the
transition from crystalline to an amorphous phase upon
oxidation of graphite flakes.”® Figure 6 shows two representa-
tions of the Raman spectra (E,. = 488 nm) of natural
graphite and the five GtO samples in powder form. It shows
that the graphite precursor (Figure 6a) and GtO-3 (Figure 6d)
have a high level of homogeneity in terms of stacking
uniformity and disorder. It also confirms that TVF conditions
used in synthesizing GtO-3 have preserved the stacking
properties of natural graphite and resulted in a homogeneous
graphite oxide sample in comparison to other flow conditions.

DOI: 10.1021/acs.iecr.8b04428
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Figure 6. Raman spectroscopy of natural graphite and GtO samples synthesized in continuous Taylor—Couette reactor system with respect to flow

regime.

Figure 7a shows the resultant changes in the G peak position
and G peak fwhm with respect to flow regimes used for the
synthesis. It elucidates that the G band is shifted toward a
higher wavenumber and a considerable increase in fwhm with
respect to oxidation level associated with the flow regime. It
suggests that GtO-3 has the highest oxidation level at G peak
position of ~1600 cm™' and high fwhm levels resulting from
an increased formation of new sp® carbon atoms. Figure 7b
represents the variation of Iip)/I(g) ratio and I(;p)/I(g) ratio
with respect to flow regimes where both ratios increase at high
oxidation levels. It indicates that GtO-3 has a high oxidation
level at Iipy/Igy (~0.79) and Ijyp)/Ig) (~1.69) ratios. We
note that the Ijpy/I(g) ratios of the synthesized samples
remain within 10% difference from the I(;py/I(g) ratio of the
natural graphite precursor due to the preservation of the
stacking properties of natural graphite. Significantly small error
tolerance in GtO-3 suggests that TVF is an efficient flow
regime that produces a homogeneous GtO product. It should
be noted that despite almost 75% higher rotation speed than
TVEF, and thus increased energy consumption, GtO-5 from
WVEF exhibits much lower level of oxidation and much higher
standard deviation, illustrating the importance of utilization of
the appropriate flow structure in continuous TCR to maximize
oxidization with homogeneity in the product.

3.4. Morphological Characterization. The synthesized
GtO samples were diluted in deionized (DI) water, and the
surface morphology of the samples was investigated using
optical microscopy as shown in Figure 8. It was found that
synthesized GtO sheets form random aggregations of crumbled
thin sheets. GtO sheets possess different transparency levels
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due to the number of layers present in the stacked structure of
GtO. The number of layers in GtO sheets can be easily
detected by the difference in contrast between the sheets.
Single- and few-layered graphene oxide sheets were observed
to be more transparent than multilayered and underoxidized
graphene sheets.”” Table 3 shows the average size of graphite
and GtO flakes in DI water. It was found that the continuous
high shear applied in CF resulted in smaller GtO sheets. The
applied shear and consistent Taylor vortex formation in TVF
resulted in smaller GtO flakes in comparison to the graphite
precursor. WVF produces aggregates of GtO flakes larger than
the graphite precursor due to inconsistent turbulent vortex
boundaries. We note that the presence turbulence in the
operating flow condition results in the formation of aggregates
of GtO flakes as can be seen in Table 3. This is due to the
nature of turbulent mixing and nonaxisymmetric instabilities
that results in the application of inconsistent shear gradient to
GtO flakes.

4. CONCLUSION

The current study on continuously producing GtO, a precursor
to GO, using a Taylor—Couette flow reactor system
demonstrates the influence of flow regime and the presence
of inhomogeneity within the flow structure on oxidation levels.
In summary, the level of oxidation increased at the TVF flow
regime and significantly decreased after the secondary
instability at the WVF flow regime. The presence of an
instability in PI and SI resulted in a nonhomogeneous flow
condition that leads to lower oxidation levels. Moreover, the
results obtained from WVF clearly show how nonhomoge-
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Figure 7. (a) G band position and fwhm of GtO samples of varying
flow conditions. (b) Ipy/I() ratio and I(,p)/I(g) ratio of GtO samples
of varying flow conditions.

neous, turbulent mixing and the presence of nonaxisymmetric
instabilities in a continuous TCR resulted in lower oxidation
levels. More importantly, continuous TVF flow regime resulted
in a structurally uniform graphite oxide product that can be
used in a variety of applications, including energy storage and
catalysis. The reported method serves as an advantageous step
into large-scale production of GO for potential use in various
downstream processes.
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