Downloaded from orbit.dtu.dk on: Apr 10, 2024

DTU DTU Library

i

A method for fabricating a three-dimensional carbon structure

Mohanty, Soumyaranjan; Emnéus, Jenny; Wolff, Anders; Heiskanen, Arto

Publication date:
2017

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Mohanty, S., Emnéus, J., Wolff, A., & Heiskanen, A. (2017). A method for fabricating a three-dimensional carbon
structure. (Patent No. WO2017036914).

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://orbit.dtu.dk/en/publications/b99de0ce-bddc-4cfb-a58c-876c3e8b0637

WO 2017/036914 A1 ||} I 1100 O 0000 O A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

\

=

(10) International Publication Number

(43) International Publication Date WO 2017/036914 A1
9 March 2017 (09.03.2017) WIPOIPCT
(51) International Patent Classification: HEISKANEN, Arto; Vikingavigen 7 B 1002, 22476
COIB 31/02 (2006.01) Lund (SE).
(21) International Application Number: (74) Agents: THEIL, Christa et al.; Inspicos P/S, Kogle Allé
PCT/EP2016/070088 2, 2970 Hersholm (DK).

(22) International Filing Date: (81) Designated States (unless otherwise indicated, for every
25 August 2016 (25.08.2016) kind of national protection available): AE, AG, AL, AM,
25) Filing L ) Enclish AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(25) Filing Language: nglis BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
(26) Publication Language: English DO, DZ, EC, EE, EG, ES, F1, GB, GD, GE, GH, GM, GT,
L. HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
(30) Priority Data: KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
15182928.0 28 August 2015 (28.08.2015) EP MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
(71) Applicant: DANMARKS TEKNISKE UNIVERSITET PA, PE, PG, PIL, PL, PT, QA, RO, RS, RU, RW, SA, SC,
[DK/DK]; Anker Engelunds Vej 101 A, 2800 Kgs. Lyngby SD, SE, SG, SK, SL, SM, ST, SV, 8Y, TH, TJ, TM, TN,

(DK). TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(72) Inventors: MOHANTY, Soumyaranjan; Verebrovej 68, (84) Designated States (unless otherwise indicated, for every

2-4, 2880 Bagsverd (DK). EMNEUS, Jenny;
Hantverkaregatan 17a, 211 55 Malmé (SE). WOLFF, An-
ders; Abildgaardgade 35, 2100 Copenhagen @ (DK).

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,

[Continued on next page]

(54) Title: A METHOD FOR FABRICATING A THREE-DIMENSIONAL CARBON STRUCTURE

Fig. 2

(57) Abstract: A method for fabricating a three-dimensional
carbon structure (4) is disclosed. A mould (1) defining a
three-dimensional shape is provided, and natural protein
containing fibres are packed in the mould (1) at a predeter-
mined packing density. The packed natural protein contain-
ing fibre structure (3) undergoes pyrolysis, either while still
in the mould (1) or after having been removed from the
mould (1). Thereby a three-dimensional porous and electric-
ally conducting carbon structure (4) having a three-dimen-
sional shape defined by the three-dimensional shape of the
mould (1) and a porosity defined by the packing density of
the packed natural protein containing fibre structure (3) is
obtained. The carbon structure (4) is well suited for use as a
scaffold for tissue engineering, or for material for batteries,
fuel cells, supercapacitors, sorbents for separation processes,
gas storage, supports for many important catalysts, etc.



WO 2017/036914 A1 IV 000 0000 A A0

DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, Published:
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,

GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).

with international search report (4Art. 21(3))

Declarations under Rule 4.17:
—  of'inventorship (Rule 4.17(iv))



10

15

20

25

WO 2017/036914 PCT/EP2016/070088

A METHOD FOR FABRICATING A THREE-DIMENSIONAL CARBON STRUCTURE

FIELD OF THE INVENTION

The present invention relates to a method for fabricating a three-dimensional carbon
structure, e.g. for use as a scaffold for tissue engineering, as electrode materials for
batteries, fuel cells and supercapacitors, as sorbents for separation processes and gas
storage, as supporters for many important catalysts, etc. When applying the method of the
invention the micro-porosity of the resulting three-dimensional carbon structure can be
controlled, and any desired three-dimensional shape of the structure can be obtained.
Furthermore, the carbon fibres of the three-dimensional carbon structure fabricated by
means of the method of the invention contain nitrogen, thereby making the structure suitable

for a wide range of applications.

BACKGROUND OF THE INVENTION

For some purposes, such as tissue engineering, electrode materials for batteries, fuel cells
and supercapacitors, sorbents for separation processes and gas storage, supports for many
important catalysts, etc., there is a need for conductive porous scaffolds, made from a
biocompatible material. It is, furthermore, desirable to be able to provide such scaffolds in
various sizes and shapes, and with a scalable porosity. Finally, it is desirable to be able to

provide such scaffolds in an easy and cost effective manner.

US 2008/0085648 Al discloses a method of producing an electric conductive material by
spirally winding a yarn composed of organic fibres on a core member. The core member is
removed, and the yarn is carbonized. In the method disclosed in US 2008/0085648 Al the
packing density of the spirally wound yarn is not controlled, and neither is the porosity of the

carbonized yarn.

US 2012/0125071 Al discloses carbon moulds for use in the fabrication of bulk metallic glass
parts and moulds. A master shape is patterned into a pyrolyzable material, and the master
shape is pyrolyzed into a carbon mould.

DESCRIPTION OF THE INVENTION

It is an object of embodiments of the invention to provide a method for fabricating a three-

dimensional carbon structure in an easy and cost effective manner.
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It is a further object of embodiments of the invention to provide a method for fabricating a

three-dimensional carbon structure in which the porosity of the structure can be controlled.

The invention provides a method for fabricating a three-dimensional carbon structure, the

method comprising the steps of:

— providing a mould defining a three-dimensional shape,

— packing natural protein containing fibres in the mould at a predetermined packing

density, thereby obtaining a packed natural protein containing fibre structure,

— performing pyrolysis on the packed natural protein containing fibre structure, thereby
obtaining a three-dimensional porous and electrically conducting carbon structure
having a three-dimensional shape defined by the three-dimensional shape of the
mould and a porosity defined by the packing density of the packed natural protein

containing fibre structure.

In the present context the term ‘three-dimensional carbon structure’ should be interpreted to

mean a structure which has a three-dimensional shape, and which contains carbon material.

According to the method of the invention, a mould defining a three-dimensional shape is
initially provided. The three-dimensional shape of the mould corresponds to a desired three-
dimensional shape of the carbon structure, which is fabricated by means of the method.
Thus, any desired shape or size of the resulting three-dimensional carbon structure can be
obtained, simply by providing an appropriate mould, defining a corresponding three-

dimensional shape.

Next, natural protein containing fibres are packed into the mould at a predetermined packing
density. Thereby a structure is obtained, which comprises or consist of packed natural protein
containing fibres, i.e. a packed natural protein containing fibre structure. Since the packed
natural protein containing fibre structure has been obtained by packing protein containing
fibres into the mould, the packed natural protein containing fibre structure has a size and a
shape which corresponds to the size and shape of the mould. Furthermore, the packing
density of the packed natural fibre containing structure can be controlled by controlling the

packing process to obtain a predetermined packing density.

In the present context the term ‘packing density’ should be interpreted to mean a density at
which the fibres are packed. Thus, a high packing density indicates that the fibres are packed
closely, while a lower packing density indicates that the fibres are packed somewhat looser.
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Accordingly, the packing density of the packed natural protein containing fibre structure is

closely linked to the porosity of this structure.

Finally, pyrolysis is performed on the packed natural protein containing fibre structure. Since
the structure comprises protein containing fibres, the structure also comprises carbon.
Accordingly, as a result of the pyrolysis, a porous and electrically conducting carbon structure
is obtained. Furthermore, since the carbon structure is formed by performing pyrolysis on the
packed natural protein containing fibre structure, the carbon structure has a three-
dimensional shape which corresponds to the three-dimensional shape of the packed natural
protein containing fibre structure, and thereby to the three-dimensional shape defined by the
mould. Furthermore, since the natural protein containing fibres also contain nitrogen, the
pyrolysis process produces nitrogen-doped carbon. This is an advantage, because this has
turned out to be important for catalysing hydrogen evolution and for cell adhesion for, e.g.,

tissue engineering and microbial biofilm formation.

The size of the three-dimensional porous and electrically conducting carbon structure may be
identical to the size of the packed natural protein containing fibre structure. However, the
pyrolysis may cause the structure to shrink by up to 50%, depending on the material of the
fibres. Thus, the three-dimensional porous and electrically conducting carbon structure may

be smaller than the packed natural protein containing fibre structure by up to 50%.

Furthermore, the porosity of the carbon structure is defined by the packing density of the
packed natural protein containing fibre structure. Since the packing density of the packed
natural protein containing fibre structure is controlled during the packing process, as
described above, a desired porosity of the resulting porous and electrically conducting carbon
structure can be obtained by carefully selecting a predetermined packing density of the
packed natural protein containing fibres, and controlling the packing process to obtain the
predetermined packing density. Furthermore, the surface area of the resulting carbon
structure depends on the porosity of the structure. Accordingly, the surface area of the
resulting carbon structure is controllable and scalable, and, for instance, a structure with a

very high surface area can be obtained.

Thus, the method according to the invention results in the fabrication of a three-dimensional
porous and electrically conducting carbon structure, having a desired and appropriate three-
dimensional shape, and having a desired and appropriate porosity. The three-dimensional
shape and the porosity of the carbon structure can be designed to meet any specific
requirement, simply by designing the mould in an appropriate manner, and by controlling the
packing process in an appropriate manner. Accordingly, the method of the invention provides

an easy and cost effective manner of fabricating a three-dimensional carbon structure having
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a desired three-dimensional shape and porosity. This makes the resulting carbon structure
suitable for use as a porous carbon scaffold for tissue engineering, or as a porous carbon
material for batteries, fuel cells, supercapacitors, sorbents for separation processes or gas
storage, supports for many important catalysts, etc.

The natural protein containing fibres may be silk fibres, and the method may further
comprise the step of extracting the silk fibres from raw silk cocoons. Raw silk cocoons are
readily available at reasonable costs. Therefore this embodiment provides suitable natural
protein containing fibres in an easy and cost effective manner. Furthermore, pyrolysed single
silk fibres have nanoporous structure, which increases the surface area of the bulk material.
Thus, the method according to this embodiment of the invention makes it possible to control
the macroporosity of structures composed of multiple pyrolysed silk fibres.

As an alternative, the natural protein containing fibres may be of any other suitable kind,

including, but not limited to, spider silk, fibrin and sericine.

The packed natural protein containing fibre structure may be removed from the mould prior
to the step of performing pyrolysis on the packed natural protein containing fibre structure.
In this case, the removed structure maintains its size, shape and packing density, but is no
longer contained in the mould, and is therefore ready for undergoing pyrolysis. The size,
shape and packing density of the structure may, e.g., be maintained by wetting the fibres
before packing them into the mould, and drying the fibres after the packing step, but before

removing the packed natural protein containing fibre structure from the mould.

As an alternative, the packed natural protein containing fibre structure may remain in the
mould during the pyrolysis step. In this case, the mould may be made from a material which
is capable of withstanding the temperatures prevailing during the pyrolysis. Examples of such
materials are ceramics, quartz, and metals, such as stainless steel or titanium. As an
alternative, the mould may be made from a material which is removed by volatilisation or
burning during the pyrolysis. Examples of such materials are polyvinyl alcohol (PVA),
polylactic acid (PLA), acrylonitrile butadiene styrene (PLC) and polycaprolactone (PLC). As
another alternative, the mould may be made from a material which forms a partial solid
cover around the structure during pyrolysis and after the pyrolysis. Such material may, e.g.,
be the negative photoresist SU8 that, when pyrolysed, will facilitate electrical connection to

the three-dimensional porous, electrically conducting carbon structure after the pyrolysis.

The step of packing natural protein containing fibres may further comprise packing the

natural protein containing fibres in the mould in a predetermined pattern, and the porosity of
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the three-dimensional porous, electrically conducting carbon structure may further be defined

by the pattern of the packed natural protein containing fibre structure.

According to this embodiment, porosity of the resulting three-dimensional porous, electrically
conducting carbon structure depends on the packing density as well as on the pattern, with

which the natural protein containing fibres are packed.

According to this embodiment, a three-dimensional, conductive structure, with a high surface
area and with macro-, micro- and nanoporosity is provided. Furthermore, clean room
facilities are not required in order to perform the method, thereby providing a very cost
effective process. Finally, the use of protein containing fibres inherently provides the
possibility of tuning the nitrogen content of the resulting carbon structure.

The method may further comprise the step of using the three-dimensional porous, electrically
conducting carbon structure as a scaffold for tissue engineering. For instance, the three-
dimensional porous, electrically conducting carbon structure may be used for forming a brain
implant. As an alternative, the three-dimensional porous, electrically conducting carbon
structure may be used for other purposes, such as for electrode materials for batteries, fuel
cells and supercapacitors, sorbents for separation processes and gas storage, supports for
many important catalysts, etc.

Since the three-dimensional carbon structure resulting from the method of the invention is
produced on the basis of natural protein containing fibres, it is biocompatible. This makes the
three-dimensional carbon structure suitable for use for tissue engineering purposes.
Furthermore, since the three-dimensional structure is a carbon structure, the structure is
electrically conducting, making it further suitable for tissue engineering purposes, such as
neuronal and cardiac tissue engineering purposes. Finally, the controllable size, shape and
porosity of the three-dimensional structure allows the three-dimensional structure to be
designed to exactly match a required application, such as to exactly match a part which it is
desired to provide by means of tissue engineering, thereby making the three-dimensional
structure even further suitable for tissue engineering purposes. In summary, according to
this embodiment of the invention, a suitable scaffold for tissue engineering is provided in an

easy and cost effective manner.

Using the structure for other purposes than tissue engineering, the method of the invention
provides suitable porous carbon structures which can be produced in an easy and cost
effective manner, e.g. for applications such as batteries, fuel cells, supercapacitors, sorbents

for separation processes and gas storage, supports for catalysts, etc.
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The method may further comprise the step of using the three-dimensional porous, electrically
conducting carbon structure as an actuator and/or as a sensor during the tissue engineering.
This is possible due to the electrical conductivity of the three-dimensional carbon structure.
This is further relevant for applications within the field of microbial electrosynthesis or

bioremediation.

According to this embodiment, the structure facilitates direct monitoring of cellular behaviour
in the tissue engineering scaffold, using electrical sensing. Furthermore, the structure
facilitates electrical stimulation of cells that can differentiate into different tissue specific
lineages, e.g. neurons, cardiac cells and osteoblasts. Furthermore, the structure provides
electrical stimulation of microbes to intensify biofilm formation in the porous carbon structure
and production of chemicals. The conductive porous carbon can be directly used as electrode
material in biofuel cells. Finally, the inherent nitrogen content additionally improves cell

adhesion in microbial biofilm formation and tissue engineering.

The step of performing pyrolysis on the packed natural protein containing fibre structure may
comprise positioning the packed natural carbon containing fibres in a furnace and reducing an
oxygen level inside the furnace, such as minimising the oxygen content inside the furnace.

This may, e.g., be obtained by supplying an inert gas, such as nitrogen, into the furnace.

The step of performing pyrolysis may comprise increasing the temperature inside the furnace
to between 600°C and 1000°C, or to approximately 1000°C or above, depending on the

required conductivity.

The step of packing natural protein containing fibres may comprise the steps of:

— determining a desired weight of natural protein containing fibres to be contained in

the resulting packed natural protein containing fibre structure,

— providing an amount of natural protein containing fibres corresponding to said desired

weight, and

— packing the provided amount of natural protein containing fibres into the mould in

such a manner that a volume defined by the mould is filled.

According to this embodiment, the packing density of the packed natural protein containing
fibre structure, and thereby the porosity of the resulting three-dimensional porous and

electrically conducting carbon structure, is controlled by determining a desired weight of
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natural protein containing fibres to be arranged in the mould during the step of packing the
natural protein containing fibres. The bulk density of the natural protein containing fibres is
known for a given kind of fibres, and since the size and shape of the mould are known, the
volume defined by the mould is also known, and thereby the total weight of the natural
protein containing fibres being packed into the mould defines the packing density of the
packed fibres. Accordingly, the desired weight of natural protein containing fibres is selected

in such a way that the predetermined packing density is obtained.

Next, an amount of natural protein containing fibres is provided, which corresponds to the
determined desired weight, and the provided amount of natural protein containing fibres is
packed into the mould, in such a manner that the volume defined by the mould is exactly
filled by the fibres. Thereby it is ensured that the natural protein containing fibres are packed
with exactly the predetermined packing density.

Thus, according to this embodiment, the packing density of the packed natural protein
containing fibres is controlled by controlling the total weight of the fibres being packed. This
is very simple, and thereby it is easy to perform the method and obtain a desirable porosity
of the resulting three-dimensional porous and electrically conducting carbon structure.
Accordingly, this is a very suitable and reproducible way of controlling the packing density of

the packed natural protein containing fibre structure.

As an alternative, the packing density of the packed natural protein containing fibre structure
may be controlled by correlating to optical transmission and/or light scattering, or by

ultrasound transmission measurements.

The step of packing the natural protein containing fibres may further comprise the step of
wetting the natural protein containing fibres prior to packing the natural protein containing
fibres into the mould. Wetting the natural protein containing fibres will squeeze the fibres
together, thereby allowing the fibres to fit more easily into the mould. The step of wetting the
fibres may, e.g., be performed using water. The amount of liquid used for wetting the fibres
depends on the amount of fibres to be packed. According to this embodiment, the method
may further comprise the step of drying the packed fibres before performing pyrolysis on the
packed natural protein containing fibre structure, e.g. by means of air drying or freeze
drying.

Alternatively or additionally, the method may further comprise the step of cutting the natural
protein containing fibres before packing the fibres into the mould. The cutting may be

performed using mechanical or chemical methods. According to this embodiment, the size of
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the natural protein containing fibres is controlled, and the smaller, cut fibres fit more easily

into the mould.

The method may further comprise the step of suspending the natural protein containing
fibres into solution, after cutting the fibres and before packing the fibres into the mould. The
fibres solution may further be dried, e.g. by means of air drying or freeze drying, before

performing the pyrolysis step.

The method may further comprise the steps of:

— obtaining the porosity of the three-dimensional porous, electrically conducting carbon

structure, and

— adjusting a predetermined packing density to be applied for the step of packing
natural protein containing fibres in a mould during fabrication of an additional three-
dimensional carbon structure, based on the obtained porosity.

According to this embodiment, the actual porosity of the resulting three-dimensional porous,
electrically conducting carbon structure is obtained and used as a feedback to the process, in
the sense that it is investigated whether or not the predetermined packing density of the
packed natural protein containing fibre structure results in a desired porosity of the three-
dimensional porous, electrically conducting carbon structure. If this turns out not to be the
case, the predetermined packing density is adjusted in accordance with the actual, obtained
porosity of the three-dimensional porous, electrically conducting carbon structure. Thereby
the porosity of the next three-dimensional porous, electrically conducting carbon structure
being fabricated by means of the method will have a porosity which is closer to the desired
porosity. Thus, according to this embodiment of the invention, it is possible to improve and
optimize the fabrication process.

The step of obtaining the porosity of the three-dimensional porous, electrically conducting
carbon structure may comprise measuring the weight of the three-dimensional porous,
electrically conducting carbon structure, e.g. in the manner described above, or by measuring
an impedance of the three-dimensional porous, electrically conducting carbon structure and
deriving the porosity from the measured impedance. The impedance of the three-dimensional
porous, electrically conducting carbon structure may, e.g., be measured by using the three-
dimensional porous, electrically conducting carbon structure as an electrode together with
another electrode, both immersed in an electrolyte solution.
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As an alternative, the porosity of the three-dimensional porous, electrically conducting carbon
structure could be measured directly, e.g., by BET (Brunauer, Emmett and Teller) analysis,
i.e. by physical adsorption of a gas on the surface of the solid and by calculating the amount
of adsorbate gas corresponding to a monomolecular layer on the surface. The determination
is usually carried out at the temperature of liquid nitrogen. The amount of gas adsorbed can

be measured by a volumetric or continuous flow procedure.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described in further detail with reference to the accompanying

drawings in which

Figs. 1-4 illustrate a method according to a first embodiment of the invention, and

Figs. 5-7 illustrate a method according to a second embodiment of the invention.

DETAILED DESCRIPTION OF THE DRAWINGS

Figs. 1-4 illustrate a method according to a first embodiment of the invention. Fig. 1 is a

perspective view of a mould 1 defining a volume 2 having a substantially cylindrical shape.

In Fig. 2 natural protein containing fibres, e.g. in the form of silk fibres, have been packed
into the volume 2 of the mould 1. The fibres form a packed natural protein containing fibre
structure 3. The fibres have been packed in such a manner that the packed natural protein
containing fibre structure 3 has a predetermined and desired packing density. This may, e.g.,
be obtained by providing a weighed amount of fibres which will result in the desired packing
density when the weighed amount of fibres exactly fills the volume 2 defined by the mould 1,

and then packing these fibres into the volume 2 defined by the mould 1.

In Fig. 3 the packed natural protein containing fibre structure 3 has been removed from the
mould 1. It can be seen that the packed natural protein containing fibre structure 3 maintains
the size and shape defined by the mould 1, i.e. the structure 3 is cylindrical. Accordingly, the
packing density of the packed natural protein containing fibre structure 3 is also maintained,

even though the structure 3 is removed from the mould 1.

In Fig. 4 pyrolysis has been performed on the packed natural protein containing fibre
structure 3, and thereby a three-dimensional porous and electrically conducting carbon

structure 4 has been obtained. The carbon structure 4 has the same shape as the packed
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natural protein containing fibre structure 3, i.e. the shape of the carbon structure 4 is
determined by the shape of the volume 2 defined by the mould 1. Furthermore, the size of
the carbon structure 4 may be the same as the size of the packed natural protein containing
fibre structure 3. However, the pyrolysis may cause the structure to shrink by up to 50%,
depending the material of the fibres. In this case the carbon structure 4 will have a size
which is smaller than the size of the packed natural protein containing fibre structure 3, by
up to 50%. Furthermore, the porosity of the carbon structure 4 is defined by the packing

density of the packed natural protein containing fibre structure 3.

Accordingly, performing the method illustrated in Figs. 1-4 results in a porous and electrically
conducting carbon structure 4 with a porosity which can be adjusted by adjusting the packing
density of the packed fibres. Furthermore, the carbon structure 4 can be given any desired
size or shape, simply by providing a suitable mould 1 which defines a volume 2 having the
desired shape, and a size providing the desired size, possibly after an expected shrinking of
the structure. Thus, an electrically conducting carbon structure 4 with a desired size, shape
and porosity can be provided in a simple and cost effective manner. Such a carbon structure
4 is well suited for use as a carbon scaffold for tissue engineering, or for material for
batteries, fuel cells, supercapacitors, sorbents for separation processes, gas storage, or

supports for many important catalysts.

It should be noted that, even though the mould 1 used when performing the method
illustrated in Figs. 1-4 has a simple cylindrical shape, the method described above could be

performed using a mould 1 defining a volume 2 having any desired size or shape.

Figs. 5-7 illustrate a method according to a second embodiment of the invention. Fig. 5
shows a mould 1 having eight through-going rods 5 arranged therein. The mould 1 further

defines a substantially box-shaped volume 2, which is traversed by the through-going rods 5.

In Fig. 6 natural protein containing fibres have been packed in the mould, thereby obtaining
a packed natural protein containing fibre structure 3, essentially in the manner described
above with reference to Figs. 1-4. Since the through-going rods 5 are arranged inside and
extend through the volume 2 defined by the mould 1, the fibres are packed around the
through-going rods 5. As a consequence, the through-going rods 5 are embedded in the
resulting packed natural protein containing fibre structure 3.

Furthermore, in Fig. 6, the packed natural protein containing fibre structure 3 and the
through-going rods 5 have been removed from the mould 1.
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In Fig. 7 the through-going rods 5 have been removed from the packed natural protein
containing fibre structure 3, thereby leaving eight through-going channels 6 in the packed
natural protein containing fibre structure 3. This may, e.g., be obtained by removing the
through-going rods 6 in a mechanical manner, or by dissolving the through-going rods 5.

Furthermore, in Fig. 7, pyrolysis has been performed on the packed natural protein
containing fibre structure 3, and thereby a three-dimensional porous and electrically
conducting carbon structure 4 has been obtained. As described above with reference to Figs.
1-4, the carbon structure 4 has a size and shape which is determined by the size and shape
of the volume 2 defined by the mould 1, including the sizes, shapes and positions of the
through-going rods 5, and a porosity which is defined by the packing density of the packed
natural protein fibres.
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CLAIMS

1. A method for fabricating a three-dimensional carbon structure, the method comprising the

steps of:

— providing a mould defining a three-dimensional shape,

— packing natural protein containing fibres in the mould at a predetermined packing
density, thereby obtaining a packed natural protein containing fibre structure,

— performing pyrolysis on the packed natural protein containing fibre structure, thereby
obtaining a three-dimensional porous and electrically conducting carbon structure
having a three-dimensional shape defined by the three-dimensional shape of the
mould and a porosity defined by the packing density of the packed natural protein

containing fibre structure.

2. A method according to claim 1, wherein the natural protein containing fibres are silk fibres,
and wherein the method further comprises the step of extracting the silk fibres from raw silk

cocoons.

3. A method according to claim 1 or 2, further comprising the step of removing the packed
natural protein containing fibre structure from the mould prior to the step of performing

pyrolysis on the packed natural protein containing fibre structure.

4. A method according to any of the preceding claims, wherein the step of packing natural
protein containing fibres further comprises packing the natural protein containing fibres in the
mould in a predetermined pattern, and wherein the porosity of the three-dimensional porous,
electrically conducting carbon structure is further defined by the pattern of the packed

natural protein containing fibre structure.

5. A method according to any of the preceding claims, further comprising the step of using
the three-dimensional porous, electrically conducting carbon structure as a scaffold for tissue

engineering.

6. A method according to claim 5, further comprising the step of using the three-dimensional
porous, electrically conducting carbon structure as an actuator and/or as a sensor for tissue

engineering applications and microbial electrosynthesis or bioremediation.
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7. A method according to any of the preceding claims, wherein the step of performing
pyrolysis on the packed natural protein containing fibre structure comprises positioning the
packed natural carbon containing fibres in a furnace and reducing an oxygen level inside the

furnace.

8. A method according to any of the preceding claims, wherein the step of packing natural

protein containing fibres comprises the steps of:

- determining a desired weight of natural protein containing fibres to be contained in

the resulting packed natural protein containing fibre structure,

— providing an amount of natural protein containing fibres corresponding to said desired
weight, and

- packing the provided amount of natural protein containing fibres into the mould in
such a manner that a volume defined by the mould is filled.

9. A method according to claim 8, wherein the step of packing the natural protein containing
fibres further comprises the step of wetting the natural protein containing fibres prior to
packing the natural protein containing fibres into the mould.

10. A method according to any of the preceding claims, further comprising the step of cutting

the natural protein containing fibres before packing the fibres into the mould.

11. A method according to claim 10, further comprising the step of suspending the natural
protein containing fibres into solution, after cutting the fibres and before packing the fibres

into the mould.

12. A method according to any of the preceding claims, further comprising the steps of:

— obtaining the porosity of the three-dimensional porous, electrically conducting carbon

structure, and

— adjusting a predetermined packing density to be applied for the step of packing
natural protein containing fibres in a mould during fabrication of an additional three-
dimensional carbon structure, based on the obtained porosity.
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13. A method according to claim 12, wherein the step of obtaining the porosity of the three-
dimensional porous, electrically conducting carbon structure comprises measuring an
impedance of the three-dimensional porous, electrically conducting carbon structure and

deriving the porosity from the measured impedance.
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