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CHEMICAL VAPOR DEPOSITION PROCESS TO BUILD 3D FOAM-LIKE
STRUCTURES

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of priority of Singapore Patent Application
No. 10201601834U, filed March 9, 2016, the contents of it being hereby incorporated

by reference in its entirety for all purposes.
TECHNICAL FIELD

[0002] The present disclosure refers generally to the field of chemical vapor deposition,
in particular the process of depositing carbon and/or hexagonal boron nitride on a

porous metal template to build 3D foam-like structures.
BACKGROUND

[0003] Recently, three-dimensional interconnected foam-like structures (3D-graphene,
denoted by 3D-C, 3D-boron nitride denoted by 3D-BN, 3D-boron nitride carbon
denoted by 3D-BNC) have attracted strong interest due to their high flexibility and high
thermal and tunable electrical conductivity. Chemical vapor deposition (CVD) of these
two dimensional materials (i.e. graphene, hexagonal (h) boron nitride, boron nitride
carbon) on open celled reticulated metal foam is typically performed to synthesize 3D-
C, 3D-BN and 3D-BNC, respectively. After etching the metal template, the 3D structure
is preserved, which provides superior thermal transport properties both in the vertical
and horizontal plane.

[0004] There are a few methods that had been reported to obtain foam-like graphene, h-
BN and BNC structures. The first classification for these fabrication methods is the size
of the pores they yield. This group of pores can be further subdivided into template-type

used for fabrication:

Soft template
[0005] Aerogels: in a typical soft-template approach, amphiphilic molecules (a

chemical compound possessing both hydrophilic and lipophilic properties) and
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graphene can spontaneously assemble into hydrogels with 3D architectures. A sponge-
like aerogel with highly cross-linked graphene sheets is obtained after removal of water
via freeze-drying. A similar method was reported for BN aerogel.

[0006] Biomolecules such as DNA, hemoglobin (Hb), and vitamin C are also regarded
as ideal components for co-assembly with graphene sheets to build up 3D macro-porous
structures. The rich supramolecular chemistry of biomolecules enables the formation of
aggregates with various morphologies. In addition, the multiple functional groups of
biomolecules can interact with graphene sheets via hydrogen bonding, n—m, and ionic

forces to stabilize the resultant networks with macro-pores.

Hard template

[0007] In hard-template approaches, the deposition of graphene/BN layers on
inorganic/organic particles larger than 50 nm or in-situ growth on metallic porous
frameworks followed by the elimination of template can result in graphene/BN
materials with macro-porous structures. In some cases, metallic frameworks such as
nickel foams can be retained in the resulting composites and they can further serve as
current collector when the composites are used as electrode materials in energy storage
devices.

[0008] Freezing: rapid freezing of aqueous dispersions containing amphiphilic polymers
such as PVA and chitosan (which are termed as ice-segregation-induced self-assembly,
ISISA), has been employed to produce porous architectures with functional
components. In this process, it was assumed that the ice crystals formed 3D structures
with the presence of amphiphilic polymers which served as the hard templates.

[0009] Electro deposition: the charged nature of GO (graphene oxide) and its
derivatives makes them alterable with electric fields, and therefore electro deposition
can be employed for the fabrication of graphene-based macro-porous films.

[0010] Polymer template: microspheres of polymers such as polystyrene (PS) and
polymethyl methacrylate (PMMA) can also serve as hard templates for the fabrication
of macro-porous graphene materials.

[0011] Metal foam: porous nickel foam is a typical sacrificial template used for the in-
situ growth of 3D graphene networks via a chemical vapor deposition (CVD) method,

with ethanol or methane as the typical carbon source, which is also applicable for 3D-
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BN with sublimation of a powder as precursor, as well as for the so far only reported
3D-BNC structure.
[0012] Additionally, for (three-dimensional) BN aerogel the use of (three-dimensional)

graphene aerogel as a template has been reported.

Template free

[0013] The abundant oxygen-containing functional groups on the edges of graphene
derivatives such as GO (graphene oxide) and RGO (reduced graphene oxide) provide
active sites for the binding of inorganic nanoparticles or their precursors. These
inorganic species in turn can serve as linkers for graphene sheets to build up 3D porous
frameworks. Additionally, these inorganic components can introduce new functions into
the resulting materials.

[0014] Gel-like structures: in-situ polymerization of suitable organic monomers in the
presence of graphene sheets is a way to obtain graphene gels with 3D macro-porous
structure.

[0015] Direct chemical reduction: it was found that direct chemical reduction of GO in
water under atmospheric pressure with various reducing agents, (e.g. sodium hydrogen
sulfite, sodium sulfide, vitamin C, hydrogen iodide) could also generate gel-like
superstructures with 3D macro-porous features.

[0016] Filtration through membrane filter: the filtration of graphene/BN colloid through
a membrane filter can generate free-standing paper-like or foil-like graphene/BN
membranes, which can serve as precursors for the fabrication of porous graphene/BN
paper.

[0017] Sugar-blowing: recently a report on blowing sugar to convert into a three-
dimensional network of graphene was reported. The resultant network was called by the
authors as “strutted graphene (SG)”. This technique is grouped as substrate-less as a
total conversion of the sugar is obtained and no remaining scaffold material must be
removed.

[0018] Pyrolysis: for the case of 3D-BN a self-foaming phenomenon to create three-
dimensional BN structures of polyborazine foams was reported.

[0019] In order to be able to fully control the final structure, a hard template method is

the most prominent choice. The hard template allows exact determination of the final
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thickness, pore distribution and pore size of the foam. Among the hard templates
presented, metal templates (i.e. nickel and copper) have been shown to deliver the most
precise and repeatable structures. Additionally, these metals are common metals for
two-dimensional CVD growth of graphene and h-BN and their growth mechanisms
have been well studied.

[0020] Commonly encountered problems with the conventional template growth
process is a premature termination of the deposition process due to saturation
experienced once the metal template is fully covered with the carbon and/or boron
nitride structure. Besides, the foams generally obtained via standard growth methods are
very fragile, hard to handle and easy to tear apart. As such, they usually require a
polymer coating (for example poly(methyl methacrylate) (PMMA)) for the removal step
of the metal template, which introduces two additional synthetic steps (coating and
cleaving of the polymer coating).

[0021] It is therefore an object of the present disclosure to provide a process which is
not limited by the surface of the metal template and therefore is not terminated
prematurely. It is a further object of the present disclosure to provide a process which
results in stable and easy to handle 3D foam-like structures. It is an additional object of
the present disclosure to provide a process which reduces the number of synthetic steps

in order to provide the stable and easy to handle 3D foam-like structures.

SUMMARY

[0022] In a first aspect, the present disclosure refers to a chemical vapor deposition
(CVD) process. The CVD process may include heating a porous metal template at a
temperature range of 500 to 2000 °C. The CVD process may further include passing a
gas mixture comprising a carrier gas carrying along a vapor of an organometallic
compound and at least one of a carbon precursor gas and a boron nitride precursor gas
through the heated metal template. The heating temperature causes the decomposition of
the organometallic compound vapor into metal particles, the carbon precursor gas into
graphene domains, and/or the boron nitride precursor gas into hexagonal-boron nitride
domains. Further, the graphene domains and/or the hexagonal-boron nitride domains
nucleate and grow on the metal particles and the metal template to form a three-
dimensional interconnected porous network of graphene and/or the hexagonal-boron

nitride. Subsequent removal of the metal template releases the three-dimensional
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interconnected porous network of graphene and/or the hexagonal-boron nitride, thereby
obtaining a 3D foam-like structure.

[0023] Advantageously, the process as detailed above comprises a gas mixture flow
which simultaneously provides an organometallic compound vapor and a carbon and/or
boron nitride precursor gas. By using this combination, the organometallic compound
vapor decomposes during the deposition process and produces metal particles. These
metal particles are then deposited together with carbon and/or boron nitride decomposed
from the respective precursor gas and avoid a premature termination of the deposition
process. The deposition of the carbon and/or boron nitride to form the 3D foam-like
structure is therefore not dependent on the surface of the metal template. The
termination of the deposition is only dependent on the provision of the gas mixture
flow. By using this process, it is therefore possible to obtain denser, more stable and
easier to handle foam-like structures.

[0024] Further advantageously, by obtaining denser, more stable and easier to handle
foam-like structures, the process steps of coating the foam-like structure with a polymer
coating for the step of removing the metal template and subsequent cleavage of the
polymer coating can be avoided.

[0025] In other words, the metal activated vapor aided template growth process
described here enables one to prolong the active growth-time, going beyond the usual
saturation experienced once the metal foam template is fully covered. According to
various embodiments of the disclosure, the thicker foams obtained allow easier handling
and are more robust for further processing. Due to this, two steps during pre-processing
of the foams (i.e. etching of the metal template after growth) can be skipped (polymer
coating and polymer removal).

[0026] In a second aspect, the present disclosure refers to a foam-like structure
produced by a process as described above.

[0027] In a third aspect, the present disclosure refers to a foam-like structure as
described above for use in electrochemistry, solar cells, filler, thermal interface

material, sensing or biological applications.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0028] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily drawn to scale,
emphasis instead generally being placed upon illustrating the principles of various
embodiments. In the following description, various embodiments are described with
reference to the following drawings.

[0029] Fig. 1 discloses a specific and schematic embodiment of the metal activated
vapor aided template growth process of 3D foam-like structures, with particular
reference to the chemical vapor deposition process and the foam-like structure.

[0030] Fig. 2 discloses a specific and schematic embodiment of the metal activated
vapor aided template growth process of 3D foam-like structures, with particular
reference to the process steps occurring after the deposition. These include removal of
the metal template (“template etching”), washing in deionized water (“rinsing”) and
drying to obtain a clean free-standing 3D foam-like structure.

[0031] Fig. 3 provides a comparative example, wherein the optical images of two foam-
like structures are shown. On the left side, the foam-like structure is produced without
the use of an organometallic compound. On the right side, the foam-like structure is
produced with an organometallic compound present during growth (exemplified as
ferrocene).

[0032] Fig. 4 provides a comparative example, wherein the scanning electron
microscope (SEM) images of two foam-like structures are shown. On the left side, the
foam-like structure is produced without the use of an organometallic compound. On the
right side, the foam-like structure is produced with an organometallic compound present
during growth (exemplified as ferrocene).

[0033] Fig. 5 shows the scanning electron microscope (SEM) image of a Nickel
template. The pore size in this SEM image can be measured and compared to the pore

size of the foam-like structure obtained.

DESCRIPTION
[0034] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention

may be practised. These embodiments are described in sufficient detail to enable those
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skilled in the art to practise the invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be made without departing from the scope
of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other embodiments to form new
embodiments.

[0035] 3D foam-like structures have been developed according to various embodiments.
The 3D foam-like structure according to the disclosure may comprise or substantially
consist of graphene, hexagonal boron nitride or a mixture thereof (boron nitride carbon).
The material for the formation of the 3D foam-like structures may be provided from a
gas mixture flow in a chemical vapor deposition process. Additionally, the 3D foam-like
structure according to the disclosure may contain a dopant, for example a metal particle.
The 3D foam-like structure may nucleate (or grow) around (which includes on the
surfaces and within the pores) a porous metal template and/or the metal particle. The
focus of this disclosure is on macro-porous size.

[0036] Accordingly, in a first aspect, the present disclosure refers to a chemical vapor
deposition (CVD) process. The CVD process may include heating a porous metal
template at a temperature range of 500 to 2000 °C. The CVD process may further
include passing a gas mixture comprising a carrier gas carrying along a vapor of an
organometallic compound and at least one of a carbon precursor gas and a boron nitride
precursor gas through the heated metal template. The heating temperature causes the
decomposition of the organometallic compound vapor into metal particles, the carbon
precursor gas into graphene domains, and/or the boron nitride precursor gas into
hexagonal-boron nitride domains. Further, the graphene domains and/or the hexagonal-
boron nitride domains nucleate and grow on the metal particles and the metal template
to form a three-dimensional interconnected porous network of graphene and/or the
hexagonal-boron nitride. Subsequent removal of the metal template releases the three-
dimensional interconnected porous network of graphene and/or the hexagonal-boron
nitride, thereby obtaining a 3D foam-like structure.

[0037] The process proposed here improves common metal-based hard template
methods by combining them with vapor-phase growth through sublimating an
organometallic compound, for example metallocenes (which have a general formula of

(CsHs)2M, which are chemical compounds consisting of two cyclopentadienyl anions
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(CsHs-) bound to a metal center (M) in the oxidation state II, see chemical structure
below). These metallocenes comprise further examples such as ferrocene, nickelocene,
cobaltocene, ruthenocene, chromocene, osmocene. Besides enabling precise control on
the structure morphology, they also hasten the growth and prevent the growth from

saturating.

General chemical structure of metallocenes, which consists of two cyclopentadienyl
anions (CsHs-) bound to a metal center (M) in the oxidation state I1.

[0038] The deposition process may be undertaken in a chemical vapor deposition
chamber. The chamber may comprise the porous metal template. Subsequently, the
chamber may be heated up and serve as a furnace. Additionally, the chamber may be
evacuated prior to the provision of the gas flow.

[0039] The term ‘chemical vapor deposition” or “CVD” is to be interpreted broadly to
include the infiltration and deposition of matter within the porous structure of a
template, for example a metal template. As used herein, the matter may be provided in a
gas flow. As used herein, the terminology understands the provision of a chamber
comprising a gas inlet and a gas outlet. The term may include “chemical vapor
infiltration (CVI)”.

[0040] The term “metal template” in this application is to be interpreted broadly to
describe a sacrificial template used for the in situ growth of 3D foam-like structures (or
networks). The template may substantially consist of a metal or metalloid. The metal
template according to the first aspect may serve as a seed for the deposition of the
carbon and/or boron nitride. The porous nature of the template may serve as a
“negative” for the deposition process. The metal template is porous in nature, i.e. it
contains pores. The pores within the metal template may have a diameter larger than 50

nm, and therefore, according to the definition of the International Union of Pure and
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Applied Chemistry (IUPAC), the metal template is considered to be macro-porous. The
walls defining the pores may have a thickness of about 0.5 nm to about 5 nm, or about
1.0 nm to about 4 nm, or about 1.5 nm to about 3 nm, or about 2 nm. The metal within
the metal template may be selected from transition metals, preferably the transition
metal may be selected from the groups X-XII, more preferably the transition metal may
be selected from nickel and copper.

[0041] The term “gas flow” or “gas mixture flow” is to be interpreted broadly to include
the provision of a single and a plurality of compounds in the gaseous phase,
respectively. As used herein, it refers to a gas mixture flow comprising a carbon and/or
boron nitride precursor gas and the vapor of the organometallic compound. The carbon
and/or boron nitride precursor gas and the vapor of the organometallic compound are
carried along by a carrier gas. The gas mixture flow may have a direction and may flow
from a gas inlet within the vapor deposition chamber to a gas outlet. The gas mixture
passes through the heated metal template. In other words, the gas mixture contacts the
heated metal template. The contact points and areas may be the external or the internal
surfaces of the metal template, i.e. on the exterior of the metal template or within the
pores therein.

[0042] The term ‘transition metal’ is to be interpreted broadly to include any element in
which the filling of the outermost shell to eight electrons within a periodic table is
interrupted to bring the penultimate shell from 8 to 18 or 32 electrons. Transition
elements may include, without limitation, scandium, titanium, vanadium, chromium,
manganese, iron, cobalt, nickel, copper, zinc, ytterbium, zirconium, niobium,
molybdenum, silver, lanthanum, hafnium, tantalum, tungsten, rhenium, rare-earth
elements, cerium, praseodymium, neodymium, promethium, samarium, europium,
gadolinium, terbium, dysprosium, holmium, erbium, thulium, yttrium, lutetium, and
rhodium. Included in this definition are post-transition metals, which may refer to the
metallic elements in the periodic table located between the transition metals (to their
left) and the metalloids (to their right). These elements may include gallium, indium and
thallium; tin and lead; and bismuth, cadmium and mercury; and aluminium.

[0043] As mentioned above, the components provided in the gas mixture may infiltrate
the pores of the metal template and be deposited therein. After cooling of the metal

template and the material deposited therein, the metal template may be removed, i.e. it
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is sacrificed. Accordingly, the 3D foam-like structure which remains may reflect the
pores of the porous metal template.

[0044] In various embodiments, the heating of the metal template may be undertaken in
the temperature range 500 to 2000 °C, such as, 800 to 1500 °C, preferably 900 to 1200
°C. The heating may be undertaken in a CVD chamber and/or a furnace.

[0045] The term “organometallic compound” in present context is to be interpreted
broadly to include any compound with a carbon-metal interaction. This interaction may
be covalent or ionic. The interaction may be between a metal atom or a metalloid and a
plurality of carbon atoms. The interaction may be between a metal atom and a plurality
of carbon atoms which form an aromatic ring.

[0046] The organometallic compound may be provided in vapor phase. The
organometallic compound may be sublimated to vapor in order to be used in the gas
mixture, to serve as a vapor-phase substrate. Hence it is in the gas phase. Before
sublimation, the organometallic compound may be provided neat in the solid phase.
Alternatively, the organometallic compound may be provided as a solution in the liquid
phase. Advantageously, by using a solution of the organometallic compound, a lower
boiling point for vaporization is required. The organometallic compound may be
selected from a metallocene. The metallocene may be selected from a transition metal
metallocene belonging to the group VI to X. Hence, the metallocene may be selected
from the group consisting of ferrocene, nickelocene, cobaltocene, ruthenocene,
chromocene, osmocene.

[0047] The term ‘vapor’ or ‘vaporized’ is to be interpreted broadly to include a gaseous
phase of the compound. As used herein, it refers to the gaseous phase of the
organometallic compound.

[0048] Upon reaching the CVD chamber and the hot zone of the furnace therein, the
organometallic compound vapor may decompose to form metal particles. Hence, the
metal particles may be the reaction product from a decomposition reaction of the
organometallic compound. The decomposition reaction may be heat induced, i.e. a
pyrolysis. The metal particles may trigger additional deposition of foam-like structure
onto already existing foam-like structure. Accordingly, the metal particle may serve as a
seed for the deposition of additional carbon and/or boron nitride and thus, the formation

of the 3D foam-like structure. In other words, the presence of an exposed metal is
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required for growth of the 3D foam-like structure. Without the presence of any available
metal surface, the growth will saturate. Due to the presence of the metal from the
organometallic compound, the growth of the 3D-foams can be extended due to the
extra-surface of metal available.

[0049] The term ‘metal particles’ is to be interpreted broadly to include a plurality of
metal atoms. These metal atoms may be in its elemental form. As used herein, the metal
particle may be present within the 3D foam-like structure. There may be no covalent
bond between the metal particle and the atoms of the 3D foam-like structure.

[0050] The term ‘3D foam-like structure’ or ‘3D foam’ is to be interpreted broadly to
include a substantially solid, stable framework which is free-standing. The 3D foam-like
structure may be porous. Accordingly, the foam may contain voids or hollow parts and
it is understood that these do not form part of the solid foam, and they are accordingly
excluded from the content of the foam, since they generally contain matter that differ
from the foam as such. The porous foams may be classified by the size of the pores.
They can be classified either as micro- and meso-porous or macro-porous. According to
the definition of the International Union of Pure and Applied Chemistry (IUPAC),
micro-pores are pores smaller than 2 nm in diameter, macro-pores are larger than 50
nm, meso-pores are defined as being in between. The 3D foam-like structure according
to the disclosure may represent the “positive” when referred to in context with the metal
template.

[0051] The carbon precursor gas may be selected from alkanes, alkenes and alcohols,
up to a carbon chain of 4 carbon atoms. For example, the carbon source may be selected
from methane, ethane, propane and butane. Additionally or alternatively, the carbon
source may be selected from ethene, propene, 2-butene and 1,3-dibutene. Additionally
or alternatively, the carbon source may be selected from methanol, ethanol, propanol,
isopropanol and butanol. Preferably, the carbon source may be selected from methane,
ethene, ethanol, or a combination thereof. The boron nitride precursor gas may be
obtained from sublimated boron nitride powder.

[0052] The organometallic compound vapor may be supplied in the carbon and/or
boron nitride precursor gas. In one embodiment, the gas flow of the carbon and/or boron
nitride precursor gas may be at about 1-100 sccm, or about 1-80 sccm, or about 10-60

sccm, or about 15-50 sccm, or about 15-30 sccm, or about 20 sccm. The organometallic
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compound vapor within this flow may be provided from about 0.01-15 g, or from about
0.15-10 g, or from about 0.5-2 g, or at about 1 g of the sublimated organometallic
compound. The above values may be varied depending on the CVD system used. They
may also be upscaled or downscaled to be applicable for industrial applications. The gas
flow may also be decreased once the growth time is extended.

[0053] In one example using the present CVD system, the gas flow of the carbon and/or
boron nitride precursor gas may be at about 10-100 sccm, or about 10-80 sccm, or about
10-60 sccm, or about 15-50 sccm, or about 15-30 sccm, or about 20 sccm. The
organometallic compound vapor within this flow may be provided from about 0.1-5 g,
or from about 0.5-3 g, or from about 0.5-2 g, or at about 1 g of the sublimated
organometallic compound. These values may be taken as an example only. Any
variation on these values is within the scope of this application and within the capability
of the person skilled in the art.

[0054] In various embodiments, the carrier gas may be selected from an inert gas,
optionally selected from argon and/or nitrogen. Alternatively, the carrier gas may be
hydrogen gas.

[0055] The term ‘inert gas’ is to be interpreted broadly to include any gas which does
not form chemical bonds when used in chemical vapor deposition. Exemplary inert
gases include noble gases but may include other gases so long as no chemical bonds are
formed.

[0056] The carrier gas provides a stream which carries the carbon and/or boron nitride
precursor gas and concurrently the organometallic compound vapor into the furnace,
thereby resulting in decomposition of the organometallic compound vapor and pyrolysis
of the carbon precursor gas and/or boron nitride precursor gas. Accordingly, the carbon
and/or boron nitride precursor gas may decompose to form graphene and/or h-boron
nitride on the structure. Hence, the structure formed may comprise the at least one metal
particle from the organometallic compound and graphene and/or h-boron nitride. The
graphene or h-BN domains may nucleate and grow simultaneously on both the metal
template and the produced metal particles. In this step, the metal particles within the
structure formed may accelerate the formation of additional structure. Advantageously,
the growth of the structure may therefore be only limited by the supply of the gas flow

containing the organometallic compound and the carbon and/or boron nitride source. In
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other words, the growth of the structure may not be limited by the surface area of the
metal template. This advantage creates a foam with thicker walls, as compared to
conventional methods. During step c), the metal template may be placed such that it
allows trapping of the metal particles derived from the organometallic compound.
[0057] After completion of the deposition step, the template together with the 3D foam-
like structure may be cooled to room temperature.

[0058] Subsequently, the metal template may be removed by contacting the structure on
the metal template with an acid. In various embodiments, the acid may be selected from
a mineral acid, preferably selected from HCI and/or HNOs.

[0059] The process as described above may comprise the additional step of washing the
foam-like structure, optionally selected from washing the foam-like structure with
water, preferably deionized water (DI-H20).

[0060] The process as described above may comprise the additional step of drying the
foam-like structure, optionally selected from drying the foam-like structure at a
temperature in the range of 100 to 1000 °C, such as 200 to 800 °C, preferably 300 to 700
°C.

[0061] The foam-like structure produced according to the disclosure may be sufficiently
dense and robust to avoid the need of a polymer coating step prior to any acid treatment.
Hence, advantageously, the process as described above may proceed without a polymer
coating step and the process as described above may proceed without a polymer
removal step.

[0062] A foam-like structure may be produced by a process as described above.
Advantageously, the 3D foam-like structure produced according to the disclosure is
sufficiently dense and robust. Hence, the pores obtained after removal of the metal
template may still reflect the same pore size as provided from the metal template. In a
comparative Example (Example 5 further below) the density of the 3D foam-like
structure without the use of an organometallic compound was measured against the
density of a 3D foam-like structure produced according to the disclosure (Fig. 3).
Surprisingly, it was found that the density of the obtained foam-like structure was
double as high as the density of the comparative example. As such, the density of foam-
like structures according to the disclosure may be about 7 to about 15 mg cm?, or about

9 to about 13 mg cm™, or about 10 mg cm™. In the same comparative example, the pore
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diameter and total thickness of the samples were compared (Fig. 4, Example 6). The 3D
foam-like structure produced without the use of an organometallic compound slightly
collapsed during acid treatment and lost about 40-60% of wall thickness. In contrast, the
3D foam-like structure produced according to the disclosure resembles the metal
template without loss in pore diameter and total thickness of the sample, which was
compared with a SEM image of the pure metal template (Fig. 5).

[0063] The foam-like structure as described above may be used in electrochemistry,
solar cells, filler, thermal interface material, sensing or biological applications.
Electrochemical uses may be selected from the group consisting of energy storage and

conversion devices, supercapacitors and lithium ion batteries.

EXAMPLES

[0064] The new growth process is based on a typical growth process of 3D foam-like
materials via CVD on a metal (e.g. Ni) foam template. Example 1 describes an example
utilizing the growth process as known to the person skilled in the art. Example 2

describes the process according to the disclosure.

Example 1 — Typical Procedure known in the art

[0065] A typical growth process consists of annealing of Ni foam at 900 to 1200°C
under argon and/or Hz gas, subsequently followed by the growth process whereby a
precursor gas (i.e. CHy4, Ethanol or CoHa for C, sublimated BN powder precursor) serves
as the source for the C/BN-atoms of graphene/h-BN. After finalizing growth, the
temperature is quickly cooled down to enable the Ni to release all C/BN atoms and
obtain high quality 3D-C/BN. Afterwards, to remove the Ni template, the samples are
first dip-coated in poly(methyl methacrylate) (PMMA) to protect the graphene/BN-
layers during etching, and then immersed in HCl or HNO3 solution for 5 hours to
completely etch away the Ni. Lastly, after washing off the residual acid with DI-H>O,
the samples are annealed at 700°C in argon and Hz for 1 hour to remove the PMMA or

submerged in Acetone for 1 hour.

Example 2 — Process according to the present disclosure
[0066] In this illustration, the growth process step is modified (Fig. 1), whereby besides

using metal foam as a growth substrate (wherein the metal foams include but are not
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limited to copper and nickel), sublimated metallocene powder is simultaneously
released with the precursor gas including but not limited to C or BN, to serve as a
vapor-phase substrate. The sublimation of metallocene powder (pyrolysis) is carried out
at the sublimation temperature stated in their data sheet (a non-limiting e.g. ferrocene at
350°C). Upon sublimation, metallocene vapor is generated, which then is directly
carried by the stream of Ar and/or Hz to the 900 to 1200°C hot-zone of the furnace,
whereby decomposition of the metallocene into metallic particles occurs upon reaching
this hot zone. Metallocenes have been shown to be a good precursor for producing
metal catalyst particles, and it was shown that these metal particles can seed nanotube
growth. In this disclosure, since the precursor source for C/BN flows in concurrently
with the metallocene, upon reaching the 900 to 1200 °C hot zone, the precursor
decomposes and forms either graphene or h-BN domains that nucleate and grow
simultaneously on both the metal foam and the produced metal particles. Since the
metal particles will tend to precipitate on surfaces, the metal foam is placed throughout
the 900 to 1200 °C hot zone in a way that allows trapping of the metal particles within
the foams porous surface, which in turn leads to an increase in graphene/h-BN
nucleation throughout its surface area (schematic foam in Fig. 1). This creates a foam
with thicker walls, only limited by the supply of metal particles and precursor gas (and
not by the surface area of Ni provided, which is the case for standard growth of 3D
foam-like materials).

[0067] Final gas flow and amount of metallocene powder depends on dimensions of
furnace and amount of metal foam used. In an alternative embodiment, instead of
metallocene powder, metallocene solution may also be used, which has a lower boiling
temperature.

[0068] After the growth is terminated, the metal template together with the 3D foam-
like structure is cooled to room temperature. In order to remove the metal foam
template, the samples can be directly submerged in acid (e.g. HCI, HNOs) solution,
washed in DI-H2O and dried (Fig. 2). Due to the thicker walls, the structure is more
robust and withstands handling even in wet state and does not require the protective

coating of a non-limiting example such as, PMMA.
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Example 3 — Preparation of Sample 1 (Comparative example)

[0069] As a non-limiting demonstration, a trial run for 3D-C has been carried out.
Sample 1 was produced by using the procedure detailed in Example 2, except no
metallocene was present, i.e. without the use of the organometallic compound. The

sample was grown for 15 minutes at a CHs4 flow of 20 sccm.

Example 4 - Preparation of Sample 2

[0070] As a non-limiting demonstration, a trial run for 3D-C and ferrocene Fe(CsHs)
has been carried out. Sample 2 was produced by using the procedure detailed in
Example 2, grown for 15 minutes at a CHy flow of 20 sccm. Sample 2 was grown with

addition of sublimated 1g of ferrocene.

Example 5 - Change of density of the sample 1 and sample 2 obtained
[0071] The density of sample 1 and sample 2 was assessed after complete removal of
the Ni template through measuring their volume and weight. Results are as follows

p(Sample 1) = 5 mg cm™
p(Sample 2) = 10 mg cm™

[0072] While having the same growth time, the addition of ferrocene vapor enabled one
to double the density of 3D-C. With the addition of more ferrocene vapor, higher
densities are achievable.

[0073] Fig. 3 shows optical images of the resulting structures after removal of Ni

template.
Example 6 - Change of wall-thickness of sample 1 and sample 2

[0074] The same samples from Examples 3 and 4 were observed under scanning
electron microscope (SEM) to observe the microstructure of the obtained foams. Fig. 4
shows their SEM images at two different magnifications.

[0075] The low magnification images clearly demonstrate the higher robustness of the
ferrocene aided growth: while the three-dimensional structure of Sample 1 slightly
collapsed during etching (seen in the squashing of the pores), Sample 2 resembles

perfectly the Ni template without loss in pore diameter and total thickness of sample
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(original Ni thickness is of 2 mm, Sample 1 results in 1.67 mm and Sample 2 remains at
2 mm). A SEM of pure Ni foam is shown in Fig. 5 for comparison.

[0076] The second observation is the increase in thickness of the walls. From the high
magnification SEM image of Sample 1 a thickness of 30 — 50 ym can be measured;
Sample 2 has a thickness of around 80 — 100 pm. This result correlates with the

measured density in Example 5.

Commercial applications of the disclosure

[0077] The porous structures of 3D foam-like materials make them attractive as the key
components in electrochemical energy storage and conversion devices. Besides, their
unique interconnected networked structure is a perfect pathway for electrons and
phonons, which will help to improve electrical and thermal conductivity.

[0078] The applications mainly reported thus far can be grouped as follows:

Supercapacitors

[0079] Porous graphene and graphene-based hybrids have become the focus of research
on electrode materials for supercapacitors, since their highly open porous structure
allows electrolytes access to a higher surface area, which in turn offers a higher storage
capacity.

Lithium Ion Batteries

[0080] Graphene materials with 3D macro-porous structures are favorable electrode
candidates for lithium ion batteries as they render a highly increased surface area. This
high surface area offers (same as for supercapacitors) an increase in lithium storage
capacity.

Sensing

[0081] The increase in surface area not only enables a higher storage capacity, it also
renders an increased active area for sensing applications. This enables higher
sensitivities and faster responses.

Solar Cells

[0082] Graphene 3D macroporous structures have been reported to have an excellent
performance as counter electrodes in solar cells (and especially in dye-sensitized solar

cells, DSSC) due to its large surface area, good surface hydrophilicity, and well-defined
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porosity for enhanced -electrolyte—electrode interaction and electrolyte—reactant
diffusion.

Filler for polymers

[0083] The pathway pre-determined by the interconnected structure of 3D-C/BN/BNC
serves as a superior filler material since typical issues of agglomeration or bundling
won’t occur.

Thermal interface material (TIM)

[0084] Another advantage of the interconnected structure is the improved thermal
transport. This can be exploited for superior thermal management.

Biological applications

[0085] 3D-C’s controllable morphology is beneficial for using as a template for tissue

engineering and cell culturing.

[0086] By “comprising” it is meant including, but not limited to, whatever follows the
word “comprising”. Thus, use of the term “comprising” indicates that the listed
elements are required or mandatory, but that other elements are optional and may or
may not be present.

[0087] By “consisting of” is meant including, and limited to, whatever follows the
phrase “consisting of”’. Thus, the phrase “consisting of” indicates that the listed
elements are required or mandatory, and that no other elements may be present.

[0088] The inventions illustratively described herein may suitably be practiced in the
absence of any element or elements, limitation or limitations, not specifically disclosed
herein. Thus, for example, the terms “comprising”, “including”, “containing”, etc. shall
be read expansively and without limitation. Additionally, the terms and expressions
employed herein have been used as terms of description and not of limitation, and there
is no intention in the use of such terms and expressions of excluding any equivalents of
the features shown and described or portions thereof, but it is recognized that various
modifications are possible within the scope of the invention claimed. Thus, it should be
understood that although the present invention has been specifically disclosed by
preferred embodiments and optional features, modification and variation of the

inventions embodied therein herein disclosed may be resorted to by those skilled in the
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art, and that such modifications and variations are considered to be within the scope of
this invention.

[0089] By “about” in relation to a given numerical value, such as for temperature and
period of time, it is meant to include numerical values within 10% of the specified
value.

[0090] The invention has been described broadly and generically herein. Each of the
narrower species and sub-generic groupings falling within the generic disclosure also
form part of the invention. This includes the generic description of the invention with a
proviso or negative limitation removing any subject matter from the genus, regardless of
whether or not the excised material is specifically recited herein.

[0091] Other embodiments are within the following claims and non- limiting examples.
In addition, where features or aspects of the invention are described in terms of
Markush groups, those skilled in the art will recognize that the invention is also thereby

described in terms of any individual member or subgroup of members of the Markush

group.
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CLAIMS

1.

A chemical vapor deposition process comprising:

heating a porous metal template at a temperatore range of 500 to 2000 °C;
passing a gas mixture comprising a carrier gas carrying along a vapor of an
organometallic compound and at least one of a carbon precursor gas and

a boron nitride precursor gas through the heated metal template,

wherein the heating temperature causes the decomposition of the
organometallic compound vapor into metal particles, the carbon precursor gas
into graphene domains, and/or the boron nitride precursor gas into hexagonal-

boron nitride domains,

further wherein the graphene domains and/or the hexagonal-boron nitride
domains nucleate and grow on the metal particles and the metal template to
form a three-dimensional interconnected porous network of graphene and/or

the hexagonal-boron nitride.

'The process of claim 1, wherein the metal template is macroporous.

The process of claim 1 or 2, wherein the metal template 1s comprised of nickel

OF COpper.

The process of any one of claims 1 to 3, wherein the organometallic compound

comprises a metallocene.

The process of claim 4, wherein the metallocene 1s selected from the group
consisting of ferrocene, nickelocene, cobaltocene, ruthenocene, chromocene

and osmocene.

The process of claim 4 or 5, wherein the vapor of the metallocene is formed by

the sublimation of the metallocene in powder form.

3
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10.

it

13.

14.

The process of claim 4 or 5, wherein the vapor of the metallocene is formed by

the boiling of the metallocene in solution form.

The process of any one of claims 1 to 7, wherein the metal particles are

deposited on the surfaces of the metal template.

The process of any one of claims 2 to 8, wherein the metal particles are

deposited in the pores of the metal template.

The process of any one of claims 1 to 9, wherein the metal particles accelerates
the nucleation and growth of the graphene domains and/or the hexagonal-

boron nitride domains.

The process of any one of claims | to 10, wherein the carbon precursor gas
comprises an alkane, alkene or alcohol, up to a carbon chain of 4 carbon

atoms,

2. The process of any one of claims 1 to 11, further comprising removing the

metal template from the three-dimensional interconnected porous network of

graphene and/or the hexagonal-boron nitride.

The process of claim 12, wherein the metal temaplate is removed by contacting

with an acid.

A toam-like structure produced by a process of any one of claims 1 to 13,
therein the foam-like structure comprises a three-dimensional interconnected

porous network of graphene and/or the hexagounal-boron oitride.

. A foam-like structure of claim 14 for use in clectrochemustry, solar cells, filler,

thermal interface material, sensing or biological applications.
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