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(57) Abstract: A method for the manufacture of a carbon nanomembrane is disclosed. The method comprises preparing a metallised
polymer substrate and applying on the metallised polymer substrate a monolayer prepared from an aromatic molecule. The aromatic
molecule is cross-linked to form a carbon nanomembrane. The carbon nanomembrane is coated by a protective layer and sub -
sequently the carbon nanomembrane and the protective layer are released from the metallised polymer substrate. Finally, the carbon
nanomembrane and the protective layer are optionally placed on a support. The protective layer can be optionally removed. The car -
bon nanomembrane can be used for filtration.
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TITLE:
METHOD FOR MANUFACTURING OF A CARBON NANOMEMBRANE

Description

Field of the Invention

[0001] The invention relates to fabrication of carbon nanomembranes, which are usable for

gas separation and ultrafiltration.

Prior Art

[0002] Currently carbon nanomembranes (CNMs) are produced on the laboratory scale.
One method for the production of carbon nanomembranes is disclosed in US Patent No.
6,764,758. The production method involves the following steps: formation of a self-
assembled monolayer (SAM) on a solid homogeneous substrate, crosslinking of the indi-
vidual molecules in the self-assembled monolayer by irradiation to produce a carbon na-
nomembrane, and separation of the formed carbon nanomembrane from the original sub-
strate. Experiments have demonstrated that the several steps of the production method and
expensive substrate materials have to date hindered a large-scale production of carbon na-

nomembranes.

[0003] The substrates usually used for the initial formation of the self-assembled monolay-
er are (mostly atomically flat) special substrates, e.g. gold or silver layers on cleaved mica
samples, gold or silver layers on silicon wafers, silicon nitride layers on silicon wafers, or
flat copper foils. Common to these substrates are their stiffness (the substrates are not usa-
ble for a potential roll-to-roll production), their high price and their limited commercial

availability.

[0004] Zhang et al., Appl. Phys. Lett. 106, 063107 (2015) use, for example, 300 nm poly-
crystalline gold layer thermally evaporated on mica substrates (supplied by Georg Albert

PVD-Coatings, Germany). Such gold layers have large, atomically flat surface domains
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and are favourable for the formation of well-ordered self-assembled monolayers on their
surface. These types of substrates have therefore been favoured in the scientific community
for studying the self-assembled monolayers. Similarly, silicon-based substrates e.g. silicon
nitride membranes, such as those taught in Beyer et al. J. Vac. Sci. Technol. B 28, C6D5
(2010)]. are used. One other reason for the use of such gold layers or silicon layers is that
the chemistry of forming a self-assembled monolayer on the gold layer or the silicon layer

is well-known.

[0005] The substrates of the prior art also need pre-treatment, which could involve,
amongst other steps, cleaning from organic adsorbates using, for example, Piranha solution
(sulphuric acid and hydrogen peroxide — as for example described by Beyer [A. Beyer et
al. J. Vac. Sci. Technol. B 28, C6D5 (2010)), plasma treatment and/or UV/ozone treat-
ment. In the case of the silicon nitride substrate, it is necessary to carry out full oxidation
of the uppermost surface layers by using, for example, UV/ozone treatment. In the case of
a copper substrate, it is necessary to remove the surface oxide, as well as flattening and
recrystallization of the copper substrate by, for example, alternating sputter and annealing
cycles. In the case of gold layers, a controlled amount of oxidation of the surface needs to
be carried out by, for example, UV/ozone treatment (as described on p S15 in the Supple-
mentary Information to P. Angelova et al., ACS Nano 7, 6489 (2013). These steps in the

pre-treatment add to complexity and are not easily scalable for large-area production.

[0006] The surface chemistry for the formation of a self-assembled monolayer in a solu-
tion is usually very sensitive and requires special pre-treatment of the solvents, cleaning of
the reaction vessels and reaction under an inert atmosphere or in a vacuum. The pre-
treatment of the solvents involves degassing and drying to ensure lowest levels of dis-
solved gases, such as oxygen. The cleaning of the reaction vessels includes cleaning from
the adsorbates by Piranha solution. The reaction under inert atmosphere or vacuum is to
ensure lowest levels of oxygen. These steps are necessary to prevent oxidation of the sur-
face-active molecules and competing reactions between precursor molecules in the solution

or precursor molecules and surface contaminants.
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[0007] The prior art preparation method also requires separation of the carbon nanomem-

brane from the original (sacrificial) substrate and includes typically etching of the substrate

involving often, at least for mica and silicon-based substrates, concentrated hydrofluoric

acid, which is a highly corrosive and an acute contact poison. Such processes involving

hydrofluoric acids have to be handled with extreme care, using protective equipment,

hoods and safety precautions beyond those used for processes involving other mineral ac-

ids.

[0008] There is therefore a requirement to develop a method for improved production of

carbon nanomembranes.

[0009] It is known that large area carbon nanomembranes are usually not stable enough to
be handled alone because of their thinness. Therefore, the large area carbon nanomem-
branes in the art are often supported by an additional layer during their separation from the
substrate and the transfer to a new support structure (see also Zhang [X. Zhang, Appl.
Phys. Lett. 106, 063107 (2015)]). These (sacrificial) layers are typically removed after

transfer.

[0010] A universal scheme to convert aromatic molecular monolayers into functional car-
bon nanomembranes is known from the publication of the same name in ACS Nano, Vol.
7, No 8, 6489-6497 which describes carbon nanomembranes produced from self-assembled
monolayers of 1,1’-biphenyl-4-thiol (BPT) and other aromatic sulphur-containing mole-
cules on gold substrates. Similarly, other detailed descriptions can be found in A. Beyer et
al. J. Vac. Sci. Technol. B 28, C6D5 (2010) or X. Zhang, Appl. Phys. Lett. 106, 063107
(2015).

Summary of the Invention

[0011] The method described enables the fabrication of carbon nanomembranes on a large

scale. The carbon nanomembranes are usable for gas separation or ultrafiltration.

[0012] The method for the manufacture of a carbon nanomembrane disclosed in this doc-

ument comprises preparing a metallised polymer substrate and applying on the metallised
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polymer substrate a monolayer prepared from an aromatic molecule. The aromatic mole-

cule is subsequently cross-linked to form a carbon nanomembrane and then

protected by a protective layer. Finally, the metallised polymer substrate is removed.

[0013] The inventors have found that the metallised polymer substrate used enables the

formation of the monolayer from the aromatic molecule.

[0014] In one aspect, the metal of the metallised polymer layer is aluminium, which is sub-
stantially cheaper than the previously used gold layers and does not need a substantial de-
gree of pre-treatment. Previously the person skilled in the art would not have considered
the use of aluminium since the body of opinion would have been to use gold layers as their

chemistry is well-known.

[0015] The polymer layer is a PET substrate, as this is a common substrate. However, oth-

er types of polymer layers could be used.

[0016] In one aspect of the invention, the carbon nanomembranes are preferably small

enough to suppress the permeation of all gases.

Description of the Drawings

[0017] Fig. 1 shows the method for fabrication according to this disclosure

[0018] Fig. 2 shows the precursor molecule

[0019] Fig. 3A and Fig. 3B shows the gas separation characteristics of a carbon nanomem-
brane according to this disclosure (Fig. 3A) and in the prior art (Fig. 3B).

[0020] Figs. 4A to 4C show a diagram of the carbon nanomembranes during the manufac-

turing steps

Detailed Description of the Invention

[0021] The invention will now be described on the basis of the drawings. It will be under-

stood that the embodiments and aspects of the invention described herein are only exam-
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ples and do not limit the protective scope of the claims in any way. The invention is de-

fined by the claims and their equivalents. It will be understood that features of one aspect

or embodiment of the invention can be combined with a feature of a different aspect or

aspects and/or embodiments of the invention.

[0022] The method for fabrication of the carbon nanomembranes comprises three steps, as

shown in Fig. 1.

[0023] In a first step 100, a self-assembled monolayer from low molecular aromatic pre-
cursor molecules with at least one surface active group is prepared on a substrate of an
aluminized polymer foil. The aluminized polymer foil is substantially flat and does not
require substantial pre-treatment, unlike the gold layers and the silicon layers known in the

art,

[0024] The term “low-molecular molecules” means such compounds that are not in an
oligomer or polymer form. The term “aromatics” includes the term “heteroaromatics” in
this disclosure, i.e. the term “aromatics” means aromatic compounds that contain no het-
eroatoms or one or more heteroatoms in at least one aromatic ring. Preferably, the aromatic
[precursor molecule] s [are] selected from the group consisting of phenyl, biphenyl, ter-
phenyl, quaterphenyl, naphthalene, anthracene, pyrene, bipyridine, terpyridine, thiophene,
bithienyl, terthienyl, pyrrole, and combinations thereof. The aluminized polymer foil could

be, but is not limited to, an aluminized polyethylene terephthalate (PET) film.

[0025] This preparation is done by wet chemistry (from a solution) or by organic vapour
phase deposition of the precursor molecules onto the substrate. The surface-active group
can be e.g. phosphonic acids, alcoxysilanes, alcohols or carboxylic acids. The aluminized
polymer foil can be substituted by an aluminium foil if the aluminium foil has the neces-

sary low roughness for a homogeneous formation of a self-assembled monolayer.

[0026] It would also be possible to use other metallised polymer foils. For example, it
would be possible to use gold or silver instead of aluminium. It would be also possible to
use films made of other polymers, such as polyethylene, polyester, polypropylene, poly-

carbonate, nylon, polyimide, polyaramide (aromatic amides), silane- and siloxane-based



10

15

20

25

30

WO 2017/072272 PCT/EP2016/076016
-6-

polymers like polydimethylsiloxane (PDMS), poly (vinyl trimethyl silane) etc., poly (phe-

nylene oxide), polystyrene, poly (4-methyl pentene-1), polysulfone and others.... Alumini-

um has the advantage that it is comparatively inexpensive. The PET is used as the polymer

substrate because one can create a polymer substrate with a surface having a small degree

of roughness.

[0027] The molecules in the self-assembled monolayer are cross-linked in step 110 by ir-
radiation with low energy electrons (10-1000 eV) or by other irradiation to form a carbon

nanomembrane.

[0028] The carbon nanomembrane is then released from the aluminized polymer film by
means of a protective layer. The CNM/ metallised polymer structure formed in step 110 is
first coated with a protective layer, e.g. a layer of polymethylmethacrylate (PMMA) or
other polymer in step 120 to form a sandwich structure. The coating can be performed by
e.g. spin coating, drop casting, electrospinning Then the edges of the protective lay-
er/CNM/ metallised polymer sandwich structure are cut in step 130 and the sandwich
structure is let to float or is immersed in step 140 into an aqueous sodium hydroxide solu-
tion (preferably 5 % concentration) at preferably 50°C or 60°C temperature. This basic
solution of sodium hydroxide etches simultaneously the aluminium film and the PET film,

which allows the separation of the protective layer/CNM structure from the substrate.

[0029] After the aluminium film is completely etched away, the protective layer/CNM
structure floats on the liquid/air interface of the solution and can be optionally transferred
to a solid or perforated support in step 150 to create a stack. The support can be of any

kind, e.g. a porous polymer, a metallic grid, etc.

[0030] In a last step 160, the protective layer can be optionally removed. For example, a

PMMA-based protective layer could be dissolved by immersion of the stack in acetone.

[0031] It is also known that CuCl, and KOH can be used as an etchant for the aluminium
layer. However, the etching rate is much slower. In the case of CuCl, the protective lay-

er/CNM structure does not lift easily off the metallised polymer when the polymer is a
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PET foil. In this case, an additional slight dipping in 1-5% NaOH solution is necessary to

promote the separation of the polymer PET layer from the protective layer/CNM.

[0032] Should other metals (Au, Ag, Cu) be used, then a different etchant needs to be
used. It is thought, for example, that a gold layer could be removed using aqua regia or an

iodine solution.

[0033] The substrate used in step 100 is flexible and cheap. The role of the substrate is to

reduce the material costs and allow upscaling of the production process.

[0034] The surface-active group of the aromatic precursor molecules described in this
method is a phosphonic acid, which is known to be very stable in air and in water. There-
fore, it does not require special equipment, work under inert atmosphere and preliminary
drying and degassing of the organic solvent. These phosphorus-based organic compounds
have strong chemical affinity towards aluminium, which rules out the necessity of harsh

cleaning of the vessels, used for preparation of the self-assembled monolayer.

[0035] The solution for the preparation of the self-assembled monolayer can be handled in
air. The formation of the self-assembled monolayer happens in shorter time (e.g. less than
6 hours for a biphenyl-based self-assembled monolayer on the aluminized polymer sub-
strate, in comparison to three days for a biphenyl-based self-assembled monolayer on a
gold substrate according to the procedure used to date). The formed self-assembled mono-

layer from step 100 is more stable in ambient environment.

[0036] It has been found that unlike prior art methods the solution does not substantially

degrade and can be used multiple times.

[0037] The process of releasing the carbon nanomembrane from the substrate does not

involve hydrofluoric acid.

[0038] Figs. 4A to 4C show the various manufacturing methods. In Fig. 4A a metallised

polymer has a self-assembled monolayer placed on top of the metallised polymer film (step
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100). The self-assembled monolayer is then irradiated with electrons to form the

CNM/metallised polymer structure (step 110).

[0039] Fig. 4B shows the subsequent step in which the CNM/metallised polymer structure
is coated with a polymer film as the protective layer (step 120) which is then etched to

form a protective layer/CNM structure.

[0040] In Fig. 4C the protective layer/CNM structure can be left alone (top path), have a
support layer attached (step 150, middle path) and /or then the protective layer removed
(step 160, lower path).

[0041] The carbon nanomembranes can be used as ballistic membranes (separation accord-
ing to the kinetic diameter of the particles) for gas separation and ultrafiltration. It is possi-
ble to control properties like the density and size distribution of intrinsic pores (pores
formed during the fabrication without additional efforts like treatment of the substrate or
formed membranes by e.g. ion bombardment or etching) by the selection of the precursor
molecules and process parameters for the formation of the self-assembled monolayer by

analogy with the methods described in ACS Nano, Vol. 7, No 8, 6489-6497.
Example

[0042] Preparation of a self-assembled monolayer of the precursor [3-([4’-Nitro-1,1’-
biphenyl]-4-yloxy)-propyl]-phosphonic acid (as shown in Fig. 2) onto an aluminized poly-
ethylene terephthalate film as the substrate with a minimum thickness of the PET film of
75 microns and a thickness of the Al-layer of 14 nm. Preparation was done by immersion

of the substrate into a solution of the precursor molecule in technical ethanol.

[0043] Crosslinking of the molecules in the self-assembled monolayer by irradiation with

low energy electrons (100 eV) with an electron dose of 50 mC/cm®,

[0044] Transfer of thus prepared carbon nanomembrane from the aluminized PET foil to a
perforated polymer support. The CNM/AI/PET structure is first protected by a protective
layer of polymethylmethacrylate (PMMA) attached to the surface by consecutively spin
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coating of 50 K and 950 K PMMA solutions. Then the edges of the PMMA/CNM/Al/PET
sandwich structure were cut and the sandwich structure was immersed into or let to float
on an aqueous 5%-NaOH solution at 60°C temperature. This basic solution etches simulta-
neously the aluminium film and the PET film, which allows the separation of the
PMMA/CNM structure from the substrate. After the aluminium is completely etched away,
the PMMA/CNM structure floats on the liquid/air interface and can be transferred to the
porous polymer support. In a last step, the sacrificial PMMA-layer is dissolved by immer-

sion of the stack in acetone.

[0045] The so prepared composite membrane (Figure 3A) is very dense with a permeance
of hydrogen lower compared to a traditionally prepared carbon nanomembrane (Figure
3B). Fig. 3B is taken from M. Ai, S. Shishatskiy, J. Wind, X. Zhang, C. T. Nottbohm, N.
Mellech, A. Winter, H. Vieker, J. Qiu, K.-J. Dietz, A. Golzhduser, A. Beyer, Carbon Na-
nomembranes (CNMs) Supported by Polymer: Mechanics and Gas Permeation, Advanced.
Materials 26, 3421 (2014). The cut-off kinetic diameter (gases with a smaller kinetic diam-
eter can pass with high permeance, gases with larger kinetic diameter are hindered) is at
around 2.8 A also the lowest observed so far. This carbon nanomembrane is a starting
point for tuning the gas separation characteristic for specific tasks by changing the struc-
ture of the precursor molecules to more complex shapes resulting in different packing den-

sities of the self-assembled monolayers and different diameters of the intrinsic pores.
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Claims

A method for the manufacture of a carbon nanomembrane comprising:

preparing a metallised polymer substrate;

applying on the metallised polymer substrate a monolayer prepared from an aro-
matic molecule;

cross-linking the aromatic molecule to form a carbon nanomembrane;
protecting the carbon nanomembrane by a protective layer; and
removing the metallised polymer substrate.

The method of claims 1, further comprising placing of the carbon nanomembrane
with the protective layer on a support layer.

The method of claim 2, further comprising removal of the protective layer.

The method of claim 1, 2 or 3, wherein the cross-linking is carried out by irradia-
tion.

The method of any of the above claims, wherein the metallised polymer substrate is
an aluminised polymer substrate.

The method of anyone of the above claims, wherein the metallised polymer sub-
strate is a metallised PET substrate.

The method of any one of the above claims, wherein the protective layer is made of
PMMA.

The method of any one of the above claims wherein the protective layer is removed

in acetone.

The method of any one of claims 1 to 6, wherein the protective layer is created by
electrospinning a porous polymer.

A membrane for gas separation or ultrafiltration comprising a carbon nanomem-
brane made by any one of the above claims.
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