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METHOD FOR THE SYNTHESIS OF
GRAPHENE OXIDE

FIELD

[0001] This invention relates to the chemical synthesis of
graphene oxide. Specifically, as compared to prior art meth-
ods, the invention disclosed herein provides a simple, cost-
effective method of providing relatively large and high
quality graphene oxide materials while preventing the cre-
ation of toxic gasses and avoiding the use of H;PO,.

BACKGROUND

[0002] Fundamentally, graphene consists of a single layer
of graphite (i.e., sp’hybridized carbon atoms). Graphene is
approximately two hundred times stronger than steel, nearly
one million times thinner than a human hair, and more
conductive than copper. With such unique and beneficial
physical properties, graphene, and in particular, high quality
graphene, is desirable for use in various industries. For
example, obtaining high quality graphene is of significant
importance for electronic and photonic based applications.
Currently, chemical vapor deposition method is the pre-
ferred route of manufacturing high quality graphene for
these applications. Chemical vapor deposition, however, is
expensive and cannot currently produce the quantities of
graphene demanded for large-scale industrial applications at
a reasonable cost.

[0003] Because of its unique and beneficial properties,
significant research and development work has recently been
undertaken to cost-effectively produce high quality gra-
phene on a commercial scale. One such method considered
that is capable of producing large quantities of graphene is
chemical reduction of graphene oxide. The graphene created
through reduction of graphene oxide has traditionally been
of an inferior quality as compared with graphene produced
through chemical vapor deposition due to defects (discussed
below) that are created during the manufacturing process.
Graphene produced through reduction of graphene oxide is
currently used in developing new technologically advanced
materials specifically in the areas of nanocomposites, func-
tional coatings, paints and electrode materials for chemical
and biological sensing and energy storage devices.

[0004] One of the most common methods of creating
graphene oxide is through the chemical exfoliation of graph-
ite (e.g., bulk graphite), which consists of a large number of
graphene sheets held together by Van der Waals forces. One
source of excellent, high quality pure bulk graphite is Sri
Lankan vein graphite. Sri Lanka has a longstanding reputa-
tion for its high quality crystalline vein graphite with purity
levels ranging from 80-99% carbon. Sri Lankan vein graph-
ite is mined as lumps and is considered to have a high degree
of crystalline perfection, excellent electrical and thermal
conductivities, and superior cohesive energy as compared to
other natural graphite materials.

[0005] In a traditional chemical exfoliation method,
graphite is treated with a strong oxidizing agent to produce
graphene oxide. One of the earliest recorded methods of
synthesis of graphene oxide was by Brodie (1859). Brodie
demonstrated the synthesis of graphene oxide by adding a
portion of potassium chlorate to a slurry of graphite in
fuming nitric acid. Subsequent studies by Staudenmaier
(1898) improved upon Brodie’s method by using concen-
trated sulfuric acid as well as fuming nitric acid and adding
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the potassium chlorate in multiple aliquots over the course
of the reaction. Staudenmaier’s alteration of Brodie’s
method helped the production of a highly oxidized graphene
oxide in a single reaction vessel significantly more practical.
Hummers (1958) further improved upon this method (see
Hummers et al, 1958, herein “Hummer”). In Hummers’s
method, which is commonly used today, graphite is oxidized
by treatment with KMnO, and NaNO; in concentrated
H,SO,.

[0006] These traditional methods of producing graphene
oxide are not devoid of flaws. While each of Brodie’s,
Staudenmaier’s, and Hummers’s methods can be used to
create graphene oxide, each results in a graphene oxide
structure that is less than ideal for the creation of high
quality graphene through reduction on a commercial scale.
More specifically, each of these methods results in signifi-
cant defects in the graphene oxide chemical structure,
defects which are not readily repairable during a subsequent
reduction of graphene oxide to graphene. For example,
defects can form in Hummers’s method because oxidation of
graphite with KMnO,, results in the formation of manganate
ester which will create a vicinal diol. If left unprotected, the
vicinal diol may be oxidized to diketone, which leads to the
formation of holes in the graphene basal plane. Such chemi-
cal defects in the resulting chemically converted graphene
diminish the highly sought after electrical and mechanical
properties as compared with pristine, high quality graphene.
Further, each of these prior art methods involves the gen-
eration of one or more toxic gases, such as NO,, N,O,,
and/or ClO,.

[0007] Recently an improved version of Hummers’s
method was disclosed by James Tour’s group at Rice Uni-
versity (see US 2012/0129736 Al, herein “Tour”). This
improved method excludes NaNO;, requires a higher
amount of KMnO, and H,SO,, and also performs the
reaction in a 9:1 mixture of H,SO,/H;PO,. According to
Tour, this method does not generate toxic gasses and pre-
vents excessive oxidation and defect (i.e., hole) formation in
the resulting graphene oxide. Also according to Tour, it is the
addition of H,PO, that helps to prevent defect formation,
which can be caused by excessive oxidation in the graphene
oxide structure. More recently Chen and co-workers (see
Chen et al, “2013”, herein “Chen”) introduce a method
without using H;PO,, but the oxidation method gives lower
oxidation than the Tour’s.

[0008] The use of H;PO,, however, is undesirable due to
its cost and the increased complexity of the reaction method.
Moreover, KMnQO, is one of the strongest oxidants, espe-
cially in acidic media. Complete intercalation of graphite
with concentrated H,SO, can be achieved with the assis-
tance of KMnO, by forming graphite bisulfate (see Sorokina
et al, 2005). Accordingly, the formation of graphite bisulfate
gives reaction stability, so the role of NaNO; and/or H;PO,
is unnecessary for the synthesis of graphene oxide (herein
“G0O”) using Hummers method. Accordingly, it would be
beneficial to create a commercially viable method of creat-
ing high quality, highly oxidized graphene oxide (i.e., gra-
phene oxide with fewer defects) from bulk graphite without
the creation of toxic gasses or other toxic byproducts or the
use of H;PO,.

SUMMARY

[0009] Disclosed herein is a novel approach to the chemi-
cal synthesis of graphene oxide from graphite using only
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H,SO,, KMnO, and H,0, and/or H,O as reagents for the
synthesis. The method disclosed herein is scalable, cheaper,
and safer than prior art methods. The chemically exfoliated
graphene oxide created by the method disclosed herein has
high solubility in both aqueous and polar organic solvents
and can be casted into thin membranes as well as exfoliated
into single to few layer graphene oxide structures with
relatively large lateral dimensions as compared to structures
created by prior art methods.

[0010] More specifically, this application discloses a
modified chemical oxidation method that synthesizes gra-
phene oxide from graphite using only of H,SO,, KMnO,
and quenching with H,O, and/or H,O or ice. The method of
the present invention uses no H,PO,, the central protecting
reagent used in the method disclosed in Tour. It was sur-
prisingly and unexpectedly discovered that, in the correct
proportions, H,SO,, KMnO,, H,0,, and/or H,O alone
could be used as reagents without H,PO, to create high
quality graphene oxide from graphite. Before Applicants’
invention it was believed that the use of H,PO, was essential
in the creation of high quality graphene oxide from graphite
in a toxic-fume free method.

[0011] Generally, in embodiments of the present inven-
tion, graphite is placed into a vessel where H,SO,, is added.
KMnO, is added to this H,SO,/graphite mixture, while
stirring. The stirring is then continued for several hours and
the reaction is quenched with ice, H,O, and/or ice and H,O,.
The supernatant is then discarded, leaving a graphene oxide
slurry. The remains are then washed several times starting
with deionized water followed by a 1:2 water:HCl mixture
to remove Mn?* ions and other impurities. Washing is then
carried out one last time with ethanol and diethylether in
order to obtain graphene oxide powder. The brown color
solid material obtained after this step is then dried at room
temperature under vacuum. The pilot scale process is also
performed in this embodiment, in order to understand scal-
ability of the reaction.

[0012] Alternatively, the graphene oxide slurry can be
exfoliated by adding a portion of the graphene oxide slurry
dropwise to an aqueous solution and then ultra-sonicating
the aqueous solution/graphene oxide slurry. The ultra-soni-
cated mixture can be transferred to an appropriate substrate
if desired. Once the graphene oxide has been dispersed in an
aqueous solution, it yields monomolecular or substantially
monomolecular sheets of graphene oxide. These sheets can
then be reduced to obtain reduced graphene oxide, the
graphene form.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 is an X-ray Diffraction pattern obtained for
a graphene oxide powder according to an example embodi-
ment of the present invention

[0014] FIG. 2 is a Thermogravimetric Analysis spectrum
obtained for a graphene oxide according to an example
embodiment of the present invention

[0015] FIG. 3 is a Fourier Transform IR spectrum for a
graphene oxide powder according to an example embodi-
ment of the present invention

[0016] FIG. 4 are Raman spectra for graphene oxide
[0017] FIG. 5 is a Nuclear Magnetic Resonance (NMR)
spectra for graphene oxide

[0018] FIG. 6 is an Atomic Force Microscopy image of a
graphene oxide flake on a mica substrate
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[0019] FIG. 7 shows TEM images for graphene oxide
obtained on a lacey-carbon TEM grid and SAED pattern
[0020] FIG. 8 is an UV/VIS spectrum for highly-oxidized
graphene oxide

DETAILED DESCRIPTION

[0021] The following description provides detailed
embodiments of various implementations of the invention
described herein. After reading this description, it will
become apparent to one skilled in the art how to implement
the invention in various alternative embodiments and alter-
native applications. However, although various embodi-
ments of the present invention will be described herein, it is
understood that these embodiments are presented by way of
example only, and not limitation. As such, the detailed
description of various alternative embodiments should not
be construed to limit the scope or the breadth of the
invention.

[0022] In an embodiment, approximately 1.5 g of natural
high purity (>99%) vein graphite obtained from Bogala
Graphite (GK) (Sri Lanka) was added to 100 ml of 0° C.
H2504 (95-97%, Sigma-Aldrich, analytical grade). During
this addition, the mixture was maintained at 0-10° C. and
stirred. While stirring the mixture, about 5.4 g of KMnO,
(99%, Lions Lab Chemicals, India, LR grade) was added at
a reasonable rate (i.e., 2 g min~"). The temperature of the
mixture was maintained at about 0-10° C. At this point, the
reaction mixture appeared green in color. After adding the
KMnO, the mixture was stirred for 12 hours at 0-10° C. and
the colour of the mixture turned to dark brown. After stirring
for 12 hours, the reaction mixture was quenched with a
mixture of about 200 g of ice, 200 ml of H,O, and 1.5 ml of
H,O,. At this step colour of the reaction mixture turned into
yellow.

[0023] The supernatant was then carefully discarded leav-
ing graphene oxide slurry. Next, the remaining graphene
oxide slurry was washed with 400 ml of deionized water and
then was washed with a 1:2 aqueous HCl solution. After that,
to obtain graphene oxide powder, the remaining slurry was
washed with 400 ml of ethanol and 400 ml of ether. The
brown colour solid material obtained was dried at room
temperature under vacuum.

[0024] In order to understand scalability of the reaction, a
pilot scale process is also performed by using approximately
100 g of natural high purity (>99%) vein graphite with the
same process. In an embodiment, the reaction time is
increased up to 20 hours.

[0025] Alternatively, the graphene oxide slurries were
then exfoliated by adding about 5 mg of the viscous gra-
phene oxide slurries dropwise into about 200 ml of deion-
ized water. These slurry/water mixtures were then placed
into an ultra-sonication device (Grant, USA, 120 W, 150 Hz)
for 20 minutes. The ultra-sonicated, graphene oxide slurry/
water mixtures were then transferred dropwise onto a freshly
cleaved mica sheet to obtain Atomic Force Microscopy
image.

[0026] GRAPHENE OXIDE MEMBRANE CHARAC-
TERIZATION
[0027] X-ray Diffraction, Thermo-gravimetric Analysis,

Fourier Transform Infrared Spectroscopy, Nuclear Magnetic
Resonance Spectroscopy, Raman Spectroscopy, Atomic
Force Microscopy and Transmission Electron Microscopy
measurements on the graphene oxide membranes produced
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in an embodiment confirm the structural and chemical
changes that have taken place due to the oxidation process.
[0028] X-ray Diffraction Characterization

[0029] X-Ray Diffractometric (“XRD”) data were mea-
sured on a D8-Bruker AXS Diffractometer equipped with
MBraun PSD position sensitive detector and the X-axis was
restricted within a range (of 20) from 5° to 55°. FIG. 1 at (a)
shows a representative XRD spectrum obtained from gra-
phene oxide created according to an embodiment method of
the present invention. FIG. 1 at (a) shows an interlayer
spacing of 9.48+0.12 A. The XRD interlayer spacing is
proportional to the degree of oxidation. This in turn is related
to the facility to exfoliate the GO into monolayer sheets,
which on reduction can lead to monolayer graphene.
[0030] It should be noted that the interlayer spacing
reported here is similar to the spacing reported through the
use of the method disclosed in Tour. However, FIG. 1 at (b)
illustrate XRD spectrum obtained from graphene oxide from
pilot scale process, with an interlayer spacing of 9.59+0.12
A confirming an extremely high degree of oxidation. A value
that is this high has never been reported in the literature to
date.

[0031] Thermogravimetric Analysis

[0032] Thermogravimetric analysis (“TGA”) was carried
out on SDT Q600 analyzer equipped with a temperature
compensated thermobalance under a high purity N2 purged
environment with a gas flow rate of 100 ml/min. The sample
was heated from 35° C. to 1000° C. with a rate of 5° C./min.
FIG. 2 shows a TGA spectrum obtained for a graphene oxide
created according to an embodiment method of the present
invention. The TGA spectrum of FIG. 2 shows a significant
weight loss between 130° C. to 220° C. This corresponds to
the release of CO and CO, release from the most labile
functional groups. The slower weight loss beyond that to
1000° C. can be attributed to the removal of more stable
oxygen functionalities.

[0033] Fourier Transform Infrared Spectroscopy Charac-
terization
[0034] In order to get a qualitative understanding of the

available functional groups,

[0035] Fourier Transform Infrared Spectroscopy (“FTIR™)
measurements were recorded on a Bruker NANCO Vertex
80 FTIR spectrometer equipped with attenuated total reflec-
tance accessory. A representative FTIR spectrum is shown in
FIG. 3. The following functional groups were identified. The
hydroxyl stretching band (3000-4000 cm™). The peak at
1732 cm™' was assigned as carbonyl C—=0 double bonds
stretching vibration, the sharp and strong absorption at 1624
cm™" assigned as the stretching mode of intercalated water
molecules. C—C from unoxidized sp> CC bonds (1590-
1620 cm™), C—O vibrations and C—O—C (-epoxy-)
vibration at 1200 cm™' and below. The observed spectral
peak positions are in very good agreement with published
data on graphene using the method disclosed in Tour.
[0036] Raman Spectroscopy

[0037] Raman spectroscopy of samples, lab and pilot scale
process was performed by a Renishaw InVia Raman Spec-
trometer using a 514.5 nm wavelength laser. The data were
collected with an objective of 50x, scanning the spectrom-
eter from 100 cm™" to 3500 cm™. Raman spectra of the two
samples lab process and pilot scale process are shown in
FIG. 4 at (a) and (b) respectively. Usually graphene oxide
has two prominent peaks called D and G and lesser intense
higher order peaks 2D and S3. The G peak corresponds to
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the E2G phonon at the Brillouin zone centre and is observed
at 1580 cm™ for graphite. The G peak of lab processed
sample is wider and blue-shifted to 1587 cm™ confirming
the higher order oxidation which is similar to the method
disclosed in Tour. The D peak, which requires a defect for its
activation, arises due to the breathing modes of sp? rings, is
centered at 1352 cm™". However, the G peak position of pilot
scale process sample remains at 1580 cm™" and The D peak
is centered at 1347 cm™ due to extremely high oxidation
which already observed as in XRD. The ratio I(D)/I(G) for
these GO derived from other methods is normally around 1
or more, compared to 0.95 for the lab process and 0.94 for
pilot scale process. The lower 1(D)/I(g) ratio indicates that
the relative number of defects in the sp” bonded graphene
structure which arises in the current oxidation method is
lower. Inter-defect distance (La) in disordered sp® carbons is
can be calculated from the relation I(D)/I(G)=C'(A) La*,
with C'(514.5 nm)~0.55 nm~2. The values of L for samples
is around 1.3 nm.

[0038] Solid State '*C Nuclear Magnetic Resonance
(NMR) Spectroscopy

[0039] FIG. 5 illustrates solid state direct }*C pulse NMR
spectra for highly-oxidized graphene oxide. The *C NMR
spectra were obtained at 50.3 MHz, with 10 kHz magic
angle spinning, a 90° **C pulse, 40 ms FID and 20 second
relaxation delay. In the **C NMR spectra, six peaks were
observed at 62, 73, 87, 130, 159 and around 173 ppm are
assigned to epoxides, alcohols, lactols, graphitic carbons,
carboxylates, and ketones respectively. The NMR results
also well exhibits the oxidation process and good agreement
with the other methods reported.

[0040] Atomic Force Microscopy Image

[0041] One of the most important aspects of commercial
viability of any graphene oxide creation methods is the
ability to obtain single to few layer graphene oxide sheets
with reasonable lateral dimensions. As described above,
graphene oxide created using the method of the present
invention was exfoliated and transferred onto a mica sub-
strate for characterization using atomic force microscopy.
FIG. 6, shows an atomic force microscopy image (“AFM”)
that confirms the creation of relatively large (approximately
5 micronsx7.5 microns) sheet single to few layers of high
quality graphene oxide. The lateral size of this sheet is much
larger than the reported values obtained using Hummers’s or
Tour’s methods. Importantly, the AFM image confirms that
the graphene oxide sheets created by the methods of the
present invention are high quality and, similar to the gra-
phene oxide created by Tour’s method, do not contain
substantial defects.

[0042] Transmission Electron Microscopy and Selected
Area Electron Diffraction (SAED)

[0043] FIG. 7 at (a) shows TEM image for mono/few layer
highly-oxidized graphene oxide obtained on a lacey-carbon
grid. The corresponding shows Selective Area Electron
Diffraction (SAED) patterns for graphene oxide is shown in
FIG. 7 at (b). The SAED pattern for graphene oxide prepared
by the methods of the present disclosure indicates good
crystallinity in the sp> bonded carbon plane and a more
regular large carbon frame work.

[0044] Ultra Violet-Visible Light (UV-Vis) Spectroscopy
[0045] FIG. 8 shows the UV-Vis absorption spectrum for
graphene oxide, at 0.1 mg ml~"' concentration. A, value of
the present disclosure is 231.6 nm, resulting from m-t*
transitions of the aryl rings. This implies the presence of the
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largest undamaged conjugated graphitic domains within the
graphene layers. Additionally, a small shoulder peak at
around 300 nm is due to the normalized absorbance of n-*
transitions implying an increase in the relative population of
C—O containing functional groups with respect to the
sp>-conjugated domains.
[0046] The above description of the disclosed embodi-
ments is provided to enable any person skilled in the art to
make or use the invention. Various modifications to these
embodiments will be readily apparent to those skilled in the
art, and the generic principles described herein can be
applied to other embodiments without departing from the
spirit or scope of the invention. Thus, it is to be understood
that the description and drawings presented herein represent
presently preferred embodiments of the invention and are
therefore representative of the subject matter broadly con-
templated by the present invention. It is further understood
that the scope of the present invention fully encompasses
other embodiments that may become obvious to those
skilled in the art and that the scope of the present invention
is accordingly limited by nothing other than the appended
claims.
1. A method of synthesizing graphene oxide without the
use of H;PO, comprising:
a. providing a graphite source;
b. reacting the graphite source with H,SO, in a vessel,
wherein the H,SO,, and graphite source are maintained
at a temperature between 0° C. and 10° C.;
¢. adding KMnO, to the vessel to form a reaction mixture;
d. adding H,O, and H,O to the reaction mixture in order
to create a supernatant and a graphene oxide slurry; and
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e. separating the supernatant in order to obtain the gra-

phene oxide slurry.

2. The method of claim 1 further comprising washing the
graphene oxide slurry with one or more washing agents.

3. The method of claim 2 wherein the washing agents
comprise a mixture of H,O and HCIL.

4. The method of claim 3 wherein the washing agents
further comprise a mixture of ethanol and diethyl ether.

5. The method of claim 2 wherein the graphene oxide
slurry is dried at room temperature under vacuum.

6. The method of claim 2 wherein the graphene oxide
slurry is exfoliated.

7. The method of claim 6 wherein exfoliation comprises
addition of the graphene oxide slurry to an aqueous solution
and sonication of the resulting mixture to create a sonicated
mixture.

8. The method of claim 7 wherein exfoliation further
comprises transfer of the sonicated mixture to a substrate.

9. The method of claim 1 wherein the ratio of the graphite
source (in grams) to H,SO,, (in milliliters) is between about
0.5:100 and about 2.5:100.

10. The method of claim 9 wherein the ratio of graphite
source (in grams) to KMnO, (in grams) is between about 1:2
and about 1:5.

11. The method of claim 10 wherein the graphite source
comprises at least 99% graphite.

12. (canceled)

13. The method of claim 10 wherein the reaction mixture
is stirred for between 8 and 24 hours at between 0° C. and
10° C.



