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A Process of Controlling the Morphology of Graphite
Field of the Invention

[0001] The present invention relates to a process of controlling the morphology of

graphite in a process for the production of graphite.
Background Art

[0002] Solid carbon, or more particularly graphite, is considered a key material in the
emerging green technology market. It has been shown to be useful in energy storage,
electric vehicles, photovoltaics and modern electronics equipment. As different
morphologies of graphite exhibiting different properties, commercial uses of graphite are

also highly dependent on the morphology.

[0003] Natural gas can be catalytically cracked into both solid carbon and hydrogen gas

according to Equation (1).
CHy — C + 2H, (1)
AHcracking,ZQBK =74.81 kJ/moI, AG cracking,298K = 50.72 kJ/mol

[0004] In such a process, the solid carbon material deposits onto the surface of the
catalyst and hydrogen gas evolves. There are a wide number of known catalysts for the

process, including precious metals, transition metals and carbon-based catalysts.

[0005] Whilst the above process is known, it has not been exploited commercially for a
number of economic reasons, primarily relating to the underlying catalyst costs, both in
the initial supply, as well as costs in recycling and regenerating the catalyst. The
particular catalyst used also heavily impacts the morphology of the solid carbon

produced, while offering very little means of control whatsoever.

[0006] There is a significant need for new and improved processes and catalysts for the
catalytic conversion of hydrocarbons to hydrogen and a solid carbon which are stable and
commercially valuable, whilst allowing for the morphology of the produced carbon to be

controlled.

[0007] The preceding discussion of the background art is intended to facilitate an
understanding of the present invention only. It should be appreciated that the discussion
is not an acknowledgement or admission that any of the material referred to was part of
the common general knowledge in Australia as at the priority date of the application.
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[0008] In accordance with the present invention, there is provided a process of controlling
the morphology of graphite in a process for the production of graphite, the process

comprising:

contacting at elevated temperature, a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas

to hydrogen and carbon;

wherein the temperature is between 600 °C and 1000 °C and a pressure between 0
bar(g) and 100 bar(g), and wherein both the temperature and the pressure are set within
predetermined value ranges to selectively synthesise graphitic material with a desired

morphology.

[0009] Throughout this specification, unless the context requires otherwise, the term
"selectively synthesise” will be understood refer to the preferential synthesis of one
morphology over the others. Whilst the process of the present invention will often
produce a mixture of morphologies, the Applicant has determined that the selection of the
temperature and pressure of the process has an effect on the morphology of the graphite

so produced.

[0010] Throughout this specification, unless the context requires otherwise, it will be
appreciated that the process of the present invention can be conducted at more than one
temperature and/or pressure within a specified range. For example, if a temperature
range of 600 °C to 800 °C is provided, the step of contacting the metal-containing catalyst
with a hydrocarbon gas could initially be performed at 600 °C, with the temperature being
increased to 800 °C during the contact of the metal-containing catalyst with a
hydrocarbon gas. Similarly, if a pressure range of 0 bar(g) to 8 bar(g) is provided, the
step of contacting the metal-containing catalyst with a hydrocarbon gas could initially be
performed at 0 bar(g), with the pressure being increased to 8 bar(g) during the contact of

the metal-containing catalyst with a hydrocarbon gas.

[0011] Throughout this specification, unless the context requires otherwise, the term
“selectivity” refers to the percentage of the produced graphitic material with the desired

morphology.

[0012] Throughout this specification, unless the context requires otherwise, the term
“bar(g)” refers to gauge pressure. As would be understood by the skilled addressee,

gauge pressure refers to pressure in bars above ambient pressure.
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[0013] As used in this specification, the term “predetermined value ranges” refers to a
particular range of pressures and temperatures that may be selected by the skilled
person to selectively synthesise graphitic material with a desired morphology. The
person skilled in the art would be able to select an appropriate temperature or
temperatures and pressure or pressure within these ranges to selectively synthesise the

desired graphitic material.

[0014] In one form of the present invention, the metal-containing catalyst is a synthetic
metal-containing catalyst. Throughout this specification, unless the context requires
otherwise, the term "synthetic" will be understood to imply that the material has been
synthesised through chemical techniques. Synthetic metal-containing catalysts are

typically of high purity.

[0015] In one form of the present invention, the synthetic metal-containing catalyst is a
synthetic iron oxide-containing material. In one form of the present invention, the iron

oxide is synthetic metal-containing catalyst is Fe;O3 or Fe;0,.

[0016] In an alternative form of the present invention, the metal-containing catalyst is
non-synthetic. Throughout this specification, unless the context requires otherwise, the
term "non-synthetic" will be understood to imply that the material has not been
synthesised through chemical techniques. Whilst the term "non-synthetic" does include
naturally occurring materials, it should not be understood to exclude materials that have

gone through physical beneficiation such as crushing and screening or classification.

[0017] In one form of the present invention, the metal-containing catalyst is a non-
synthetic iron oxide-containing material. In one form of the present invention, the metal-
containing catalyst is a non-synthetic iron oxide-containing ore. In one form of the present
invention, the non-synthetic iron oxide-containing ore is iron ore. The iron ore may be

hematite iron ore or goethite iron ore.

[0018] In one form of the present invention, the metal-containing catalyst may undergo a
pre-treatment step to increase its catalytic effect. Pre-treatment steps include pre-
reduction at high temperatures. Advantageously, the inventors have discovered that the

elevated temperatures of present invention may obviate such a pre-treatment step.

[0019] As would be understood by a person skilled in the art, graphitic material can exist

in many forms, such as:

graphitic fibres, which are fibrous carbon structures typically ranging from 100 nm

to 100 microns in length, carbon nano-tubes (CNTs), which are cylindrical nano-
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structures comprising single or multiple graphitic sheets aligned concentrically or

perpendicular to a central axis also fall within the scope of graphitic fibres;

carbon nano-onions (CNOs), which are structures that consist of multiple
spherical graphitic sheets that are concentrically layered from a central core,
which is typically a catalyst particle or a void. These carbon structures typically
range from 50-500nm in diameter;

carbon micro-spheres (CMSs), which are hollow globular graphitic structures
typically greater than 500nm in size. They are globular in shape and can be
chain-like. The synthetic form of this graphite morphology is novel, having only

been found naturally occurring in meteorites; and
graphene, which is single-layer or single-digit layer sheets of graphite.

[0020] In a preferred form of the present invention, the desired morphology is selected
from the group comprising graphite fibres, carbon nano-onions (CNOs), carbon micro-
shells (CMSs) and graphene. More preferably, the graphite fibres comprise a mixture of

carbon nanotubes (CNTs) and other graphitic fibres.

[0021] In one form of the present invention, CNOs are selectively synthesised where the
step of:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas
to hydrogen and carbon,

is conducted at a temperature between 700 °C to 800 °C and a pressure between 0
bar(g) to 8 bar(g).

[0022] In one form of the present invention, the temperature is 800 °C to 900 °C and the
pressure is 2 bar(g) to 4 bar(g). In an alternative form of the present invention, the
temperature is 800 °C and the pressure is 2 bar(g). In an alternative form of the present
invention, the temperature is 850 °C and the pressure is 2 bar(g). In an alternative form of
the present invention, the temperature is 900 °C and the pressure is 2 bar(g). In an
alternative form of the present invention, the temperature is 750 °C and the pressure is 8
bar(g). In an alternative form of the present invention, the temperature is 800 °C and the

pressure is 8 bar(g).

[0023] Preferably, the metal-containing catalyst is hematite iron oxide or goethite iron

oxide.
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[0024] In one form of the present invention, CNO is at least 60% of the graphitic material.
Preferably, CNO is at least about 70%, at least about 80%, or at least about 90% of the of

the graphitic material.

[0025] In one form of the present invention, graphitic fibres are selectively synthesised

where the step of:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas

to hydrogen and carbon,

is conducted at a temperature of 700 °C to 900 °C and a pressure between 0 bar(g) to 8
bar(g) and the metal-containing catalyst is goethite iron oxide.

[0026] Preferably, the temperature is 750 °C to 850 °C and the pressure is 0 bar(g) to 4
bar(g). More preferably, the temperature is 800 °C and the pressure is 0 bar(g).

[0027] In one form of the present invention, the metal containing catalyst is an iron ore.
[0028] In one form of the present invention, the iron ore is goethite ore.

[0029] In one form of the present invention, graphitic fibres are at least 50% of the
graphitic material. Preferably, graphitic fibres are at least about 70%, at least about 80%,

or at least about 90% of the graphitic material.

[0030] In one form of the present invention, CMS is selectively synthesised where the

step of:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas
to hydrogen and carbon,

is conducted at a temperature of 800 °C to 900 °C and a pressure between 4 bar(g) to 9
bar(g).

[0031] Preferably, the temperature is 850 °C to 900 °C and the pressure is 6 bar(g) to 8
bar(g). In an alternative form of the present invention, the temperature is 900 °C and the
pressure is 8 bar(g). In a further alternative form of the present invention, the
temperature is 850 °C and the pressure is 6 bar(g). More preferably, the temperature is
900 °C and the pressure is 6 bar(g). Ina further alternative form of the present invention,
the temperature is 850 °C and the pressure is 7 bar(g). In a further alternative form of the
present invention, the temperature is 900 °C and the pressure is 7 bar(g). In a further
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alternative form of the present invention, the temperature is 850 °C and the pressure is 8
bar(g). In a further alternative form of the present invention, the temperature is 900 °C
and the pressure is 4 bar(g). In a further alternative form of the present invention, the

temperature is 900 °C and the pressure is 8 bar(g).

[0032] In one form of the present invention, CMS is at least 60% of the graphitic material.
Preferably, CMS is at least about 70%, at least about 80%, or at least about 90% of the of

the graphitic material.

[0033] In one form of the present invention, graphene is selectively synthesised where

the step of:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas

to hydrogen and carbon,
is conducted at a temperature of 600 °C to 750 °C and pressure is 0 bar(g) to 1 bar(g).

[0034] Preferably, the temperature is 600 °C to 700 °C and the pressure is 0 bar(g).

More preferably, the temperature is 650 °C and the pressure is 0 bar(g).

[0035] In one form of the present invention, graphene is at least 60% of the graphitic
material. Preferably, graphene is at least about 70%, at least about 80%, or at least

about 90% of the graphitic material.

[0036] In accordance with a further aspect of the present invention, there is provided a

process for the synthesis of CNOs, the process comprising:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas

to hydrogen and carbon,
wherein the temperature is 700 °C to 900 °C and a pressure between 0 bar(g) to 8 bar(g).

[0037] In one embodiment, the temperature is 800 °C to 900 °C and the pressure is 2
bar(g) to 4 bar(g). In one embodiment, the temperature is 800 °C and the pressure is 2
bar(g). In one embodiment, the temperature is 850 °C and the pressure is 2 bar(g). In one
embodiment, the temperature is 900 °C and the pressure is 2 bar(g). In one
embodiment, the temperature is 750 °C and the pressure is 8 bar(g). In one

embodiment, the temperature is 800 °C and the pressure is 8 bar(g).
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[0038] Preferably, the metal-containing catalyst is Fe,O; or hematite iron ore. More

preferably, the metal-containing catalyst is Fe,0s.

[0039] In accordance with a further aspect of the present invention, there is provided a

process for the synthesis of graphitic fibres, the process comprising:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas

to hydrogen and carbon,

wherein the temperature is 700 °C to 900 °C and a pressure between G bar(g) to 8 bar(g)

and the metal-containing catalyst is Fe;O, or goethite iron ore.

[0040] Preferably, the temperature is 750 °C to 850 °C and the pressure is 0 bar(g) to 4
bar(g). More preferably, the temperature is 800 °C and the pressure is 0 bar(g).

[0041] Preferably, the metal-containing catalyst is goethite iron ore.

[0042] In accordance with a further aspect of the present invention, there is provided a

process for selectively synthesising CMS, the process comprising:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas

to hydrogen and carbon,

wherein the temperature is 800 °C to 900 °C and the pressure is between 4 bar(g) to 9
bar(g).

[0043] Preferably, the temperature is 850 °C to 900 °C and the pressure is 6 bar(g) to 8
bar(g). More preferably, the temperature is 900 °C and the pressure is 8 bar(g). More
preferably, the temperature is 850 °C and the pressure is 6 bar(g). More preferably, the
temperature is 900 °C and the pressure is 6 bar(g). In one embodiment, the temperature
is 850 °C and the pressure is 7 bar(g). In one embodiment, the temperature is 900 °C and
the pressure is 7 bar(g). In one embodiment, the temperature is 850 °C and the pressure
is 8 bar(g). More preferably, the temperature is 900 °C and the pressure is 4 bar(g).

More preferably, the temperature is 900 °C and the pressure is 8 bar(g).

[0044] Preferably, the metal-containing catalyst is Fe,O3; or hematite iron ore. More

preferably, the metal-containing catalyst is Fe,Os.
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[0045] In accordance with a further aspect of the present invention, there is provided a

process for the synthesis of graphene, the process comprising:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas

to hydrogen and carbon,

wherein the temperature is 600 °C to 750 °C and the pressure is between 0 bar(g) to 1
bar(g).

[0046] Preferably, the temperature is 600 °C to 700 °C and the pressure is 0 bar(g).

More preferably, the temperature is 650 °C and the pressure is 0 bar(g).

[0047] Preferably, the metal-containing catalyst is Fe;Os or hematite iron ore. More

preferably, the metal-containing catalyst is Fe,Os.

[0048] In accordance with the present invention, there is provided a process of controlling
the morphology of graphite in a process for the production of graphite, the process

comprising:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas
to hydrogen and carbon;

wherein the temperature is between 600 °C and 1000 °C and a pressure between O
bar(g) and 100 bar(g), and wherein both the temperature and the pressure are set within
predetermined value ranges to selectively synthesise graphitic material with a desired

morphology, wherein:
CNOs are selectively synthesised where the step of:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas

to hydrogen and carbon,

is conducted at a temperature between 700 °C to 800 °C and a pressure between 0
bar(g) to 8 bar(g);

graphitic fibres are selectively synthesised where the step of:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas

to hydrogen and carbon,
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is conducted at a temperature of 700 °C to 900 °C and a pressure between 0 bar(g) to 8

bar(g) and the metal-containing catalyst is goethite iron oxide;
CMSs is selectively synthesised where the step of:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas

to hydrogen and carbon,

is conducted at a temperature of 800 °C to 900 °C and a pressure between 4 bar(g) to 9

bar(g);

graphene is selectively synthesised where the step of:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas

to hydrogen and carbon,
is conducted at a temperature of 600 °C to 750 °C and pressure is 0 bar(g) to 1 bar(g).

[0049] In one form of the invention the pressure range is selected from any one of about
1 bar(g) to about 10 bar(g); about 2 bar(g) to about 10 bar(g); about 3 bar(g) to about 10
bar(g); about 4 bar(g) to about 10 bar(g); about 5 bar(g) to about 10 bar(g); about 6 bar(g)
to about 10 bar(g); about 7 bar(g) to about 10 bar(g); about 8 bar(g) to about 10 bar(g);
and about 9 bar(g) to about 10 bar(g). In a further form of the invention the pressure
range is selected from any one of at least about 0 bar(g); about 1 bar(g); about 2 bar(g);
about 3 bar(g); about 4 bar(g); about 5 bar(g); about 6 bar(g); about 7 bar(g); about 8
bar(g); about 9 bar(g); and at least about 10 bar(g). In a further form of the invention the

pressure range is greater than about 10 bar (g) and less than about 100 bar (g).

[0050] In one form of the invention the temperature is selected from any one of between
650 °C and 1000 °C; 700 °C and 1000 °C; 750 °C and 1000 °C; 800 °C and 1000 °C; 850
°C and 1000 °C; 900 °C and 1000 °C; and 950 °C and 1000 °C. In a further form of the
invention the temperature is selected from any one of between 650 °C and 900 °C; 700
°C 10 900 °C; and 800 °C to 900 °C. In a further form of the invention the temperature is
selected from any one of between 650 °C to 750 °C; 750 °C to 850 °C; and 850 °C to 900
°C. In a further form of the invention the temperature is selected from any one of 600 °C;
650 °C; 700 °C; 750 °C; 800 °C; 850 °C; 900 °C; 950 °C; and 1000 °C.

[0051] The process of the present invention provides selective synthesis of a graphitic

material with a desired morphology. It is understood by the inventors that the selectivity
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of the process for the desired graphitic material may be achieved by alteration of the
predetermined value ranges of pressure and temperature and the particular metal-
containing catalyst used. In one form of the invention, the selectivity of the graphitic
material with the desired morphology is at least 40 %. Preferably, the selectivity is at least
45 %. More preferably, the selectivity is at least 50 %. Still preferably, the selectivity is at
least 55 %. Still preferably, the selectivity is at least 60 %. Still preferably, the selectivity
is at least 65 %. Still preferably, the selectivity is at least 70 %. Still preferably, the
selectivity is at least 75 %. Still preferably, the selectivity is at least 80 %. Still preferably,
the selectivity is at least 85 %. Still preferably, the selectivity is at least 90 %.

[0052] In a preferred form of the present invention, the metal-containing catalyst is a
metal oxide catalyst. As would be understood by a person skilled in the art, a metal oxide
is a metal-containing compound which contains an anion of oxygen. In one form of the
invention, the metal-containing catalyst is an iron oxide catalyst. Preferably, the iron

oxide catalyst is selected from Fe,O;; Fe;04; or any mixture thereof.

[0053] In one form of the present invention, the metal-containing catalyst is non-
synthetic. Throughout this specification, unless the context requires otherwise, the term
"non-synthetic" will be understood to imply that the material has not been synthesised
through chemical techniques. Whilst the term "non-synthetic" does include naturally
occurring materials, it should not be understood to exclude materials that have gone

through physical beneficiation such as crushing and screening or classification.

[0054] In one form of the present invention, the metal-containing catalyst is a non-
synthetic iron oxide-containing material. Preferably, the metal-containing catalyst is a
non-synthetic iron oxide-containing ore. In a preferred form of the present invention, the
non-synthetic iron oxide-containing ore is iron ore. In one form, the iron ore is one of

hematite iron ore and goethite iron ore.

[0055] Without wishing to be bound by theory, it is understood by the inventors that the
mean particle size of the metal-containing catalyst may impact the selectivity and the
yield of the graphitic material. In one form of the invention, the metal-containing catalyst
has an average particle size of less than any one of 3 cm; 2.5 cm; 2cm; 1.5 cm; 1 cm; 9
mm; 8 mm; 7 mm; 6 mm; 5 mm; 4 mm; 3 mm; 2 mm; 1 mm; 750 pm; 500 um; 250 um;

200 um; 150 um; 100 um; 50 um; 25 um; 20 um; 15 um; 10; 5; and 1 um.

[0056] In one form of the present invention, the metal-containing catalyst undergoes a

size reduction step to obtain the desired mean particle size. Preferably, the size
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reduction step one or more of milling, grinding, sieving, and other such equivalent

processes.

[0057] Without wishing to be bound by theory, it is understood by the inventors that the
yield of the total graphitic material may depend on the predetermined value ranges of
pressure and temperature, and the metal-containing catalyst used. In one form of the
present invention, the yield of the graphitic material is at least 4 grams per gram of
elemental iron in the metal-containing catalyst. In a further form of the present invention,
the yield of the graphitic material is at least 5 grams per gram of elemental iron in the
metal-containing catalyst. In a further form of the present invention, the yield of the
graphitic material is at least 6 grams per gram of elemental iron in the metal-containing
catalyst. In a further form of the present invention, the yield of the graphitic material is at
least 7 grams per gram of elemental iron in the metal-containing catalyst. In a further form
of the present invention, the yield of the graphitic material is at least 8 grams per gram of
elemental iron in the metal-containing catalyst. In a further form of the present invention,
the yield of the graphitic material is at least 9 grams per gram of elemental iron in the
metal-containing catalyst. In a further form of the present invention, the yield of the
graphitic material is at least 10 grams per gram of elemental iron in the metal-containing
catalyst. In a further form of the present invention, the yield of the graphitic material is at
least 11 grams per gram of elemental iron in the metal-containing catalyst. In a further
form of the present invention, the yield of the graphitic material is at least 12 grams per
gram of elemental iron in the metal-containing catalyst. In a further form of the present
invention, the vyield of the graphitic material is at least 13 grams per gram of elemental
iron in the metal-containing catalyst. In a further form of the present invention, the yield of
the graphitic material is at least 14 grams per gram of elemental iron in the metal-
containing catalyst. In a further form of the present invention, the yield of the graphitic
material is at least 15 grams per gram of elemental iron in the metal-containing catalyst.
In a further form of the present invention, the yield of the graphitic material is at least 16
grams per gram of elemental iron in the metal-containing catalyst. In a further form of the
present invention, the yield of the graphitic material is at least 17 grams per gram of
elemental iron in the metal-containing catalyst. In a further form of the present invention,
the yield of the graphitic material is at least 18 grams per gram of elemental iron in the
metal-containing catalyst. In a further form of the present invention, the yield of the
graphitic material is at least 19 grams per gram of elemental iron in the metal-containing
catalyst. In a further form of the present invention, the yield of the graphitic material is at

least 20 grams per gram of elemental iron in the metal-containing catalyst.
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[0058] In one form of the present invention, the yield of the graphitic material is between
4 and 20 grams per gram of elemental iron in the metal-containing catalyst. In a further
form of the present invention, the yield of the graphitic material is between 6 and 20
grams per gram of elemental iron in the metal-containing catalyst. In a further form of
the present invention, the yield of the graphitic material is between 8 and 20 grams per
gram of elemental iron in the metal-containing catalyst. In a further form of the present
invention, the yield of the graphitic material is between 10 and 20 grams per gram of
elemental iron in the metal-containing catalyst. In a further form of the present invention,
the yield of the graphitic material is between 12 and 20 grams per gram of elemental iron
in the metal-containing catalyst. In a further form of the present invention, the yield of the
graphitic material is between 14 and 20 grams per gram of elemental iron in the metal-
containing catalyst. In a further form of the present invention, the yield of the graphitic
material is between 16 and 20 grams per gram of elemental iron in the metal-containing
catalyst. In a further form of the present invention, the yield of the graphitic material is

between 18 and 20 grams per gram of elemental iron in the metal-containing catalyst.

[0059] Without wishing to be bound by theory, it is understood by the inventors that the
yield of the total graphitic material may depend on the duration of the reaction. As would
be understood by a person skilled in the art, the selected temperature and pressure
impacts the duration of the reaction. In one form of the invention, the duration of the
reaction is selected from any one of at least 5 minutes; 10 minutes; 15 minutes; 20
minutes; 25 minutes; 30 minutes; 35 minutes; 40 minutes; 45 minutes; 50 minutes; or 55
minutes; 1 hour; 2 hours, 4 hours; 6 hours; 8 hours; 10 hours; 12 hours; 14 hours; 16
hours; 18 hours; 20 hours; 22 hours; 24 hours; 26 hours; 28 hours; 30 32 hours; 44
hours; 36 hours; 38 hours; 40 hours; 42 hours; 44 hours; 46 hours; and 48 hours. Ina
further form of the invention, the duration of the reaction is selected from any one of
between 2 and 48 hours; 2 and 44 hours; 2 and 38 hours; 2 and 34 hours; 2 and 30
hours; 2 and 26 hours; 2 and 22 hours; 2 and 18 hours; 2 and 14 hours; 2 and 10 hours;
2 and 8 hours; and 2 and 4 hours.

[0060] In one form of the present invention, the metal-containing catalyst is unsupported.
In the context of the present invention and as understood by those skilled in the art,
unsupported catalysts are catalysts which are not attached or bonded to a catalyst
support, which is the material to which the catalyst is affixed. Catalyst supports are
typically a solid material with a high surface area and are used to increase the available
surface area of a catalyst to increase the yield of graphitic material. Catalysts may also be

supported in their natural state, that is, the surface of the metal-containing catalyst is
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coated/bonded with the active species and is supported by the core which may be
different material to the metal-containing catalyst coating or the same material as the

metal-containing catalyst coating.

[0061] In an alternative form of the invention, the metal-containing catalyst is a supported
catalyst. As would be understood by a person skilled in the art, the supported catalyst
comprises the catalyst and a support. In one form of the present invention, the support is
of a different chemical composition to the metal-containing catalyst. In an alternative form
of the present invention, the support is of the same chemical composition as the metal-
containing catalyst.

[0062] In one form of the present invention, the hydrocarbon gas is methane. In an

alternative form of the present invention, the hydrocarbon gas is natural gas.
[0063] In one form of the present invention, the step of:

contacting at elevated temperatures a metal-containing catalyst with a
hydrocarbon gas to catalytically convert at least a portion of the hydrocarbon gas

to hydrogen and carbon,
is performed in a reactor maintained within the temperature ranges and pressure ranges.
Brief Description of the Figures

[0064] Further features of the present invention are more fully described in the following
description of several non-limiting embodiments thereof. This description is included
solely for the purposes of exemplifying the present invention. It should not be understood
as a restriction on the broad summary, disclosure or description of the invention as set
out above. The description will be made with reference to the accompanying drawings,

by way of example only, in which:

Figure 1 shows a schematic representation of the process for producing hydrogen

and carbon in accordance with a first aspect of the present invention;

Figure 2 shows a schematic for the growth mechanism of multi-layer graphene
and CMS;

Figures 3a and 3b shows a schematic for the differences between the hollow
spherical shell formation and the agglomerated hollow chain-like structures of the

present invention;
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Figure 4 shows a graphical representation of the graphite morphology against

temperature at atmospheric pressure.

Figure 5 shows a graphical representation of the graphite morphology against

pressure at a temperature of 850 °C;

Figure 6 shows a scanning electron microscope (SEM) image of CNOs produced

in accordance with the present invention;

Figure 7 shows a tunnelling electron microscope (TEM) image of a simple CNO

produced in accordance with the present invention;

Figure 8 shows a SEM image of CMS produced in accordance with the present

invention;

Figure 9 shows a TEM image of CMS produced in accordance with the present

invention;

Figure 10 shows a SEM image of graphitic fibres produced in accordance with the

present invention;

Figure 11 shows a TEM image of CMS produced in accordance with the present

invention;

Figure 12 shows a SEM image of graphitic fibres produced in accordance with the

present invention; and

Figure 13 shows a TEM image of graphene produced in accordance with the

present invention.
Detailed Description of the Preferred Embodiments of the Invention

[0065] Those skilled in the art will appreciate that the invention described herein is
susceptible to variations and modifications other than those specifically described. The
invention includes all such variation and modifications. The invention also includes all of
the steps, features, formulations and compounds referred to or indicated in the
specification, individually or collectively and any and all combinations or any two or more
of the steps or features.

[0066] That the document, reference, patent application or patent cited in this text is
not repeated in this text is merely for reasons of conciseness. None of the cited material
or the information contained in that material should, however be understood to be

common general knowledge.

Date regue / Date received 2021-12-09
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[0067] Manufacturer’s instructions, descriptions, product specifications, and product
sheets for any products mentioned herein may be employed in the practice of the

invention.

[0068] The present invention is not to be limited in scope by any of the specific
embodiments described herein. These embodiments are intended for the purpose of
exemplification only. Functionally equivalent products, formulations and methods are

clearly within the scope of the invention as described herein.

[0069] The invention described herein may include one or more range of values (e.g.
size, concentration etc.). A range of values will be understood to include all values within
the range, including the values defining the range, and values adjacent to the range
which lead to the same or substantially the same outcome as the values immediately

adjacent to that value which defines the boundary to the range.

[0070] Throughout this specification, unless the context requires otherwise, the word
"comprise” or variations such as "comprises” or "comprising”, will be understood to imply
the inclusion of a stated integer or group of integers but not the exclusion of any other
integer or group of integers.

[0071]  Other definitions for selected terms used herein may be found within the
detailed description of the invention and apply throughout. Unless otherwise defined, all
other scientific and technical terms used herein have the same meaning as commonly
understood to one of ordinary skill in the art to which the invention belongs.

[0072] Features of the invention will now be discussed with reference to the following
non-limiting description and examples.

[0073] In a general form, the present invention relates to a process for producing
hydrogen and solid carbon. In particular, the present invention relates to a process of

controlling the morphology of graphite in a process for the production of graphite.

[0074] The process of controlling the morphology of graphite in a process for the

production of graphite, the process comprising:

Date regue / Date received 2021-12-09
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contacting a metal-containing catalyst with a hydrocarbon gas at elevated
temperature to catalytically convert at least a portion of the hydrocarbon gas to

hydrogen and carbon;

wherein the temperature is between 600 °C and 1000 °C and the pressure is between 0
bar(g) and 100 bar(g) and wherein both the temperature and pressure are set to
predetermined values to selectively synthesise a desired morphology.

[0075] The hydrocarbon gas may be any gas stream that comprises light hydrocarbons.
lllustrative examples of hydrocarbon gas include, but are not limited to, natural gas, coal
seam gas, landfill gas and biogas. The composition of the hydrocarbon gas may vary
significantly but it will generally comprise one or more light hydrocarbons from a group

comprising methane, ethane, ethylene, propane and butane.

[0076] In a preferred embodiment of the invention, the hydrocarbon gas comprises
substantially methane.

[0077] The metal-containing catalyst may be selected from a group comprising iron

oxide-containing compounds such as hematite iron oxide and goethite iron oxide.

[0078] The metal-containing catalyst is disposed in a reactor in a manner such that the
metal-containing catalyst can contact the hydrocarbon gas. For example, the metal-
containing catalyst can be disposed on a substantially horizontal surface of the reactor

and subjected to a transverse flow of hydrocarbon gas.

[0079] Alternatively, the metal-containing catalyst can be suspended in a fluidised bed

reactor which is subjected to a longitudinal flow of hydrocarbon gas.

[0080] Referring to Figure 1, a process 10 for producing hydrogen 12 and carbon 14 from
a hydrocarbon gas, for example, natural gas 16 is described.

[0081] In the embodiment shown in Figure 1, the process in undertaken in a reactor 18
loaded with a metal-containing catalyst, for example iron oxide 20. The iron oxide 20 is

crushed to <150 pm prior to being loaded into the reactor 18.

[0082] It is understood that the amount of catalyst loaded into the reactor is relative to the
quantity of carbon yield, which is dependent on the deactivation rate (by carbon
encapsulation). It is understood by the Applicant that the deactivation rate varies
depending on the morphology of the carbon produced.

[0083] Natural gas 16 is directed into the reactor 18 which is at an elevated temperature

and pressure where it contacts the iron oxide 20 to produce hydrogen gas 12 and carbon
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14. The process deposits carbon 14 ontc the metal-containing catalyst 20. A portion of
the natural gas 16 remains unreacted and mixes with the produced hydrogen gas 12 to

form a first gas stream 28.

[0084] The process of the present invention allows for the selective synthesis of graphitic
fibres, preferably in the form of carbon nanotubes (CNTs), carbon nano-onions (CNOs),
carbon micro-shells (CMSs) and graphene.

[0085] The morphology of the produced carbon 14 is determined by the temperature and

pressure of the process.

[0086] Without wishing to be bound by theory, it is understood by the applicant that
higher carbon deposition rates tend to produce more types of enveloping graphite such
as CNO and CMS as opposed to graphitic fibres, which require lower and more stable
deposition rates. It is understood that the carbon deposition rate is influenced by the
reaction conditions, in particular reaction temperatures and pressures. Higher reaction
temperatures increase the reaction rate by increasing the reaction kinetics and
thermodynamics. Pressures also increase the reaction rate for encapsulating types of
carbon because the reaction becomes diffusion limited as the graphite creates a barrier

between the reactant gas and the metal-containing catalyst.

[0087] As the reaction occurs the reactant gas reduces the iron oxide catalyst particles
into elemental iron, and emits small amounts of water vapour, CO and CO, as a by-
product. After reduction, the reactant gas continues to decompose on the surface of the
reduced iron oxide particles, producing hydrogen gas and surface carbon. This carbon
diffuses into the surface of the particle until the particle saturates and forms a metal
carbide, for example iron carbide (Fe;C) when an iron oxide catalyst is used. This
carbide is metastable at temperatures beyond 680°C and readily decomposes back to
ferrite and carbon, where the carbon is precipitated as graphite. The reaction is able to
continue so long as the reactant gas is able to contact the surface of the metal-containing
catalyst particle. This cycle, termed the ‘carbide cycle’, continues until the reactant gas is

unable to diffuse through the enveloping graphite to contact the metal-containing catalyst.

[0088] Polycrystalline iron oxide particles are able to produce graphite morphologies
many times smaller than their physical particle size because of a phenomenon called
metal dusting. Metal dusting is an industry term used to describe a reaction that
disintegrates metallic material (often ferrous) into fragments and graphite within a
carburizing environment. This effect begins by methane molecules (or other

carbonaceous gases) adsorbing and dissociating on the surface of the metal-containing
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catalyst and the resulting carbon diffusing into the surface of the bulk metal. Once this
outer layer is saturated with carbon, it forms metal carbide and then precipitates from the
metallic grain boundaries as graphitic carbon. Over time this causes inter-granular
pressure that separates the metal carbide particles from the parent bulk metal, and

causes the metal structure to disintegrate by ‘dusting’.

[0089] As would be understood by a person skilled in the art, different metal-containing
materials have different sized polycrystalline metal particles. Once the polycrystalline
metals particles are greater than a threshold size, it is understood that the reaction is
initially contained to the periphery of the metal-containing catalyst particle and forms a
graphite ‘skin’ on the surface of the particle. When the reaction conditions have low
kinetic energy (atmospheric pressure and <750 °C respectively) this graphite skin
sufficiently retards the reaction rate by restricting the reactant gas from contacting the
metal-containing catalyst surface. This slower rate allows the carbon to diffuse into the
bulk of the metal-containing catalyst particle and results in the dusting of the metal-
containing catalyst particle, and the exfoliation of the graphite skin as multi-layered

graphene.

[0090] At higher carbon deposition rates (at reaction pressures of >3 bar absolute and
temperatures of >800 °C) it is believed that the surface graphite does not inhibit the
carbide cycle reaction and the fast reaction rate does not allow sufficient time for the
carbon to diffuse into the bulk of the metal-containing catalyst particle. The graphite
continues to grow on the surface of the metal-containing catalyst particle until rupture,
leaving a CMS type structure. This rupture results in the metal-containing catalyst
particle dusting and being expelled from the CMS structure, leaving a hollow spherical
shell. Alternatively, the growth can involve a cyclic process of graphite growth and
rupture, with each ruptured section adhering to the previous section resulting in
agglomerated hollow chain-like structures. A schematic for the growth mechanism of
multi-layer graphene and CMS as understood by the Applicant is shown in Figure 2. The
differences between the hollow spherical shell formation and the agglomerated hollow
chain-like structures are shown in Figures 3a and 3b.

[0091] It is understood by the Applicant that CNOs and graphitic fibres are produced
once the polycrystalline metal particles have dusted. The size of the dusted particles
depends on the crystalline particle size of the metal-containing material. Those with

lower crystalline particle sizes produce more graphitic fibres, whereas larger particles

produce more CNOs. Goethite ores for example contain smaller crystalline particle sizes
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than for example, hematite ores and therefore tend to produce a higher proportion of

graphitic fibres.

[0092] It is understood by the Applicant that impurities in the hydrocarbon gas and/or the
metal-containing catalyst can affect the morphologies produced. It is expected that
impurities in the hydrocarbon gas will alter the reaction kinetics and impact on the growth
rate of the carbon. Impurities in the metal-containing catalyst can be expected to affect
the characteristics of the produced morphologies by disrupting the progress of the above

discussed growth mechanisms.

[0093] The process of the present invention has been used to produce a range of
graphitic carbon morphologies, including carbon nano-onions (CNOY), carbon nanotubes

(CNT), carbon micro-shells (CMS) and graphene.
[0094] The invention is described by way of the following non-limiting examples.
Experimental

[0095] A series of experiments were performed to optimise the production of the desired
morphology. Figures 4 and 5 show the results of the tests of effect of temperature and
pressure on the morphology of the carbon produced. Both of these examples used an
analytical grade hematite catalyst ground down to below 5 pm.

[0096] A series of tests were completed across the temperature range of 650 °C and 950

°C in 50 °C increments and 0 bar(g) to 8 bar(g) in 1 bar increments.

[0097] Figure 4 shows the effect that increasing temperature has on the morphology
when the pressure is maintained at constant atmospheric pressure. As can be seen from
the results, the lower temperature of ~650 °C favored the synthesis of graphene. As the

temperature increased, the synthesis of CNOs became favorable.

[0098] Figure 5 shows the effect that increasing pressure has on the morphology when
the temperature is maintained at 850 °C. As can be seen from the results, the lower
pressure favored the synthesis of CNOs. As the pressure was increased, the synthesis
of CMSs became favorable.

[0099] Table 1 shows the preferred conditions and the range of conditions to selectively
synthesise each morphology. The figures in parentheses are the fotal range of conditions
that selectively synthesise the specified morphology. The figure preceding the

parenthesis is the inventors understanding of the preferred condition.
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CNO Graphitic fibres CMS Graphene

Temperature (°C) 900 (700-900) 800 (700-900) 900 (800-900) | 650 (650-750)

Pressure {bar(g) 0 (0-8) 0 (0-8) 8 (>4) 0

Iron oxide types Fe,03 (all) Goethite Iron Ore (all) Fe,05 (all) Fe,03 (all)

Selective synthesis 90 (20-90%) 50 (5-50%) 90 (0-90%) 80 (0-80%)

Yield at Preferred (gC/gFe) 8 4 20 4

Table 1: Preferred conditions for each graphite morphology

CNOs

[00100] CNOs were selectively synthesised at approximately 90% using hematite

catalyst at 800-900 °C and atmospheric pressure. The yield of CNO after 19 hrs of
reaction was approximately 8 grams of CNO per gram of elemental iron. The selectivity
for CNOs decreased with increasing pressure and formation of CMS was favoured above
~4 bar(g). Figure 6 shows a scanning electron microscope (SEM) image of CNOs
produced at 900 °C and atmospheric pressure using hematite iron oxide catalyst. Figure
7 shows a tunnelling electron microscope (TEM) image of a simple CNO produced at 900

°C and atmospheric pressure using hematite iron oxide catalyst.

CMS

[00101] CMSs were selectively synthesised at approximately 90% using hematite
catalyst at 850°C and 8 bar(g) pressure. These morphologies are only observed at
pressures exceeding 4 bar(g) . The yield of CMS after 19 hrs of reaction was
approximately 20 grams of CMS per gram of iron. Figure 8 shows a SEM image of CMS
produced at 850 °C using hematite iron oxide as catalyst at 8 bar(g) pressure. Figure 9

shows a TEM image of CMS produced at 850 °C using hematite at 8 bar(g) pressure.

Graphitic fibres/CNTs

[00102] Graphitic fibres/CNTs were selectively synthesised at approximately 50%
using goethite iron oxide catalyst at 800°C and atmospheric pressure. The yield of CNT
after 19 hrs of reaction was approximately 4 grams of CNT per gram of iron. Figure 10
shows a SEM image of CNT produced at 800°C using goethite iron oxide as catalyst at
atmospheric pressure. Figure 11 shows a TEM image of CMS produced at 800°C using

hematite iron oxide as catalyst at atmospheric pressure.

Graphene

Graphene was selectively synthesised at approximately 80% using hematite iron oxide
catalyst at 650 °C and atmospheric pressure. The yield of graphene after 24 hrs of

reaction was approximately 4 grams of graphene per gram of iron. Figure 12 shows a
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SEM image of graphene produced at 650°C using hematite iron oxide as catalyst at
atmospheric pressure. Figure 13 shows a TEM image of graphene produced at 650°C
using hematite iron oxide as catalyst at atmospheric pressure.

Temp °C | Pressure bar(g) | CNO (Sel %) | CNT (Sel %) | CMS (Sel %) | Graphene {Sel %)
900 4 50 <1 50 <1
900 8 10 <1 90 <1
800 4 70 <1 25 5
800 8 65 <1 30 5
750 8 80 5 10 5

Table 2: Additional testing for preferred CNO and/or CMS morphologies

[00103] In addition to the experiments set out in Table 1, methane gas was passed
over either a synthetic iron oxide or iron oxide ore at the pressures and temperatures
shown in Table 2. These results show that at pressures of 4 bar (g) to 8 bar(g) and lower
temperatures of 750-800 °C, the selectivity for CNO increases. At higher temperatures

under the same pressures, the selectivity for CMS increases.

[00104] Whilst the present invention is not limited to their use, the applicant has
discovered that through the use of non-synthetic catalysts, graphitic solid carbon can be

produced cheaply and in an easily scalable method.

[00105] Whilst the above examples all use iron oxide samples, it is envisaged that
the substitution of iron oxide with other metal-containing catalysts will affect the
morphology of the produced graphite. Examples of other metal ores that may be included
are nickel, cobalt and gold.

[00106] The applicant has discovered that by the selection of the metal-containing
catalyst and the reaction temperature and pressure, the morphology of the graphitic solid
carbon can be controlled. As shown in the examples, a single catalyst (hematite iron

oxide) can be used to selectively produce one of three different morphologies through the
contral of the temperature and pressure, whilst the substitution of the hematite iron oxide

with goethite iron oxide under similar conditions produces a different morphology.

[00107] The process of the present invention is particularly advantageous over
prior art processes which require specialty, high purity catalysts that are tailored for
particular morphologies. Such catalysts, as for example nano-rod Fe, O3, are very
expensive to produce and there are difficulties associated with producing it on a large
scale. Along with the increased production expense, these catalysts require specialised
inert supports in order to increase the surface area of the active catalyst element, thereby

increasing the catalytic activity. Not only do the specialised inert supports add to the cost



CA 02996940 2018-02-23

WO 2017/031529 PCT/AU2016/000298
-22.

of the process, but they are tailored to specific catalysts and do not allow for the control of
the morphology of the produced graphite. Unlike these prior methods, the process of the
present invention can advantageously produce different graphite morphologies, without

the necessity of the supported catalyst.

[00108] Those skilled in the art will appreciate that the invention described herein
is susceptible to variations and modifications other than those specifically described. The
invention includes all such variation and modifications. The invention also includes all of
the steps, features, formulations and compounds referred to or indicated in the
specification, individually or collectively and any and all combinations or any two or more

of the steps or features.
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CLAIMS
1. A process comprising:

contacting at elevated temperature, a non-calcined iron oxide or goethite
iron ore catalyst with a hydrocarbon gas to catalytically convert at least a
portion of the hydrocarbon gas to hydrogen and carbon;

at a temperature between 600 °C and 1000 °C and a pressure between 1 bar(g)
and 10 bar(g), to selectively synthesise graphitic material with a morphology
consisting of graphite fibres, or carbon nano-onions (CNOs), or carbon micro-
shells (CMSs) or graphene.

2. A process according to claim 1, wherein the non-calcined iron oxide catalyst is
selected from Fe;O3 and FesO4 or any mixture thereof.

3. A process according to claim 1, wherein the non-calcined iron oxide catalyst is

hematite iron ore.
4. A process according to claim 1, wherein the catalyst is unsupported.
5. A process according to claim 1, wherein the catalyst is supported on a support.

6. A process according to claim 5, wherein the support is of the same chemical

composition as the catalyst.
7. A process according to claim 1, wherein the hydrocarbon gas is methane.
8. A process according to claim 1, wherein the hydrocarbon gas is natural gas.

9. A process according to claim 1, wherein CNOs are selectively synthesised where

the step of;

contacting at elevated temperatures the non-calcined iron oxide or
goethite iron ore catalyst with a hydrocarbon gas to catalytically convert at
least a portion of the hydrocarbon gas to hydrogen and carbon,

is conducted at a temperature between 700 °C to 900 °C and a pressure between
1 bar(g) to 8 bar(g).

10. A process according to claim 9, the temperature is 800 °C to 900 °C and the
pressure is 2 bar(g) to 4 bar(g).

11. A process according to claim 1, wherein graphitic fibres are selectively

synthesised where the step of:
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contacting at elevated temperatures the non-calcined iron oxide or
goethite iron ore catalyst with a hydrocarbon gas to catalytically convert at

least a portion of the hydrocarbon gas to hydrogen and carbon,

is conducted at a temperature of 700 °C to 900 °C and a pressure between 1

bar(g) to 8 bar(g) and the catalyst is goethite iron oxide.

12. A process according to claim 11, wherein the temperature is 750 °C to 850 °C and
the pressure is 1 bar(g) to 4 bar(g).

13. A process according to any one of claims 1 to 8, wherein CMS is selectively
synthesised where the step of:

contacting at elevated temperatures the non-calcined iron oxide or
goethite iron ore catalyst with a hydrocarbon gas to catalytically convert at
least a portion of the hydrocarbon gas to hydrogen and carbon,

is conducted at a temperature of 800 °C to 900 °C and a pressure between 4
bar(g) to 9 bar(g).

14. A process according to claim 13, wherein the temperature is 850 °C to 900 °C and

the pressure is 6 bar(g) to 8 bar(g).

15. A process according to claim 1, wherein graphene is selectively synthesised

where the step of:

contacting at elevated temperatures the non-calcined iron oxide or
goethite iron ore catalyst with a hydrocarbon gas to catalytically convert at
least a portion of the hydrocarbon gas to hydrogen and carbon,

is conducted at a temperature of 600 °C to 750 °C and pressure is 1 bar(g).
16. A process according to claim 15, wherein the temperature is 600 °C to 700 °C.

17. Carbon nano-onions (CNOs) produced by the process of any one of claims 1 to
10.

18. Graphite fibres produced by the process of any one of claims 1to 8 or 11 to 12.

19. Carbon micro-shells (CMSs) produced by the process of any one of claims 1 to 8
or 13 to 14.

20. Graphene produced by the process of any one of claims 1 to 8 or 15 to 16.
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