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GRAPHENE ENTRAINMENT IN A HOST
TECHNICAL FIELD OF THE INVENTION

The present invention relates i gencral to the field of graphene, and more particularly, to

transitioning graphene into a variety of macroscale mechanical structures.

BACKGROUND OF THE INVENTION

Without limiting the scope of the invention, its background 1s described in connection with

composite materials.

Unitcd Statcs Patent No. 8,216,541, 1ssucd to Jang, ct al. 1s dirccted to a process for producing

dispersible and conductive nano-graphene platelets from non-oxidized graphitic materials.

Briefly, these inventors are said to teach a process for producing nano-graphene platelets (NGPs)
that are both dispersible and electrically conducting. The process 1s said to include: (a)
preparing a pristine NGP material from a graphitic material; and (b) subjecting the pristine NGDP
material to an oxidation treatment to obtain the dispersible NGP material, wherein the NGP
material has an oxygen content no greater than 25% by weight. The conductive NGPs are said
to find applications 1n transparent electrodes for solar cells or flat panel displays, additives for
battery and supercapacitor electrodes, conductive nanocomposite for electromagnetic wave

interference (EMI) shielding and static charge dissipation.

United States Patent Publication No. 20120298620, filed by Jiang, et al., 1s directed to a method
for making graphene composite structure. Briefly the method 1s said to include providing a
metal substrate including a first surface and a second surface opposite to the first surface,
orowing a graphene film on the first surface of the metal substrate by a CVD method, providing
a polymer layer on the graphene film and combining the polymer layer with the graphene film,
and forming a plurality of stripped electrodes by etching the metal substrate from the second

surface.

Finally, United States Patent Publication No. 201202285535, filed by Cheng, et al., 1s directed to
a method of making graphene. Briefly, the application is said to disclose a method for making
oraphene by providing a starting material and heating the starting material for a time and to a
temperature effective to produce graphene. In certain embodiments the applicants are said to
use starting materials that include carbonaceous materials used i1n conjunction with, or
comprising, sulfur, and essentially free of a transition metal. The graphene produced by the

current method 1s said to be used to coat graphene-coatable materials.
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SUMMARY OF THE INVENTION

In accordance with an aspect of at least one embodiment, there is provided a method of making a
graphene suspension, comprising: preparing graphene flakes with a surface area to thickness ratio
greater than 300 Angstroms, and thickness of less than 160 Angstroms, by mechanically milling
graphite and exfoliating the graphite into graphene flakes in a stirred media mill, an attrition mull,
an attritor mill, or a ball mill without concentrated acid to produce oxidized graphene, wherein the
eraphene flakes are planar, have no significant physical surface distortions or corrugations, have
only edge oxidation, and have a surface polarity; preparing a polar or nonpolar fluid having the
same polarity as said graphene flakes; and suspending said graphene flakes in said fluid by mixing

until the suspension is uniform.

In accordance with an aspect of at least one embodiment, there 1s provided a method of making a
eraphene suspension, comprising: preparing graphene flakes with a surface area to thickness ratio
greater than 300 Angstroms, and thickness of less than 160 Angstroms, by mechanically milling
graphite and exfoliating the graphite into graphene flakes in a stirred media mill, an attrition mill,
an attritor mill, or a ball mill without concentrated acid to produce oxidized graphene, wherein the
graphene flakes are planar, have no significant physical surface distortions or corrugations, have
only edge oxidation, and have a surface polarity; and suspending said graphene flakes in a fluid

by mixing until the suspension is uniform.

In accordance with an aspect of at least one embodiment, there is provided a graphene suspension

made by a method comprising: preparing graphene flakes with a surface area to thickness ratio

greater than 300 Angstroms, and thickness of less than 160 Angstroms, by mechanically milling
graphite and exfoliating the graphite into graphene flakes in a stirred media mill, an attrition mill,
an attritor mill, or a ball mill without concentrated acid to produce oxidized graphene, wherein the
oraphene flakes are planar, have no significant physical surface distortions or corrugations, have
only edge oxidation, and have a surface polarity; preparing a polar or nonpolar fluid having the
same polarity as said graphene flakes; and suspending said graphene flakes in said fluid by mixing

until the suspension is uniform.

CA 2904059 2018-06-13
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In accordance with an aspect of at least one embodiment, there is provided a graphene suspension
made by a method comprising: preparing graphene flakes with a surface area to thickness ratio
greater than 300 Angstroms, and thickness of less than 160 Angstroms, by mechanically milling
graphite without concentrated acid and exfoliating the graphite into graphene flakes 1n a stirred
media mill, an attrition mill, an attritor mill, or a ball mill without concentrated acid to produce
oxidized graphene, wherein the graphene flakes are planar, have no significant physical surface
distortions or corrugations, have only edge oxidation, and have a surtace polarity; and suspending

said graphene flakes in a fluid by mixing until the suspension is uniform.

[n one embodiment the present invention includes a method of making a graphene suspension,
comprising: preparing graphene flakes with a surface area to thickness ratio greater than 300
Angstroms, and thickness of less than 160 Angstroms, wherein the graphene tlakes have no
significant physical surface distortions and have a surface polarity; preparing a polar or nonpolar
fluid having the same polarity as said graphene flakes; and suspending said graphene flakes in said
fluid by mixing until the suspension is substantially uniform. In one aspect, the suspension 1s a
carbon allotrope. In another aspect, 95% of the flakes are from about 0.8 to 16 nanometers in
thickness. In another aspect, 95% of the flakes have a surface area to thickness ratio of a minimum
of 300 Angstroms. In another aspect, the maximum dimension of the flakes between 220
Angstroms and 100 microns. In another aspect, the Graphene flake has only edge oxidation. In
another aspect, the method further comprises adding a bonding host and the flake surfaces have
the same polarity as the bonding host. In another aspect, the mechanically exfoliating graphite
into graphene flakes in done in a stirred media mill, and the stirred media mill is an Attrition mill

or ball mill. In another aspect, the method outputs are substantially limited to substantially flat

graphene flakes and water.

Another embodiment the present invention includes a method of making a graphene suspension,
comprising: preparing graphene flakes with a surface area to thickness ratio greater than 300
Angstroms, and thickness of less than 160 Angstroms, wherein the graphene tlakes are
substantially planar and have a surface polarity; and suspending said graphene flakes 1n a fluid by
mixing until the suspension is substantially uniform. In one aspect, the suspension 1s a carbon
allotrope. In another aspect, 95% of the flakes are from about 0.8 to 16 nanometers in thickness.

In another aspect, 95% of the flakes have a surface area to thickness ratio of a minimum of 300

CA 2904059 2018-06-13
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Angstroms. In another aspect, the maximum dimension of the flakes between 220 Angstroms and

100 microns. In another aspect, the Graphene flake has only edge oxidation. In another aspect,

the method further comprises adding a bonding host and the flake surfaces have the same polarity
as the bonding host. In another aspect, the mechanically exfoliating graphite into graphene flakes
in done 1n a stirred media mill, and the stirred media mill 1s an Attrition mill or ball mill. In another

aspect, the method outputs are substantially limited to substantially flat graphene flakes and water.

Yet another embodiment of the present invention includes a graphene suspension made by a
method comprising: preparing graphene flakes with a surface area to thickness ratio greater than

300 Angstroms, and thickness of less than 160 Angstroms, wherein the graphene flakes have no

CA 2904059 2018-06-13
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significant physical surface distortions and have a surtace polarity; preparing a polar or nonpolar
fluid having the same polarity as said graphene flakes; and suspending said graphene flakes in
said fluid by mixing until the suspension 1s substantially uniform. In one aspect, 93% of the
flakes are from about 0.8 to 16 nanometers in thickness. In another aspect, 95% of the flakes
have a surface area to thickness ratio of a minimum of 300 Angstroms. In another aspect, the

maximum dimension of the flakes between 220 Angstroms and 100 microns.

Yet another embodiment of the present imnvention includes a graphene suspension made by a
method comprising: preparing graphene flakes with a surface arca to thickness ratio greater than
300 Angstroms, and thickness of less than 160 Angstroms, wherein the graphene flakes are
substantially planar and have a surface polarity; and suspending said graphene flakes in a fluid
by mixing until the suspension 1s substantially uniform. In one aspect, 95% of the flakes are
from about 0.8 to 16 nanomctcrs 1n thickness. In anothcr aspect, 95% of the flakes have a
surface arca to thickness ratio of a minimum of 300 Angstroms. In another aspect, the

maximum dimension of the flakes between 220 Angstroms and 100 microns.
DETAILED DESCRIPTION OF THE INVENTION

While the making and using of various embodiments of the present invention are discussed in
detail below, 1t should be appreciated that the present invention provides many applicable
inventive concepts that can be embodied 1n a wide variety of specific contexts. The specific
embodiments discussed heremn are merely illustrative of specific ways to make and use the

invention and do not delimit the scope of the invention.

To tacilitate the understanding of this invention, a number of terms are defined below. Terms
defined herein have meanings as commonly understood by a person of ordinary skill in the areas
relevant to the present invention. Terms such as “a”, “an” and “the™ are not intended to refer to
only a singular entity, but include the general class of which a specific example may be used for
illustration. The terminology herein 1s used to describe specific embodiments of the invention,

but their usage does not delimit the invention, except as outlined in the claims.

Despite these nanoscale mechanical properties, graphene previously had not been able to be
transitioned to a macro-scale mechanical structure. The process of producing a loaded host did
not translate to a viable composite structure. The 1nability to translate the technology to a viable
composite structure was a combination of technical 1ssues and cost factors, including uniform
distribution of the suspension in the host material. The technical Iimitation included stochastic

processes 1n the curing of the host while obtaining a distribution of the suspension. Curing of
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the host material resulted 1n random shrinkage phenomena, which was exacerbated 1n larger
composite structures/devices. If a suspension was added to the host prior to curing,
polymerization, hydrolyzation or other thermal, mechanical, chemical processes that initiation
either long-range or short-range ordering bonding the distribution of the non-uniform suspension

creating weak regions and failure points 1n the loaded host materal.

Graphene 1s an allotrope of carbon. Graphene’s purest form 1s a one-atom-thick planar sheet of
sp>-bonded carbon atoms that are densely packed in a honeycomb or hexagonal crystal lattice.
Graphcene uscd as an additive have been shown supcerior mechanical, chemical, thermal, gas
barrier, clectrical, flame retardant and other properties compared to the native host.
[Improvement in the physicochemical properties of the host depends on: 1) a uniform distribution
and entrainment of the graphene flake, 2) optimizing the interfacial bonding between the
oraphcne flake and host’s matrix, 3) removal of gasscs centraincd 1n the host during proccssing,
4) optimizing the additive’s innate properties, ¢.g. flatness, and/or 5) optimizing the thickness to

surface-area ratio of the graphene flake.

Optimal properties of the graphene flake: We have found that the performance of a graphene
flake 18 dominated by both the texture and the surface and edge oxidation/functionalization. A
Hummer’s based process produces graphene flakes that have both a surface and edge oxidation.
The degree of oxidation and cxfoliation imnhcerent in the Hummer’s or modificd bascd Hummcer’s
process results in permanent corrugated disfiguration of the graphene flake. The combination
low vyield, high cost and inconsistent performance makes the approach not wviable. The
permanent corrugated structure degrades the chemical, mechanical, electrical and thermal
propertics of graphene flake. Hence a surface oxidized graphene flake has lower performance
than the single-layer graphene originally demonstrated when the graphene was first discovered
in 2007. This can explain by simple theoretical analysis where the corrugated structure induces
different shearing and loading forces to the surrounding host as the corrugated structure gives a
third dimension to the 1deal two dimension graphene structure. In the transmission of phonons
or electrons the 1deal structure 1s a uniform flat large arca graphene structure. This 1s 1llustrated
by the development activities of the semiconductor industry as they focused chemical vapor
deposition thin film generated graphene material. A corrugated structure induces resistance and
inductance to the transmission of phonons and electrons hence a planar flake has higher
pcrformance 1n the clectron and phonon transmission rclative to a corrugated structurc in the

surface oxidized graphene flake.



N

10

15

20

25

30

CA 02904059 2015-09-03

WO 2014/138587 PCT/US2014/021765

>

This can be a method of making a graphene suspension, comprising: preparing graphene flakes
with a surface area to thickness ratio greater than 300 Angstroms, and thickness of less than 160
Angstroms, wherein the graphene flakes have no significant physical surface distortions and
have a surface polarity; preparing a polar or nonpolar fluid having the same polarity as said
oraphene flakes; suspending said graphene flakes 1n said fluid by mixing until the suspension 1s

substantially uniform.

In one embodiment, the suspension 1s a carbon allotrope; 95% of the flakes are from about 0.1 to
16 nanometers 1n thickness; 95% of the flakes have a surface area to thickness ratio of a
minimum of 300 Angstroms; the maximum dimension of the flakes between 220 Angstroms and
100 microns; the Graphene flake has only edge oxidation; the flake surface has the same polarity
as the bonding host; the mechanically exfoliating graphite into graphene flakes in done mn a
stirrcd media mill, and the stirrcd mcdia mill 1s an Attrition mill or ball mill; and/or thc mcthod

outputs are substantially limited to substantially flat graphene flakes and water.

The present invention also mcludes a method of making a graphene suspension, comprising:
Preparing graphene flakes with a surface area to thickness ratio greater than 300 Angstroms, and
thickness of less than 160 Angstroms, wherein the graphene flakes are substantially planar and
have a surface polarity; Suspending said graphene flakes 1in said fluid by mixing until the

suspcnsion 18 substantially uniform.

Recent publications have shown one possible rout to produce a non corrugated graphene through
the of ball milling crystalline graphite with dry ice the chemo-mechanical processing of the
crystalline graphite produces edge oxidized graphene flakes. This process shows the feasibility
of an edge-only oxidized graphene flake but cost of this processing 1s more expensive as
required by a commodity additive market. Note that planar graphene graphite for research has
also been produccd by manually scparating onc laycer at timce from a picce of crystalline graphitc.
Needless to say this 1s far too slow and too expensive for commercial production. The
Hummer’s based process produces graphene that is not planar, generally weaken the graphite in

a host.

Optimizing the interfacial bonding between the graphene flake and host’s matrix. Optimizing
the interfacial bonding requires the two critical aspects, first 1s the providing of a planar pristine
surfacc that 18 not distortcd through thc graphenc production process.  Sccondly 1s the
modification of the chemistry of the additive to allow full entrainment of the additive 1n host’s
matrix. For graphene this can be the moditying the OOH group with other chemical

functionality to tailor the additive to be hydrophilic or hydrophobic and/or create a functional
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oroup on the additive that 1s stmilar to the host’s chemistry (1.e., polarity, hydrophilicity, etc.).
Creating the correct hydrophobicity allows the graphene additive to be mamntained 1n suspension
in a variety of common solvent hosts prior to long or short range ordering or bonding (e.g. a
solid). Functionalizing the graphene additive with a similar chemistry to the host allows the
oraphene additive to be directly incorporated 1n the long or short range ordering or bonding. The

tluids can include plastics, metals, ceramics and glass.

Thickness to surface area ratio of the graphene flake: Using a planar graphene flake the next
1ssuc of implementing m a host 1s the thickness to surface-arca of the graphene flake. The
thickness to surface-arca ratio of the graphene flake plays a significant ability 1n the graphene

flakes ability to positively impact the host’s properties.

This large surface with a modest thickness 1s conceptually comparable to the 1deal larger area
monolayer need by the semiconductor industry. A large tlat flake will conduct better phonons
and electrons better than the host alone. A multi-layer graphene flake held bonded even by with
van der Waal forces 18 more desirable than a thin flake surround by an msulating host. This 1s
true for mechanical applications as well. As long as there 1s a larger surface arca to thickness
ratio the graphene can mitigate and distribute a mechanical load giving the host enhanced
mechanical properties, increased tensile, shear, and flexural strength. The ability to achieve
substantial cnhancement of the host’s mcechanical propertics can ¢.g. be obtamncd with a flake
with an area of 48,400 A * with a flake thickness to 160A to 200 Angstroms. A 48,400 A * area
flake with a thickness of 160 A has a surface area to thickness ratio of about 300 Angstroms can
also provide enhancement to the host’s mechanical properties (preferably 95% of the graphene
flakes of the present invention have a surface arca to thickness ratio of a mmmmum of

300 Angstroms).

In somc cmbodiments our flake thickncsscs arc 16 nanomcters or Icss as too many laycrs
significantly reduce the tensile strength (preferably 95% of the graphene flakes of the present
invention are from about 0.8 to 16 nanometers), and our surface area to thickness ratio 1s greater
than 48400 to 1 Angstroms. Preferably, the maximum dimension of the flake varies between 220
Angstroms and 100 microns. This requires precise process control or a process that allows

separation of the graphene flakes by surface arca and/or thickness.

Uniform distribution and cntrainmcent: The third aspcct of obtaining an cffcctive uniform
distribution and entrainment of graphene flake as an additive 1n the host fluid 1s the aggressively
mixing the flake into the host fluid (for example, under an at least partial vacuum), prior to

reacting, casting or otherwise causing the host to become ordered by thermal, chemical,
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electrical or other processes that induce order or bonding 1n the host, e.g. solidified of gelled. In
some embodiments, epoxy that 18 dried 1s used, and then thermally set after mixing. In one
embodiment of the present invention, greater than 6% loading of graphene 1s used (e.g. between
6 and 35%). Studies on attaining increased potency of fillers by using different mixing
techniques, modification of polymer backbone or filler surface, use of functional polymers and
coupling agents, etc. Graphene, has low surface energy as compared with crystalline graphite
(the cost-effective precursor for graphence/graphene oxide). One of the routes to overcome this
l[imitation 1s the functionalization of flake surface, which results in significant enhancement of
the mechanical and electrical properties of polymer composites. As graphene 1s being entrained
in a host a mild vacuum may be applied to prevent gasses from being incorporated in the host.
The formation of gas bubbles increase resistance to phonon and electron transpiration 1n addition

creating light scattering centers and mechanical defect sights in a host.

Obtaining consistent size and thickness can require controlled pre-processing (e.g., milling and
separation) of the crystalline graphite. Chemo-mechanical processing can use crystalline

oraphite with a mild oxidizing agent i conjunction with mechanical energy (milling) for

synthesis of graphene.

The mechanical energy in conjunction with a mild oxidizing environment can produce edge
oxidation of th¢ graphence minimizing the surface oxidation and mcchanical dcfects gencrated 1n

a Hummer’s based process.

Graphite (TC306, 30g) can be used as the starting material for the graphene chemo-mechanical
process. Chemo-mechanical process can be done 1n what 1s generically referred to as a “stirred
ball mill.” A useful and simple equation describing the grinding momentum 1s M x V (mass x
velocity), which enables us to see how an ball milling use up to 6 lbs (2.7 Kg) (or ~2,600
stainlcss stcel balls) of 0.25” diamcter stamnless steel balls weighing 1 ¢ cach. Milling 1n a
closed chamber for 360 minutes at 2,000 RPM or less. When grinding 1n the ball milling as the
balls (media) in theirr random movement are spinning in different rotation and, therefore,
exerting shearing forces on the crystalline graphite. The resulting graphene preferably has edge-
only oxidized flakes with a pristine surface free of distortions or corrugations with low surface
energies allowing for casier incorporation and entrainment in a host with enhance graphene

physical properties.

The oxidation of the graphene can occur from a wide range of methods of making graphene
oxide, comprising: Putting crystalline graphite and an atomizer or acrosolized oxidizing agent in

a mill, wherein the atomizer or acrosolized oxidizing exfoliating agent contains only carbon,
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oxygen, hydrogen and combinations thereof; Milling said crystalline graphite and atomizer or
acrosolized oxidizing exftoliating agent to produce planar graphene flakes having a thickness of
less than 160 Angstroms; and Suspending said graphene flakes 1n a fluid to remove the graphene

flakes from the mill.

This can be a technique for low cost, mass-production of a partially oxidized to fully oxidized
graphite/graphene using mechanical processing (Attritor Mill) 1n conjunction with a water
soluble exfoliating agent, such as kaolin clay powder and at least one of atomizer or aerosolized
carbolic acid or oxalic acid (C;H»04), acctic acid, carbonic acid or cthanoic (CHzCO),0, and
citric acud. Acrosolization can be accomplished by an Ultrasonic Atomizer Processor, ultrasonic
spray & atomization system made by U&STAR Ultrasonic Technology. An ultrasonic spray
system, uses an ultrasound technology to atomize liquid or powders generated from ultrasonic
cnergy that scattered the liquid forming droplcts ranging microns to morc than 100 microns.
Liquid droplets that may contain powders and soluble matter, promoting chemical reaction, and
spraying. This ultrasonic spray atomization has low power, large volume. An ultrasonic spray
system widely applied on kinds of industrial applications including ultrasonic spraying liquid,
metal power water nebulization or atomization. The controlled small droplet sizes provide a

high surface to volume ratio enhancing efficiency and control chemical reactions.

The atomizer or acrosolized oxidizing agent 1s mjccted into a mill 1n addition to the crystalline
oraphite. Directly milling of graphite powder without concentrated acid, for acrosolized
oxidizing, to produce high quality oxidized graphene. After milling the crystalline graphite with
an aerosolized oxidizing agent 1s injected into the attritor mill for a minimum of 30 min to
produce an aqueous slurry. The aqueous slurry contains a mild acid that breaks down 1nto water
and graphite. The water can dissolve the water-soluble exfoliating agent. An example of a
water-soluble exfoliating agent 18 kaolin clay powder. The mild aerosolized oxidizing agent
produces oxidized graphene with no distortion or texturing. Textured graphene oxide produces
significant problems when depositing the graphene oxide, using the graphene oxide 1 a

suspension or as an additive to other materials.

Directly milling ot graphite powder with a chemically stable gaseous oxidizing agent 1n addition
to the gascous oxidizing agent a water-soluble extfoliating agent, such as kaolin clay powder can
be added to process to produce high quality edge oxidized graphene. After exfoliating the
crystalline graphite in the Attritor mill for 90 min with steel balls and chemically stable gaseous
ox1dizing agent 1s introduced. Once the carbon dioxide 1s released and the pressure 1n the

Attritor exceeds two atmospheres the chemo-mechanical processing initiate graphene oxidation
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resulting edge oxidized graphene. As the chemo-mechanical processing continues pressure in
the chamber decreases in the Attritor mill. Keeping the Attritor mill at an elevate pressure

during the oxidation process enables a higher level of oxidation of the graphene flakes.

Additionally graphene oxide may be made, by: Putting crystalline graphite, and vapor phase
oxidizing agent in a mill, wherein the oxidizing agent comprises nitrogen, carbon, oxygen,
hydrogen and/or combinations thereof; Milling said crystalline graphite and vapor phase
oxidizing agent to produce planar graphene flakes having a thickness of less than 160
Angstroms; and Suspending said graphene flakes 1n a fluid to remove the graphene flakes from

the mill.

This can also be a method of making graphene oxide, comprising: Putting crystalline graphate,
mineral-based exfoliating media and vapor phase oxidizing agent in a mill, wherein the
oxidizing agent comprises nitrogen, carbon, oxygen, hydrogen and/or combinations thereof;
Milling said crystalline graphite, mineral-based exfoliating media and vapor phase oxidizing
agent where water vapor or liquid 1s combined to produce a mild acidic slurry where the slurry
enhances the exfoliation of the graphite to produce planar graphene flakes having a thickness of
less than 160 Angstroms; and additional water 1s added at the end of the process to remove the

water soluble exfoliating agent leaving water and graphene tlakes.

This can be a method of making graphene oxide, comprising: Putting crystalline graphite and
anhydrous oxidizing exfoliating agent in a mill, wherein the anhydrous oxidizing exfoliating
agent contains only carbon, oxygen, hydrogen and combinations thereof; Milling said crystalline
oraphite and anhydrous oxidizing exfoliating agent to produce planar graphene flakes having a
thickness of less than 160 Angstroms; and Suspending said graphene flakes 1n a fluid to remove

the graphene flakes trom the maill.

Preferably, the milling 1s done in a stirred mill; the stirred mill is an Attrition mill or Attritor; the
method outputs are substantially limited to substantially tflat graphene flakes and carbon,
oxygen, hydrogen and combinations thercof; and/or the anhydrous oxidizing exfoliating agent 1s
at lcast one of crystal carbolic acid or anhydrous oxalic acid (C,H,04), Acetic anhydride, or

ethanoic anhydride (CH3CO),0, and anhvdrous citric acid powder.

If the suspension application requires a narrow size distribution the edge oxide graphene can be
chemically separated via acidic precipitation by titrating hydrochloric acid into the bath the
larger (thicker/heavier) material comes out of suspension first creating a narrow graphene oxide

flake distribution. The particle size can be monitored during this process by Dynamic Light
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Scattering measurement tool. Dynamic Light Scattering tools can resolve particle sizes down to

30A.

Preferably, the surface area to thickness ratio should be greater than about 300 to have a positive
impact on the host as a suspension. The pH of the water containing the oxidized

eraphite/graphene can range from 5 to 9 while maintaining the suspension of the media the pH

of the resulting water/graphene mixture 1s typically is about 7. A chemo-mechanical can be

controlled to process graphene with oxidization of from 1% to 35%. Unless otherwise indicated
or produced by the Hummer process, the term “graphene” as used herein means graphene with
oxidization of from 1% to 35%. The functionalization can be COOH on the edge carbons

preserving the graphene structure.

Oxidized graphite produced by this method is typically hydrophilic and easily suspended in a
neutral aqueous solution. The oxidized graphitc can be kept in suspension until varying the pH

of the solution.

A ball mill operating with less than or equal to 2,000 RPM can be generally sufficient to prevent

agglomeration of the graphenc adhering to the milling balls or tank.
The graphene can be cbmbined with the host material in a mechanical agitation process.

Graphene is diamagnetic and as such dynamic magnetic fields can be used to enhance
orientation and mixing along in addition other method such as: melt blending, counter rotating
screw, sonication or other mixing processes of the graphene additive into the host material prior
to inducing ordering or bonding in the host. The entrainment and uniform dispersement

preferably uses a minimum of 30 minutes of and less than 600 minutes in a ball mill.

The resulting graphene entrained host can be the cast, extruded or otherwise processed into the

final product by inducing long or short range ordering or bonding through chemical, thermal,

electrical, shearing, or mechanical treatments.

Although the present invention and its advantages have been described in detail, it should be
understood that various changes, substitutions and alterations can be made herein without
departing from the scope of the invention as defined by the appended claims. Moreover, the
scope of the present application is not intended to be limited to the particular embodiments of
the process, machine, manufacture, composition of matter, means, methods and steps described
in the specification. As one of ordinary skill in the art will readily appreciate from the disclosure

of the present invention, processes, machines, manufacture, compositions of matter, means,
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methods, or steps, presently existing or later to be developed, that perform substantially the same
function or achieve substantially the same result as the corresponding embodiments described
herein may be utilized according to the present invention. Accordingly, the appended claims are
intended to include within their scope such processes, machines, manufacture, compositions of

matter, means, methods, or steps.

[t is contemplated that any embodiment discussed in this specification can be implemented with
respect to any method, kit, reagent, or composition of the invention, and vice versa.

Furthermore, compositions of the invention can be used to achieve methods of the invention.

It will be understood that particular embodiments described herein are shown by way of
illustration and not as limitations of the invention. The principal features of this invention can
be employed in various embodiments without departing from the scope of the invention. Those
skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, numerous equivalents to the specific procedures described herein. Such
equivalents are considered to be within the scope of this invention and are covered by the

claims.

All publications and patent applications mentioned in the specification are indicative of the level

of skill of those skilled in the art to which this invention pertains.

The use of the word “a” or “an” when used in conjunction with the term “comprising” 1n the

claims and/or the specification may mean “one,” but it is also consistent with the meaning of

p b BN 44 b

“one or more,” “at least one,” and “one or more than one.” Thc use of the term “or” in the
claims is used to mean “and/or” unless explicitly indicated to refer to alternatives only or the
alternatives are mutually exclusive, although the disclosure supports a definition that reters to
only alternatives and “and/or.” Throughout this application, the term “about” is used to indicate
that a value includes the inherent variation of error for the device, the method being employed to

determine the value, or the variation that exists among the study subjects.

As used in this specification and claim(s), the words “comprising” (and any form of comprising,
such as “comprise” and “comprises”), “having” (and any form of having, such as “have” and
“has™), “including” (and any form of including, such as “includes” and “include”) or
“containing” (and any form of containing, such as “contains” and “contain”) are inclusive or
open-ended and do not exclude additional, unrecited elements or method steps. In embodiments
of any of the compositions and methods provided herein, “comprising” may be replaced with

“consisting essentially of” or “consisting of”. As used herein, the phrase “consisting essentially
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of” requires the specified integer(s) or steps as well as those that do not materially aftect the
character or function of the claimed invention. As used herein, the term “consisting” is used to
indicate the presence of the recited integer (e.g., a feature, an element, a characteristic, a
property, a method/process step or a limitation) or group of integers (e.g., feature(s), element(s),

characteristic(s), propertie(s), method/process steps or limitation(s)) only.

The term “or combinations thereof™ as used herein refers to all permutations and combinations
of the listed items preceding the term. For example, “A, B, C, or combinations thereof” is
intended to include at least one of: A, B, C, AB, AC, BC, or ABC, and if order is important in a
particular context, also BA, CA, CB, CBA, BCA, ACB, BAC, or CAB. Continuing with this
example, expressly included are combinations that contain repeats of one or more item or term,
such as BB, AAA. AB, BBC, AAABCCCC, CBBAAA, CABABB, and so forth. The skilled
artisan will understand that typically there 1s no limit on the number of items or terms in any

combination, unlcss otherwise apparent from the context.

As used herein, words of approximation such as, without limitation, “about”, "substantial" or
“substantially” refers to a condition that when so modified is understood to not necessarily be
absolute or perfect but would be considered close enough 1o those of ordinary skill in the art 1o
warrant designating the condition as being present. The extent to which the description may vary
will depend on how great a change can be nstituted and still have one of ordinary skilled in the
art recognize the modified feature as still having the required characteristics and capabilities of
the unmodified feature. In general, but subject to the preceding discussion, a numerical value

herein that 1s modified by a word of approximation such as “about” may vary from the stated

value by at least +1, 2, 3, 4, 5, 6, 7, 10, 12 or 15%.

All of the compositions and/or methods disclosed and claimed herein can be made and executed
without undue experimentation in light of the present disclosure. While the compositions and
mcthods of this invention have been described in terms of preferred embodiments, it will be
apparent to those of skill in the art that variations may be applied to the compositions and/or
methods and in the steps or in the sequence of steps of the method described herein without
departing from the scope of the invention. All such similar substitutes and modifications
apparent to those skilled in the art are deemed to be within the scope of the invention as defined
by the appended claims. The scope of the claims should not be limited by the preferred

embodiments set forth in the examples, but should be given the broadest interpretation consistent

with the description as a whole.
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What 1s claimed is:

1. A method of making a graphene suspension, comprising:

preparing graphene flakes with a surface area to thickness ratio greater than 300
Angstroms, and thickness of less than 160 Angstroms, by mechanically milling graphite and
extoliating the graphite into graphene flakes in a stirred media mill, an attrition mill, an attritor
mill, or a ball mill without concentrated acid to produce oxidized graphene, wherein the graphene
flakes are planar, have no significant physical surface distortions or corrugations, have only edge
oxidation, and have a surface polarity;

preparing a polar or nonpolar fluid having the same polarity as said graphene flakes; and

suspending said graphene flakes in said fluid by mixing until the suspension is uniform.

2. The method of claim 1, wherein the suspension comprises a carbon allotrope.

3. The method of claim 1, wherein 95% of the flakes are from 0.8 to 16 nanometers in
thickness.

4. The method of claim 1, wherein 95% of the flakes have a surface area to thickness ratio of

a minimum of 300 Angstroms.
5. The method of claim 1, wherein a maximum dimension of the flakes is between 220
Angstroms and 100 microns.
6. The method of claim 1, wherein a bonding host is added and the flake surfaces have the
same polarity as the bonding host.
7. The method of claim 1, wherein the solvent 1s water.
8. A method of making a graphene suspension, comprising:
preparing graphene flakes with a surface area to thickness ratio greater than 300
Angstroms, and thickness of less than 160 Angstroms, by mechanically milling graphite and
extoliating the graphite into graphene flakes in a stirred media mill, an attrition mill, an attritor
mull, or a ball mill without concentrated acid to produce oxidized graphene, wherein the graphene
flakes are planar, have no significant physical surface distortions or corrugations, have only edge
oxidation, and have a surface polarity; and '
suspending said graphene flakes in a fluid by mixing until the suspension is uniform.

9. The method of claim 8, wherein 95% of the flakes are from 0.8 to 16 nanometers in
thickness.

CA 2904059 2018-06-13
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10. The method of claim 8, wherein 95% of the flakes have a surface area to thickness ratio of
a minimum of 300 Angstroms.
11. The method of claim 8, wherein a maximum dimension of the flakes 1s between 220
Angstroms and 100 microns.
12. The method of claim 8, wherein the solvent 1s water.
13. A graphene suspension made by a method comprising:

preparing graphene flakes with a surface area to thickness ratio greater than 300
Angstroms, and thickness of less than 160 Angstroms, by mechanically milling graphite and
exfoliating the graphite into graphene flakes in a stirred media mill, an attrition mill, an attritor
mill, or a ball mill without concentrated acid to produce oxidized graphene, wherein the graphene
flakes are planar, have no significant physical surface distortions or corrugations, have only edge
oxidation, and have a surface polarity;

preparing a polar or nonpolar fluid having the same polarity as said graphene tlakes; and

suspending said graphene flakes in said fluid by mixing until the suspension is uniform.
14. The method of claim 13, wherein 95% of the flakes are from 0.8 to 16 nanometers 1n

thickness.

15. The method of claim 13, wherein 95% of the flakes have a surface area to thickness ratio
of a minimum of 300 Angstroms.
16. The method of claim 13, wherein a maximum dimension of the flakes 1s between 220
Angstroms and 100 microns.
17. A graphene suspension made by a method comprising:

preparing graphene flakes with a surface area to thickness ratio greater than 300
Angstroms, and thickness of less than 160 Angstroms, by mechanically milling graphite without
concentrated acid and exfoliating the graphite into graphene flakes in a stirred media mill, an
attrition mill, an attritor mill, or a ball mill without concentrated acid to produce oxidized graphene,
wherein the graphene flakes are planar, have no significant physical surface distortions or
corrugations, have only edge oxidation, and have a surface polarity; and

suspending said graphene flakes in a fluid by mixing until the suspension is uniform.
18. The method of claim 17, wherein 95% of the flakes are from 0.8 to 16 nanometers in

thickness.

CA 2904059 2018-06-13
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19. The method of claim 17, wherein 95% of the flakes have a surface area to thickness ratio

of a minimum of 300 Angstroms.

20. The method of claim 17, wherein a maximum dimension of the flakes is between 220

Angstroms and 100 microns.
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