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PROCESS FOR FORMING EXPANDED HEXAGONAL LAYERED
MINERALS AND DERIVATIVES USING ELECTROCHEMICAL CHARGING

CLAIM OF PRIORITY

[0001] This Application claims the benefit of priority from U.S. Provisional Patent
Application Serial No. 61/570,330, filed on December 14, 2011, and which application is
incorporated by reference herein in those jurisdictions where such incorporation is

recognized.

 FIELD

[0002] The present disclosure relates to processing hexagonal layered minerals and in
particular relates to a process for forming expanded hexagonal layered minerals and

derivatives thereof using electrochemical charging.

BACKGROUND ART

[0003] There exists a class of minerals that are formed from sheets or layers that have
an hexagonal crystal structure and that are referred to ‘herein as hexagonal layered
minerals. Such minerals include graphite, molybdenum disulfide, tungsten disulfide
(diselenide), hexagonal boron nitride, vanadium pentoxide, vanadium X oxides (e.g.,

vanadium selenium oxide), and like minerals.

[0004] Graphite is perhaps the best known of the hexagbnal layered minerals because
it exhibits basal cleavage, good electrical and heat conductivity, refractorineSs and
resistance to acids. It is an important component in many technologies, such as
leading-edge alternative energy solutions, including batteries and hydrogen fuel cells. It
is also used in producing electrodes and brushes for electric motors. Graphite is also a
key component in metallurgic and refractory materials, and is used as a release agent in

molds, dies and form linings when making metal parts and castings.

[0005] Graphite is obtained by mining graphite-rich ore (i.e., graphite rock) and milling it
down to the consistency of sand to allow the graphite to be removed. The milled

material is then put through a series of flotation processes to extract the graphite.
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[0006] A variant of graphite is expanded graphite, which is graphite that has been
treated such that the interlayer distance between the individual crystal pianes is
expanded beyond the usual van der Waals distances. Expanded graphite has a much

higher energy and gas storage capacity than ordinary graphite.

[0007] Conventionally, graphite rock has to be milled before it can be processed as
expanded graphite. To produce expanded graphite using priér art techniques, the
milled graphite flakes are immersed in concentrated acids. All these processes are
energy intensive, ahd the acid intercalation process creates many defects in the
graphite, which adversely affect the graphite's electrical conductivity. Working with

~acids is also generally not preferred because they are caustic and difficult to handle.

[0008] Graphene is a derivative of graphite and comprises a two dimensional sheet of
hexagonally arranged atomic carbon with very attractive physical, optical and
mechanical properties, including high charge carrier mobility, record thermal

conductivity and stiffness.

[0009] Few-layer graphene (FLG), which can be derived from the exfoliation of graphite
or graphite oxide, exhibits better dispersion properties and therefore can form more
homogeneous blends or composites with other materials than graphite can. Itis
expected that enhanced performance can be obtained where FLG substitutes for

graphite flakes as the key component in coatings, metallurgy or refractories.

[0010] What is needed are efficient processes for forming expanded hexagonal layered
minerals and their derivatives without the need to perform complex and potentially

hazardous processi'ng steps.

SUMMARY

[0011] The present disclosure is directed to a process that can transform hexagonal
layered minerals into an expanded form with almost 90% yield in a single pass, without
the need for any form of pre-treatment such as milling, and without the need to use

acids.

[0012] An aspect of the disclosure includes a process of forming an expanded

. hexagonal layered mineral (HLM). The process includes immersing at least a portion of
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an HLM rock in slurry constituted by a mixture of expanded HLM rock, a metal salt and
an organic solvent, wherein the HLM rock has atomic interlayers each having an
héxagonal Iattice structuré, with the atomic interlayers separated by interlayer
spacings. The process also includes electrochemically charging the HLM rock by
incorporating the HLM rock into at least one electrode and performing electrolysis
through the slurry using the at least one electrode, thereby introducing the organic
solvent and ions from the metal salt from the slurry into the interlayer spacings of the
HLM rock to form 1%-stage charged HLM that exfoliates from the HLM rock. The
process further includes expanding the 1%-stage charged HLM by applying an expanding

force to increase the interlayer spacing between the atomic layers.

[0013] Another aspect of fhe disclosure is a composition of matter useful for
performing electrochemical charging of an hexagonal layered mineral (HLM),

| comprising: HLM rock: 25-65 wt% or 15-20 wt%; HLM flake: 0.1-10 wt% or 0.1-5 wt%;
and an electrolyte of 100-200 g/L or 80~ 160 g/L of »LiClO4 (5-10 wt%) in propylene
carbonate: 40-80wt% or 70-80 wt%.

[0014] Another aspect of the disclosure is a process of fdrming expanded graphite from
graphite rock hvaving atomic interlayers separated by interlayer spacings. The process
includes immersing at least a portioh of a graphite rock in slurry constituted by a
mixture of expanded graphite, a metal salt and an organic solvent. The method also
includes electrochemically charging the graphite rock by incorporating the graphite rock
into at least one electrode and performing electrolysis through the slurry using the at
least one electrode, thereby introducing the organic solvent and ions from the metal
salt from the slurry into the interlayer spacings of the graphite rock to form 1%-stage
charged graphite that exfoliates from the graphite rock. The method further includes
expanding the electrochemically 1%-stage charged graphite by applying an expanding
force to increase the interlayer spacings between the atomic layers. The method
optionally includes forming the slurry to have the following compositidn: graphite rock:
25-65 wt% or 1520 wt%; graphite flake: 0.1-10 or 0.1 -5 wt%,; and an electrolyte of
100-200 g/L or 80-160 g/L of LiClO4 (5—10 wt%) in propylene carbonate: 40-80 wt% or
70-80 wt%.
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[0015] The foregoing general description and the following detailed description present
embodiments of the disclosure, and are intended to provide an overview or framework
for understanding the nature and character of the disciosure as it is claimed. The
accompanying drawings are included to provide a further understanding of the
disclosure, and are incorporated into and constitute a part of this specification. The
drawings illustrate various embodiments of the disclosure and together with the
description serve to explain the principles and operations of the disclosure. For
example, subject to the constraints of fluid dynamics, electrical power and container

volume, the description below is scalable to any physical dimensions.

- [0016] The claims are incorporated into and constitute part of this specification.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 is a schematic diagram of an example electrochemical charging system
configured to perform electrochemical charging of one or more HLM rocks in forming

expanded HLM and its derivatives;

[0018] FIG. 2 is a schematic diagram that illustrates an example configuration of an
HLM rock electrode in the form of a metal cage that defines an interior configured to

contain one or more HLM rocks;

[0019] FIG. 3 is a top-down' view of an example electrode array that defines a plurality

of electrodes, where the electrode polarity varies in a checkerboard fashion;

[0020] FIG. 4 is a schematic diagram of an example electrochemical charging system
that is similar to that of FIG. 1 and that illustrates an embodiment that utilizes a

conveyor to convey expanded HLM to a container;

[0021] FIG. 5 is a schematic diagram that illustrates how expanded graphite forms FLG

nanosheets; and

[0022] FIGS. 6A through 6D are various plots of experimental data taken on samples of

expanded graphite and FLG.

[0023] The various elements depicted in the drawings are merely representational and
are not necessarily drawn to scale. Certain sections thereof may be exaggerated, while

others may be minimized. The drawings are intended to illustrate an example
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embodiment of the disclosure that can be understood and appropriately carried out by

those of ordinary skill in the art.

DETAILED DESCRIPTION

[0024] The present disclosure relates to a process of forming expanded hexagonal
layered minerals (HLMs) and their derivatives using electrochemical charging. The
description below is based in part on graphite as an examplary HLM whose derivatives
include FLG flakes and graphene that have desirable physical properties for a variety of
applications. The processes described hereinbelow apply generally to HLMs, and the
portions of the description based on graphite as an exemplary HLM are merely by way

of non-limiting illustration.
[0025] The following definitions apply to the description set forth herein.

[0026] Hexagonal layered mineral (HLM): a mineral having a crystal structure defined
by layers (“atomic layers”) or sheets that have a six-sided (hexagonal) lattice structure.
Example HLMs include graphite, molybdenum disulfide, tungsten disulfide (diselenide),
hexagonal boron nitride, vanadium pentoxide, vanadium X oxides (e.g., vanadium

selenium oxide), and like minerals.
[0027] HLM rock: Hexagonal layered mineral rock.

[0028] Graphite: an example HLM that is a crystalline form of carbon wherein the
carbon atoms are bonded in layers (atomic layers) having a six-sided (hexagonal) lattice

structure.

[0029] Graphite rock: a natural graphite mineral that is directly mined, without any

form of purification, and that is an example of an HLM rock.

[0030] Slurry: HLM flakes, generated from milled or crushed HLM, as well as derivatives
of HLM, mixed with organic solvent and salt to form a viscous liquid with good electrical

conductivity.

{0031] 1*-stage charged HLM: HLM flakes that have been electrochemically charged in
the process described below, before expansion. The HLM flakes here are said to have

undergone 1% -stage expansion.



WO 2013/089642 PCT/SG2012/000440

[0032] Expanded HLM: HLM that has been treated such that the interlayer spacings
between the atomic layers in the crystal lattice that are weakly bonded have been

expanded beyond the usual van der Waals distances in the crystal.
[0033] Graphene: A single sheet (atomic layer) of sp? bonded atomic carbon.

[0034] Few-layer graphene (FLG): Several layers of graphene stacked together, either

commensurately (following Bernal AB stacking sequence) or incommensurately.
[0035] FL-HLM: few-layered hexagonal layered mineral, of which FLG is one example.

[0036] Electrochemical charging: A process whereby a voltage is applied to a material
acting as either an electrode or an electrolyte, and whereby electric current is passed
through the material, and ionic conduction occurs in the electrolyte. In the case where
the material is an HLM such as graphite and the electrolyte includes organic
compounds, the charging process drives ions and organic compounds originating in the

electrolyte into the interlayer spacings between the atomic interlayers of the HLM.

Electrochemical charging system

[0037] FIG. 1 is a schematic diagram of an example electrochemical charging system
(“system”) 10 configured to perform the electrochemical éharging processes of one or
more HLM rocks 20 according to the disclosure. The system 10 includes a container 40
that contains an electrolytic HLM-based slurry (”sIUrry”) 50. In an example, slurry 50 is
initially contained in a reservoir 60 and is inputted into container 40 via an input pipe 62
and removed from container 40 via an output pipe 64 via the operation of a circdlating
pump 66. In an example, slurry 50 removed from container 40 via output pipe 64 is

directed to a storage tank 68 by a valve 69.

[0038] An example slurry 50 contains small pieces of HLM (e.g., milled HLM),
derivatives of HLM, expanded HLM or combinations thereof mixed with an organic
solvent and a salt. For example, when the HLM rocks 20 are in the form of graphite,
slurry 50 contains small pieces of graphite (milled), derivatives of graphite, expanded
graphite or combinations thereof mkixed with an organic solvent and a salt. An.example
solvent includes a combination of propylene carbonate and lithium perchlorate,

ethylene carbonate, ionic liquids, and phosphonium-based perchlorate salts/ionic
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liquids. The salts can be based on a variety of ions, such as potassium, lithium, sodium,
iron and the like. The slurry 50 is constituted as an electrolytic medium to ensure
continuous charging during the electrochemical exfoliation process by providing a low-
resistance path between the electrodes, thereby sustaining a high charging current

during electrolysis.

[0039] In an example, the viscosity of slurry 50 is controlled during the electrochemical
charging process by adding expanded HLM 24 to the slurry. In an example, the viscosity

of slurry 50 ranges from 0.05 PaeS to 50 PaeS.

[0040] An example slurry 50 has the following cbmposition: HLM rock: 25—-60 wt% or
15-20 wt%; graphite flake: 0.1-10 or 0.1-5 wt%; and an electrolyte of 100-200 g/L or
80 g/L-160 g/L of LiClO4 (5—-10 wt%) in propylene carbonate: 40 —80 wt% or 70-80 wt%.

[0041] The system 10 includes an inert gas source 70 and a pipe 72 having an end that
is immersed in slurry 50. An example gas for inert gas source 70 is N, or Ar. The inert
gas source 70 serves to provide gas bubbles 74 into slurry 50 to provide one mechanism

for slurry agitation.

[0042] The system 10 may also include a mechanical agitator 80 that is immersed in
slurry 50 and that serves to agitate (e.g., stir, mix, churn, etc.) the slurry. Other
agitation mechanisms can be used to agitate slurry 50, such as acoustic magnetic spin
bars, etc., and the mechanical and gaseous agitation mechanisms are shown by way of

example.

[0043] In an example, one or more porous dividers 98 are employed to define different

regions or cells within container 40.

[0044] The system 10 also has a first output pipe 90 that serves to output residue 54
that collects on the bottom of container 40 and a second output pipe 94 that serves to

remove graphite rock flakes from slurry 50, as described in greater detail below.

[0045]' The system 10 also includes two or more electrodes 100, one of which is shown
by way of example as being disposed on the bottom of container 40 and is referred to
as a bottom electrode 100B. At least one other electrode 100 includes HLM rock 20 and
such electrodes are referred to herein as “rock electrodes.” The electrodes 100 are

also connected to a power supply 110 by a wire 101. The power supply 110 provides an
7
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electrical poténtial between electrodes 100. In an example, power supply 110 is
configured to provide an alternating electrical potential so that electrodes 100 switch
between being anodes and cathodes. The power supply 110 may also provide a direct
current. The rock electrodes 100 can be either anodes or cathodes, or can alternate
between being anodes and cathodes by varying the electrical potential and thereby

their polarity.

[0046] The rock electrodes 100 can have a variety of different configurations, each of
which includes at least one HLM rock 20. FIG. 1 shows a simple configuration where
| ‘two HLM rocks 20 are each directly electrically connected to power supply 110 via wires
101 and so serve directly as two rock electrodes 100. FIG. 2 is a schematic diagram that
illustrates an example configuration wherein rock electrodev100 comprises a metal cage
102 that defines an interior 108 configured to contain one or more HLM rocks 20. The
metal cage 102 is electrically connected to power supply 110 via wire 101. FIG.3isa
top-down view of an example electrode array 106 that defines a plurality of electrodes
100 where the polarity of the electrodes varies in a checkerbbard fashion. Each
electrode 100 in electrode array 106 defines a corresponding array of interiors 108,

each configured to contain one or more HLM rocks 20.

[0047] FIG. 4 is a schematic diagram of system 10 that is similar to that shown in FIG. 1
and that includes a conveyor 150. The conveyor 150 is configured such that a portion
of it travels through slurry 50. The conveyor 150 may be formed from a belt or chain
and is configured to pick up and convey to a storage container 96 HLM flakes 22 that

have exfoliated from HLM rock 20, as described below.

Electrochemical charging to form 1%'-stage HLM

[0048] A first main step in the process of forming expanded HLM includes
electrochemically charging the HLM to form 1*-stage charged HLM. With reference to
FIG. 1, an aspect of the process includes electrochefnically charging slurry 50. In an
example, slurry 50 enters container 40 via input pipe 62 and flows out of the container

via output pipe 64 owing to the action of circulating pump 66.

[0049] To electrochemically charge slurry 50, rock electrodes 100 are inserted into the

slurry, as shown in FIG. 1. In an example, electrodes 100 (including bottom electrode

-
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1008B) are either at a positive voltage (negative ions intercalated, e.g., ClO;) or a
negative voltage (positive ions intercalated, e.g., Li.). so that a good electrical field

permeates slurry 50.

[0050] The electrochemical charging process is now described from here on in using

graphite as an example HLM.

[0051] To electrochemically charge graphite rock 20, rock electrodes 100 are used to
create an electrical field with the graphite rock. In an example, the charging voltage
provided by power supply 110 to electrodes 100 is in the ran‘ge of frbm about 10 Vto
20 V DC with a current of between about 0.2 A and 2 A. As discussed above, an AC
voltage can also be provided. In an example, the agitation of slurry 50 as provided by
mechanical agitator 80 and by the gaseous agitation from gas bubbles 74 from gas pipe
72 assists with the exfdliation of graphite flakes 22 during the electrochemical charging
process. In an example, the charging voltage and current from power supply 110 is
monitored so that the process can be operated in either a galvanostatic or a

potentiometric mode.

[0052] When graphite rock 20 is electrochemically charged, it yields graphite flakes 22,
which enter and become part of sturry 50. In an example, expanded graphite 24 is
added to slurry 50 at appropriate times to maintain or alter (e.g., improve) the slurry’s
viscosity and conductivity. This also allows the charging current from power supply 110
to be either maintained or altered as the charging current will decrease if the resistance

of slurry 50 increases.

[0053] The above-described electrochemical charging process causes slurry 50 to
contain 1*-stage charged graphite flakes 22. A portion of slurry 50 is drawn from
container 40 via pipe 94 to storage container 96 or conveyed thereto by conveyor 150.
With reference to FIG. 4, this process is carried out by conveyor 150. The slurry 50
delivered to storage container 96 is decanted to recover 1*-stage charged graphite
flakes 22 as well as some unreacted materials (e.g., uncharged graphite, expanded

graphite, etc.).
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Thermal expansion of 1*-stage charged HLM

[0054] A second main step in the process includes the thermal expansion of the 1%
stage charged HLM to form expanded HLM 24 by applying an expanding force. The

expanding force can include at least one of heat, sonication and pressure.

[0055] This second step includes removing the solvent froh the decanted slurry 50 to
substantially remove the solvent. One process of removing the solvent includes
directing jets of inert gas such as nitrogen at the decanted s_lurry 50. The resulting
material is rinsed in a container with deionized water (e.g., 3 times) fo remove any
remaining solvent while allowing any solids to settle to the bottom of the container,

leaving the 1*'-stage charged HLM.

[0056] Next, the water is removed (e.g., suction dried or gravity dried), and the
container holding the 1%-stage charged HLM is subjected to the aforementioned
expanding force. In one example, the expanding force is heat wherein the 1%:stage
charged HLM is heat treated, e.g., on a heating plate heated to a temperature in the
range from about 200 °C to 300 °C in open air. This causes the 1%-stage charged HLM to
expand (i.e., the atomic interlayers to start to separate) to form expanded HLM. 24. This

expansion process typically takes less than 5 minutes.

[0057] Next, water is added to the expanded HLM 24 to allow hydraulic classification,
wherein the expanded HLM floats to the top surface of the water and is removed
therefrom, e.g., skimmed off via a paddle or raking process. Impurities sink and settle

out.

[0058] The electrochemical charging step and the expansion step can be repeated for
mquipIe cycles on the processed material to improve the exfoliation yield, dispersion
and porosity of the expanded HLM 24. As mentioned above, a single pass through the
process can provide a 90% yield. Repeating the process on processed material can

improve this yield of few-layer graphene well beyond 90%.

Forming few-layer graphene (FLG) nanosheets

[0059] A third main step in the process includes processing the expanded HLM 24 to

form HLM nanosheets or flakes 22, as schematically illustrated in FIG. 5. The expanded

10
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graphite iS sonicated or/and milled in a liquid medium to obtain dispersible FLG 22. The
liquid medium can be a hydrophobic or a hydrophilic solvent, or a mixture of both with
a surfactant such as N, N-dimethylformamide, propylene carbonate, N-methyl-2-
pyrrolidone‘ (NMP), dimethyl sulfoxide (DMSO), dimethylformamide (DMF) and the like.
Water or water with sodium dodecyl sulfate (SDS) can also be used as the liquid
medium. Sonication can be applied using power sonication, bath sonication or fluidized
sonication. Planetary ball milling with colloidal milling can be applied to obtain the
dispersible FLG. In an example, the milling process is applied first, followed by

sonication.
Experimental measurements

[0060] An important verification of the quality of thé exfoliated graphene is comparing
its lithium capacity in lithium ion battery with that of commercial expanded graphite.
FIG. 6A shows the voltage (y-axis) versus reversible lithium capacity (x-axis) plot where
the exfoliated graphene is used as the anode. The anode was fabricated with the
exfoliated graphene and binder (Kynar 2801) in the weight ratio of 80:20 using N-
methyl pyrrolidinone (NMP) as the solvent for the binder. Etched Cu-foil (thickness,
15pum, China) was used as the current collector. A solution of 1M LiPFg in ethylene
carbonate (EC) + dimethyl carbonate (DMC) (1:1 V/V) (Merck) was used as the
electrolyte, with a Watman paper membrane serving as a separator. Lithium metal foil
(Kyokuto fnetal Co., Japan) was used as the counter and reference electrode. Coin-type
of size CR2016 (20 mm diameter, and 1.6 mm thick) were fabricated in an Ar-gas filled
glove box. Cyclic voltammetry and charge-discharge cycling were carried out at
ambient temperature (RT = 24°C) using a Bitrode multiple battery tester (Model SCN,
Bitrode, USA) and a Mac-pile Il system (Bio-logic, France), respectively. To ensure

percolation of the electrolyte, the cells were aged for 12 hours before being measured.

{0061] The results show that exfoliated graphene produced from the process described
here (FIG. 6A shows a much higher reversible capacity of 340 mAh/g than the
commercial expanded graphite sample shoWn in the similar plot of FIG. 6B, which has a
reversible capacity of only 120 mAh/g). The diffe‘rent curves are for different cycle

numbers (1-12 in FIG. 6A and 1, 2, 5, 10, 20 and 30 in FIG. 6B).

11
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[0062] FIG. 6C and FIG. 6D show the capacity vs. cycle number plots for the same,

comparing the capacity of the exfoliated graphene produced as disclosed herein (FIG.
6C) wifh that of commercial (prior art) expanded graphite (FIG. 6D). The results show
that the exfoliated graphene formed using the processes disclosed herein has as very

stable cycle behavior and has a higher capacity than the prior art commercial samples.

[0063] It will be apparent to those skilled in the art that various modifications and
variations can be made to the present disclosure without departing from the spirit and
scope of the disclosure. Thus it is intended that the present disclosure cover the
modifications and variations of this disclosure provided they come within the scope of
the appended claims and their equivalents. For example, prdceSses described herein
can be performed over a wide range of scales subject only to the reasonable physical
constraints based on the limits of fluid dynamics, electrical power and container

volume. -
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What is claimed is:

1. A process of forming an expanded hexagonal layered mineral (HLM),
comprising:

immersing at Ieasf a portion of an HLM rock in a slurry constituted by a
mixture of expanded HLM rock, a metal salt and an organic solvent, wherein the HLM
rock has atomic interlayers each having an hexagohal lattice structure, with the atomic
interlayers separated by interlayer spacings;

" electrochemically charging the HLM rock by incorporating the HLM rock into
at least one electrode and performing electrolysis through the slurry using the at least
one electrode, thereby introducing the organii: solvent and ions from the metal salt
from the slurry into the interlayer spacings of the HLM rock to form 1%-stage charged
HLM that exfoliates from the HLM rock; and

expanding the 1%-stage charged HLM by applying an expanding force to

increase the interlayer spacings between the atomic layers.

2. The process according to claim 1, wherein the HLM is one selected from the
group of HLMs comprising: graphite, moledenum disulfide, tungsten disulfide

~ (diselenide), hexagonal boron nitride, vanadium pentoxide, and vanadium X oxides.

3. The process according to claim 1, wherein the expanding force includes at

least one of heat, sonication and pressure.

4, The process according to claim 1, iﬁcluding forming the slurry to have the
following composition:

HLM rock: 15-20 wt%;

HLM flake: 0.1-5 wt%; and

an electrolyte of 80—160 g/L of LiClO4 (5-10 wt%) in propylene carbonate: 70—
80 wt%.

13
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5. The process according to claim 4, wherein the slurry has a viscosity in the

range from 0.05 PaeS to 50 PaeS.

6. The process according to claim 5, further comprising maintaining the viscosity
in the range during the electrochemical charging step by adding expanded HLM to the

slurry.

7. The process according to claim 1, further comprising forming the at least one

electrode from a metal cage configured to contain the HLM rock.

8. The process according to claim 1, further comprising employing multiple

eIe_ctrodes, each including at least one HLM rock.

9. The process according to claim 1, further comprising conveying the 1%-stage

charged HLM from the slurry to a storage container.

10. The process according to claim 1, further comprising agitating the slurry

during the electrochemical charging step.

11. The process according to claim 1, wherein the metal ions include lithium ions,

and wherein the organic solvent comprises propylene carbonate.

12. A composition of matter useful for performing electrochemical charging of an
hexagonal layered mineral (HLM), comprising:

HLM rock: 15-20 wt%;

HLM flake: 0.1-5 wt%; and

an electrolyte of 80-160 g/L of LiClO4 (5-10 wt%) in propylene carbonate:
70-80 wt%.

13. The composition of matter of claim 12, wherein the composition is in the form

of a slurry having viscosity in the range from 0.05 PaeS to 50 PaeS.

14
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14, The composition of matter of claim 12, wherein the HLM is one selected from
the group of HLMs comprising: graphite, molybdenum disulfide, tungsten disulfide

(diselenide), hexagonal boron nitride, vanadium pentoxide, and vanadium X oxides.

15. A process of forming expanded graphite from graphite rock having atomic
interlayers with an interlayer spacing, comprising:

immersing at least a portion of a graphite rock in a slurry constituted by a
mixture of expanded graphite, a metal salt and an organic solvent, wherein the graphite
rock includes atomic interlayers with interlayer spacings;

‘ electrochemically charging the graphite rock by incorporating the graphite
rock into at least one electrode and performing electrolysis through the slurry using the
at least one electrode, thereby introducing the organic solvent and ions from the metal
salt from the slurry into the interlayer spacings of the graphite rock to form 1*-stage
charged graphite that exfoliates from the graphite rock; and

expanding the electrochemically 1%-stage charged graphite by applying an

expanding force to increase the interlayer spacings between the atomic layers.

16. The process according to claim 15, including forming the slurry to have the
following composition:

graphite rock: 15-20 wt%;

graphite flake: 0.1-5 wt%; and

an electrolyte of 80-160 g/L of LiClO4 (5-10 wt%) in propylene carbonate:
70-80 wt%.

17. The process according to claim 15, wherein the expanding force includes at

least one of heat, sonication and pressure.

18. The process according to claim 15, wherein the slurry has a viscosity in the

range from 0.05 PaeS to 50 PaeS.
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19. The process according to claim 18, further comprising maintaining the
viscosity in the range during the electrochemical charging step by adding expanded

graphite to the slurry.

20. The process according to claim 16, further comprising forming the at leést one

electrode from a metal cage configured to contain the graphite rock.

21. The process according to claim 16, further comprising employing muitiple

electrodes, each including at least one graphite rock.

22. The process according to claim 16, further comprising conveying the 1%-stage

charged graphite from the slurry to a storage container.

23. The process according to claim 16, further comprising agitating the slurry

during the electrochemical charging step.

24. The process according to claim 16, wherein the metal ions include lithium

ions, and wherein the organic solvent comprises propylene carbonate.

25. The process according to claim 24, wherein the salt comprises LiClO,.

16



