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DESCRIPTION

Technical field

[0001] The present invention relates generally to catalyst-coated membranes having a
laminate structure, and in particular for their use in water electrolysers.

Background art

[0002] Electrolysis of water, to produce high purity hydrogen and oxygen can be carried out in
both alkaline and acidic electrolyte systems and practical devices using both types of
electrolyte systems exist as commercial products. Those electrolysers that are acid electrolyte-
based typically employ a solid proton-conducting polymer electrolyte membrane (PEM) and are
known as polymer electrolyte membrane water electrolysers (PEMWEs). A catalyst-coated
membrane (CCM) is employed within the cell of a PEMWE, which comprises the PEM with two
catalyst layers (for the anode and cathode reactions) applied on either face of the PEM. To
complete the electrolysis cell, current collectors, which are typically metal meshes, are
positioned either side of the CCM.

[0003] Although for efficient operation and maximum performance of a PEMWE, it is important
to keep the electronic and ionic resistance across the CCM as low as possible, it is even more
important to minimise any hydrogen crossover through the membrane into the oxygen stream.
Traditionally, the means to minimise this ionic and electrical resistance and improve
performance of the PEMWE is to reduce the thickness of the PEM as far as possible, but since
hydrogen crossover is exacerbated by the use of a thin membrane in PEMWEs it is quite
typical to employ costly membranes with thicknesses of over 100um, and typically close to
200um. In an electrolyser, the cathode is also known as the hydrogen electrode and is the
electrode at which hydrogen is generated; the anode is also known as the oxygen electrode
and is the electrode at which oxygen is generated. The result of any excessive crossover of
hydrogen is a combination of molecular H, and molecular O, at the anode side, which is a

potentially explosive mixture presenting a significant safety hazard, due to the wide explosive
range of 5 - 95% Hy in O,.

[0004] Thus although improved performance would be obtained by the use of a thinner PEM in
PEMWES, in practice this has not been possible because of the increased hydrogen crossover
and the resultant safety risk. Traditionally, PEM thickness in PEMWEs are greater than 100 um
(for example Nafion™ N115 (thickness 127 ym) or Nafion™ N117 (thickness 183 ym) are
used)) to reduce the level of hydrogen crossover but the concomitant increase in ionic
resistance severely limits PEMWE performance.

[0005] It can be seen that there is a need for a high performance PEM which simultaneously
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limits hydrogen crossover to reduce the safety risk in these applications. By "high performance"
is meant that the PEMWE can operate at as high a current density as possible, with as high an
electrical efficiency (i.e. low cell voltage) as possible.

[0006] The present invention addresses this problem and in doing so provides a CCM which is
useful in PEM water electrolyser applications.

Disclosure of the invention

[0007] A first aspect of the invention is a catalyst-coated membrane (CCM) for a water
electrolyser, having a laminate structure comprising:

a first layer comprising a first membrane component, the first membrane component having a
cathode catalyst layer disposed on a first face thereof;

a second layer comprising a second membrane component, the second membrane
component having an anode catalyst layer disposed on a first face thereof; and

an intermediate layer disposed between the first and second layers, comprising a third
membrane component, the third membrane component having a recombination catalyst layer
disposed on a first face thereof;

wherein the second faces of the first and second membrane componets face the intermediate
layer.

[0008] Such a CCM offers improved performance in a water electrolyser (due to low ionic
resistance across the CCM) as well as reduced safety hazard due to reduced hydrogen
crossover. Additionally, the CCM is of high quality (i.e. it can be produced with high
reproducibility and consistency, and with minimal defects) and may be manufactured more
efficiently. The reasons for this are as follows.

[0009] The use of a layer comprising a catalyst (a recombination catalyst) having the ability to
catalytically react any excess hydrogen crossing over from the anode with oxygen from the
cathode in a controlled manner to form water within a PEM fuel cell is known, for example,
from EP 1 833 112 A2, US2002/058172 A1 and US 5 472 799 A. The purpose of such layers in
fuel cells is to help hydrate the membrane in order to maintain proton conductivity. This is
necessary in fuel cells operating under some conditions because the input reactants are
gaseous hydrogen and oxygen, and the amount of liquid water present is minimal.

[0010] In a PEMWE such techniques to keep the membrane hydrated are prima facie
unnecessary because the input reactant is liquid water, which flows on each side of an
electrolyser cell ensuring good hydration of the PEM at all times. So, there would appear to be
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no need to incorporate an additional hydrating catalyst layer within the PEM of a water
electrolyser.

[0011] Despite this, it has been found that the presence of a recombination catalyst layer
within the PEM of a PEMWE leads to a significant reduction in hydrogen crossover through to
the anode electrode side of the CCM. Therefore, use of the CCM of the present invention in a
PEMWE provides lower resistance, higher performance and a reduced risk of an explosive
mixture being formed on the anode side of the cell.

[0012] WO2015/074637 A1 also addresses the problem of hydrogen crossover in an
electrolysis cell. Hydrogen crossover is reduced by including at least one further electrode
within the electrolyte between the anode and cathode, with the additional electrode connected
to either the anode or cathode by means of a further DC voltage source. US 2014/0116877 A1
discloses a membrane-electrode assembly (MEA) for an electrolysis device for producing
hydrogen by electrolysis of water. The MEA comprises first, second and third proton-exchange
layers, the cathode being fixed to the first proton-exchange layer and the anode being fixed to
the third proton-exchange layer, a first catalyst disposed between the first and second proton-
exchange layers, a second catalyst disposed between the second and third proton-exchange
layers.

[0013] CCMs for use in fuel cells which incorporate a layer of recombination catalyst within the
membrane (such as those described in US 2002/0058172 A1) are typically produced by
coating a recombination catalyst layer onto one face of a membrane component, and
laminating with a second membrane component, such that the recombination catalyst layer is
sandwiched between the two membrane components. Anode and cathode catalyst layers are
then typically applied to each of the opposing faces of the resulting membrane to form the
CCM.

[0014] Such CCMs are problematic to produce and are typically of low quality. To produce
such CCMs, a first thin membrane component supported on a backing layer is coated on its
exposed face with a recombination catalyst. This first membrane component is then laminated
with a second membrane component also supported on a backing layer to provide a laminated
membrane (the two membrane components being arranged so the recombination catalyst is
sandwiched between the two membrane components). One of the backing layers is removed
and a catalyst layer (either anode or cathode) is applied to the exposed face of the laminated
membrane. The second backing layer is then removed and a second catalyst layer (either
cathode or anode) is applied to the second face of the laminated membrane. This is not trivial
and leads to quality control issues, because when a coated thin membrane is removed from
the supporting carrier film to coat the other face, inevitable distortion of the membrane makes
further coating on the opposite face very difficult. The result is that for any further coating
added to the membrane the loading of platinum group metal catalyst on the membrane is
difficult to control. The coating must be performed slowly which reduces the efficiency of
production.
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[0015] Furthermore, the coating is often achieved by a thermal transfer step of a catalyst layer,
formed on a carrier film, to the membrane, which causes distortion of thin membranes.

[0016] By contrast, the CCM according to the invention may be produced by the direct coating
of a catalyst layer onto a single face of each of the first, second and third membrane
components, followed by lamination of the three catalysed membrane components without any
further coating steps to provide the CCM of the invention. As a result, quality control issues
arising from applying a second catalyst coating onto the opposite face of a given membrane
component do not arise and a very high quality CCM can be produced.

[0017] Since each membrane component is coated on only one face and membrane distortion
is minimised, very thin membrane components may be used, thereby reducing the ionic
resistance across the final CCM and improving performance. At the same time, the presence
of the recombination catalyst layer reduces the hydrogen crossover which would otherwise be
present for a thin CCM and explosion risk during use is minimised.

[0018] So, it can be seen that the CCM of the invention is of high quality, can be efficiently
produced and has improved properties, including reduced ionic resistance, more efficient
operation of the electrolyser, and reduced risk of hydrogen crossover.

[0019] A second aspect of the invention is the use of the catalyst-coated membrane according
to the first aspect as a CCM within a water electrolyser.

[0020] Such use of the CCM according to the first aspect provides a water electrolyser of
improved performance and improved safety.

[0021] A third aspect of the invention is a method of making the catalyst-coated membrane of
the first aspect comprising:

providing a first membrane component, said first membrane component having a cathode
catalyst layer disposed on a first face of the first membrane component;

providing a second membrane component, said second membrane component having an
anode catalyst layer disposed on a first face of the second membrane component;

providing a third membrane component, said third membrane component having a
recombination catalyst layer disposed on a first face third membrane component; and

laminating the first, second and third membrane components together to form a catalyst-
coated membrane having a laminate structure, such that the third membrane component is
disposed between the first and second membrane components within the laminate structure;
and

wherein the second faces of the first and second membrane components of the laminate
structure face the intermediate layer.
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[0022] In this way, a CCM as described above under the first aspect may be produced. In
particular, the provision of three independently coated membrane components which are
subsequently laminated together in the method of the third aspect allows the catalyst loading to
be more closely controlled, allows for the use of thinner membrane components and improves
the efficiency of the production process. The recombination catalyst on the third membrane
component reduces hydrogen crossover across the CCM.

[0023] A fourth aspect of the invention is a catalyst-coated membrane, obtained by a method
according to the third aspect. Due to the provision of three membrane components each
independently carrying catalysts such a CCM is of higher quality, for the reasons explained
above. A fourth aspect of the invention is a catalyst-coated membrane, obtainable by a method
according to the third aspect.

[0024] A fifth aspect of the invention is a water electrolyser comprising the catalyst-coated
membrane according to the first aspect.

[0025] A sixth aspect of the invention is a method of generating hydrogen gas comprising the
steps of electrolysing water using a water electrolyser according to the fifth aspect, and
generating hydrogen gas.

[0026] Any sub-titles herein are included for convenience only, and are not to be construed as
limiting the disclosure in any way.

Further options and preferences

Catalyst-coated membrane

[0027] The CCM of the invention has a laminate structure, i.e. it is built up from an assembly of
multiple individual layers, namely the first layer, the second layer and the intermediate layer.
Each of these layers comprises a membrane component each having a catalyst layer disposed
on a first face thereof. In some embodiments, each of the three membrane components has
the catalyst layer disposed on a first face but does not have any catalyst layer or other additive
disposed on the second (i.e., the other) face.

[0028] In some embodiments, the first and second layers are each adjacent the intermediate
layer, positioned on each of the opposing faces of the intermediate layer. By "adjacent the
intermediate layer” is meant that the first and second layers are in contact with the
intermediate layer within the laminate structure, with no other layers being present between the
intermediate layer and the first and second layers, respectively.
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[0029] In some embodiments, the CCM consists of the first layer, the second layer and the
intermediate layer. Thus, in some embodiments, the CCM has a three-layer structure in which
the outer layers are the first and second layers and the inner layer is the intermediate layer,
with no further layers being present.

[0030] Nevertheless, it is envisaged that additional layers may be present within the CCM
laminate structure, provided that the properties of the CCM are not jeopardised by the
presence of such layers.

[0031] The second faces of the first and second membrane components face the intermediate
layer. In other words, the first and second membrane components are oriented such that the
catalyst layers disposed on their first faces are not in contact with the intermediate layer (i.e.
the second faces of each of the first and second membrane components are in contact with
the intermediate layer).

[0032] In some embodiments, the CCM has a three-layer structure in which the outer layers
are the first and second layers and the inner layer is the intermediate layer, the second face of
the first layer and the second face of the second layer each facing inwards, towards the
intermediate layer.

[0033] In this manner, a CCM is provided which is ready to be incorporated into an electrolyser
by the addition of current collector layers to either side.

[0034] In some embodiments, the distance between the recombination catalyst layer of the
intermediate layer and the cathode catalyst layer of the first layer within the overall CCM of the
invention is larger than the distance between the recombination catalyst layer of the
intermediate layer and the anode catalyst layer of the second layer. Herein, "distance” refers to
the distance as measured across the CCM thickness from the centre of one catalyst layer to
the centre of an adjacent catalyst layer.

[0035] In this way, in use, the recombination catalyst layer of the intermediate layer within the
CCM lies closer to the anode catalyst layer than the cathode catalyst layer. This is beneficial
because hydrogen has a higher rate of diffusion through the PEM than oxygen, so that the
relative amounts of hydrogen and oxygen necessary for efficient recombination will be present
at a plane within the CCM closer to the anode catalyst layer than the cathode catalyst layer.
So, the recombination of H, and O, is more efficient when the location of the recombination

catalyst is properly selected to be at or near this plane.

[0036] In some embodiments, the distance between the recombination catalyst layer and the
cathode catalyst layer within the CCM is at least 1.5 times larger than the distance between the
recombination catalyst layer and the anode catalyst layer, for example at least 1.6 times, at
least 1.7 times, at least 1.8 times, or at least 1.9 times. In some embodiments the distance
between the recombination catalyst layer and the cathode catalyst layer within the CCM is 2.0
times the distance between the recombination catalyst layer and the anode catalyst layer.
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[0037] When three membrane components of equal thickness are used in the preparation of
the laminate, this positioning of the recombination catalyst layer may be achieved by setting
the orientation of the intermediate layer within the CCM.

[0038] Additionally, or alternatively, this positioning of the recombination catalyst layer of the
intermediate layer can be achieved by adjusting the relative thicknesses of the three
membrane components.

[0039] In some embodiments, a second face of the third membrane component is adjacent a
second face of the first membrane component, such that the recombination catalyst layer is
disposed adjacent the second layer.

[0040] In other words, the intermediate layer may be oriented such that the recombination
catalyst layer within the laminate structure is closer to the second membrane component
carrying the anode catalyst layer than the first membrane component carrying the cathode
catalyst layer.

[0041] In this way, the recombination catalyst layer may be placed at a position closer to the
anode catalyst layer by adjusting the orientation of the third membrane component, for the
reasons discussed above.

[0042] In some embodiments, the total thickness of the catalyst-coated membrane of the
invention is < 120 pm (i.e. no more than 120 pym), for example < 100 pm, for example < 95 pm,
No <90 um, <85 um, <80 um, <75 um, < 70 ym, <65 ym or < 60 ym.

[0043] In this way very low resistance to the transport of ions across the CCM is achieved,
while hydrogen crossover is nonetheless prevented by the presence of the recombination
catalyst. In other words, a very safe, high performance CCM is provided.

[0044] In some embodiments, the total thickness of the catalyst-coated membrane is at least
20 pm, for example at least 25 ym, at least 30 ym, at least 35 um, at least 40 um or at least 50
pm. In this way, the CCM is not so thin as to risk hydrogen crossover levels increasing despite
the presence of the recombination catalyst layer.

[0045] In some embodiments, the total thickness of the catalyst-coated membrane is from 20
to 120, for example 25 to 100 ym, 30 to 90 pm, 35 to 85 ym, 40 to 80 pm, 45 to 75 uym. In
some embodiments, the total thickness of the catalyst-coated membrane is about 60 uym.

[0046] In some embodiments, the total thickness of the catalyst-coated membrane is in the
range 50 to 70 um, for example 55 to 65 ym.

[0047] In some embodiments, a catalyst-coated membrane is provided which is a laminate
consisting of the following layers, in order:
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. (a) a cathode catalyst layer comprising a cathode catalyst;

. (b) a first membrane component;

. (¢) a third membrane component;

. (d) a recombination catalyst layer comprising a recombination catalyst;
. (e) a second membrane component; and

. (/) an anode catalyst layer comprising an anode catalyst.

D O AW N -

First, second and third membrane components

[0048] In some embodiments, one or more of the first, second and third membrane
components comprise an ionomer. In some embodiments, each of the first, second and third
membrane components comprise an ionomer.

[0049] In some embodiments, one or more of the first, second and third membrane
components are solid polymer electrolyte membrane components comprising an ionomer. In
some embodiments, each of the first, second and third membrane components are solid
polymer electrolyte membrane components comprising an ionomer.

[0050] In some embodiments, the ionomer is a sulfonated fluoropolymer, such as a
perfluorinated sulphonic acid (PFSA) ionomer, or partially fluorinated polymer. Such polymers
perform well in an electrolyser. In some embodiments, the sulfonated fluoropolymer is a PFSA
selected from e.g. Nafion™ (Chemours Company), Aquivion® (Solvay Specialty Polymers),
Flemion™ (Asahi Glass Group) and Aciplex™ (Asahi Kasei Chemicals Corp).

[0051] In some embodiments, the ionomer is a sulphonated hydrocarbon ionomer, such as
those available from FuMA-Tech GmbH as the fumapem® P, E or K series of products, JSR
Corporation, Toyobo Corporation, and others.

[0052] In some embodiments, one or more of the first, second and third membrane
components comprise a mixture of ionomers, for example a mixture of a PFSA ionomer and a
sulphonated hydrocarbon ionomer or a mixture of two or more PFSA ionomers of differing
equivalent weight (EW).

[0053] In some embodiments, each of the first, second and third membrane components
comprise the same ionomer or mixture of ionomers.

[0054] In some embodiments, one or more of the first, second and third membrane
components comprises an ionomer composition different to the other membrane components.
For example, the first and third membrane components comprise a PFSA of different
equivalent weights (EW).
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[0055] In some embodiments, one or more of the first, second or third membrane components
comprises a reinforcing component embedded into the membrane component. In some
embodiments, each of the first, second and third membrane components comprises such a
reinforcing component.

[0056] The reinforcing component may comprise one or more planar reinforcing components
which provide structural support for the membrane component, thereby increasing the
mechanical strength, and allowing a thinner membrane component to be used.

[0057] The reinforcing component may comprise any suitable material which provides
structural support without interfering with the ion transport properties of the CCM. Suitable
planar reinforcing components include, but are not limited to, those formed from nanofibre
structures (for example formed by electrospinning or force spinning), those formed from
expanded polymer networks (e.g. expanded PTFE (e-PTFE)) and those formed by engineering
of a planar non-porous structure. Examples of materials suitable for use in forming the planar
reinforcing component are typically polymeric and include polytetrafluoroethylene (PTFE),
polyvinylidene difluoride (PVDF), polyetherether ketone (PEEK), polyimide (PI), polyetherimide,
polybenzimidazole (PBIl), polyethersulphone (PES), polyaramid and polypropylene (PP) or
mixtures or blends thereof.

[0058] In some embodiments, the reinforcing layer comprises e-PTFE. Usually, such a
reinforcing layer is introduced into the membrane component during manufacture, by first
casting a layer of ionomer onto a backing sheet from a liquid disperion, applying a reinforcing
component such as e-PTFE onto the wet ionomer layer, and casting a further layer of ionomer
to form the finished membrane component, thus forming a membrane component with an
integral e-PTFE reinforcement.

[0059] In some embodiments, one or more of the first, second and third membrane
components comprises a hydrogen peroxide removal additive, such as a hydrogen peroxide
decomposition catalyst, or a peroxy radical scavenger additive. In some embodiments, each of
the first, second and third membrane components comprises a hydrogen peroxide removal
additive or a peroxy radical scavenger additive.

[0060] Acommon problem during the operation of water electrolysers is that the hydrogen and
oxygen undergo an unwanted side-reaction to form hydrogen peroxide (H>O5), which in turn

decomposes to form peroxide radicals. These radicals are highly reactive and attack the
membrane components and other structures within the electrolyser, reducing the lifespan of
the device.

[0061] The incorporation of a hydrogen peroxide removal additive, or a peroxy radical
scavenger additive within one or more of the membrane components serves to eliminate these
peroxide radicals, for example by decomposing the hydrogen peroxide into benign products or
by scavenging radicals after their formation, thereby protecting the membrane components
from degradation and increasing the lifespan of the device.
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[0062] The peroxide removal additive may be one or more selected from the group consisting
of hydrogen peroxide decomposition catalysts, radical scavengers, free radical decomposition
catalyst, self-regenerating antioxidant, hydrogen donor (H-donor) primary antioxidant, free
radical scavenger secondary antioxidant, and oxygen absorbers (oxygen scavenger).
Examples of these different additives may be found in WO2009/040571 and W0O2009/109780.
In some embodiments, the additive is a hydrogen peroxide decomposition catalyst, such as
cerium dioxide (ceria).

[0063] In some embodiments, the hydrogen peroxide removal additive or peroxy radical
scavenger additive is dispersed through the bulk of one of more of the first, second and third
membrane components, for example as a colloid dispersion. The peroxide removal additive
may be uniformly distributed throughout the membrane component.

[0064] In some embodiments, one or more of the first, second and third membrane
components comprise other optional additives known to the skilled person. For example, one
or more of the first, second and third membrane components may comprise a graphene layer,
such as described in WO2014/009721. Graphene acts as a physical barrier to hydrogen
crossover, and its presence therefore reduces hydrogen crossover through the CCM even
further.

[0065] Such membrane components are commercially available or may be prepared by
methods well known to those skilled in the art. For example, the membrane components may
be prepared by sequentially casting one or more layers from an ionomer dispersion in a
solvent mix that may typically be a mixture of water and alcohols to form a membrane
component. Each layer is dried prior to any subsequent deposition to form additional layers. If
the membrane component is to be reinforced, a reinforcing component is applied to one or
more of the wet layers prior to drying and/or the polymer dispersion is applied to a reinforcing
component, thereby impregnating the pores of the reinforcing component; other methods of
providing a reinforced membrane component are known to those skilled in the art. The casting
of the ionomer dispersion is carried out by any suitable technique known to those in the art,
including gravure coating, slot die (slot, extrusion) coating (whereby the coating is squeezed
out under pressure via a slot onto the temporary carrier component), screen printing, rotary
screen printing, inkjet printing, spraying, painting, bar coating, pad coating, gap coating
techniques such as knife or doctor blade over roll (whereby the coating is applied to the
temporary carrier component then passes through a slit between the knife and a support
roller), and metering rod application such as with a Meyer bar to provide a wet layer.

[0066] In some embodiments, the first face of the first membrane component is coated with
the cathode catalyst layer and the second face of the first membrane component is uncoated.
In some embodiments, the first face of the second membrane component is coated with the
anode catalyst layer and the second face of the second membrane component is uncoated. In
some embodiments, the first face of the third membrane component is coated with the
recombination catalyst layer and the second face of the third membrane component is
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uncoated. The phrase "catalyst-coated membrane component" is used to collectively refer to
the membrane component and the catalyst layer coated on that membrane component.

[0067] In some embodiments, one or more of the first, second and third catalyst-coated
membrane components has a thickness of < 50 uym, for example <45 um, <40 ym, < 35 ym, <
30 ym, £ 25 ym or < 20 ym (provided the total combined thickness is < 120 ym. In some
embodiments, each of the first, second and third catalyst-coated membrane components have
a thickness of < 40 ym, for example < 35 pm, < 30 ym, < 25 pm or < 20 um.

[0068] In some embodiments, one or more of the first, second and third catalyst-coated
membrane components has a thickness of = 7 um for example = 10 ym, = 12 ym, = 14 ym or =
16 um. In some embodiments, each of the first, second and third catalyst-coated membrane
components has a thickness of =2 10 ym, for example =2 11 ym, =2 12 ym, = 13 ym, = 14 ym, =
15 umor =16 um.

[0069] In some embodiments, the thickness of one or more of the first, second and third
catalyst-coated membrane components is from 7 to 40, 10 to 35 ym, 12 to 30 um, 14 to 25 ym
or 16 to 20 ym. In some embodiments, the thickness of each of the first, second and third
catalyst-coated membrane components is from 10 to 40 uym, for example 11 to 35 ym, 12 to 30
pm, 13 to 25um, 14 to 20 ym, 15 to 20 pm or 16 to 20 pm.

[0070] In some embodiments, the thickness of each of the first, second and third catalyst-
coated membrane components is about 20 ym.

[0071] In some embodiments, the thicknesses of the first, second and third catalyst-coated
membrane components are approximately equal. In some embodiments, the first, second and
third catalyst-coated membrane components are of the same thickness.

[0072] In some embodiments, the thickness of first, second and third catalyst-coated
membrane components are different to one or more of the other catalyst-coated membrane
components. For example, the anode side catalyst-coated membrane component may be
thinner than the remaining two catalyst-coated membrane components.

Cathode catalyst layer

[0073] The cathode catalyst layer comprises one or more cathode catalyst materials that are
suitable for catalysing the hydrogen evolution reaction.

[0074] The cathode catalyst material comprises one or more electrocatalysts. The one or more
electrocatalysts are independently a finely divided unsupported metal powder, or a supported
catalyst wherein small nanoparticles of metal are dispersed on high surface area electrically
conducting support, such as carbon black supports. The metal is suitably selected from:
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1. (i) the platinum group metals (platinum, palladium, rhodium, ruthenium, iridium and
osmium),

2. (ii) gold or silver,

3. (iii) a base metal,

or an alloy or mixture comprising one or more of these metals or their oxides.

[0075] In some embodiments, the metal is platinum, which may be alloyed with other precious
metals or base metals. If the electrocatalyst is a supported catalyst, the loading of metal
nanoparticles on the carbon support material is suitably in the range 10-90 wt%, preferably 15-
75 wt% of the weight of resulting electrocatalyst.

[0076] In some embodiments, the cathode catalyst comprises unsupported platinum black or
platinum supported on carbon.

[0077] The cathode catalyst layer may comprise additional components. Such components
include, but are not limited to: an ion-conducting polymer, such as a proton conducting
polymer, included to improve the ionic conductivity within the layer; a hydrogen peroxide
decomposition catalyst; a polymeric binder additive, such as polytetrafluoroethylene (PTFE);
an inorganic solid with or without surface treatment to control reactant and product transport
characteristics. The choice of additional components is within the capability of the skilled
person to determine which additional components are appropriate.

[0078] To prepare the cathode catalyst layer, the cathode catalyst material and any additional
components are dispersed in an aqueous and/or organic solvent to prepare a catalyst ink. If
required, agglomerate particle break-up is carried out by methods known in the art, such as
high shear mixing, milling, ball milling, passing through a microfluidiser etc. or a combination
thereof, to achieve uniformity of particle size.

[0079] After preparation of the catalyst ink, the ink is deposited directly onto the first
membrane component to form the cathode catalyst layer. Alternatively, the ink is deposited on
a transfer/carrier substrate to form a cathode catalyst layer which is then transferred to the first
membrane component using a decal transfer method (such methods are known to those
skilled in the art). The ink may be deposited onto the first membrane component or
transfer/carrier substrate by any suitable technique known to those in the art, including but not
limited to gravure coating, slot die (slot, extrusion) coating, screen printing, rotary screen
printing, inkjet printing, spraying, painting, bar coating, pad coating, gap coating techniques
such as knife or doctor blade over roll, and metering rod application.

[0080] In some embodiments, the cathode catalyst layer is applied to the first membrane
component to a loading of at least 0.10 mg of precious metal per cm? (e.g. mg Pt cm™2), for
example at least 0.15 mg of precious metal per cm?, for example at least 0.20 mg of precious

metal per cm?, at least 0.25 mg of precious metal per cm?, at least 0.30 mg of precious metal
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per cm?, at least 0.35 mg of precious metal per cm? or at least 0.40 mg of precious metal per

cm2,

[0081] In some embodiments, the cathode catalyst layer is applied to the first membrane
component to a loading of up to 4.0 mg of precious metal per cm? (e.g. mg Pt cm™), for
example up to 2.0 mg of precious metal per cm?, up to 1.0 mg of precious metal per cm?, up to

0.75 mg of precious metal per cm? or up to 0.4 mg of precious metal per cm2.

[0082] In some embodiments, the cathode catalyst loading on the first membrane component
is in the range 0.10 to 4.0 mg of precious metal per cm2, for example 0.2 to 2.0 mg of precious
metal per cm?, for example 0.25 to 1.0 mg of precious metal per cm?, for example 0.30 to 0.90
mg of precious metal per cm?, for example 0.35 to 0.90 mg of precious metal per cm?, for

example 0.40 to 0.8 mg of precious metal per cm?.

Anode catalyst layer

[0083] The anode catalyst layer comprises one of more anode catalyst materials which are
suitable for catalysing the oxygen evolution reaction.

[0084] In some embodiments, the anode catalyst material comprises unsupported iridium
oxide (also known as a "black"), alloys or mixed metal oxides (mixed crystal) or mixtures of
oxides of iridium and/or ruthenium black, alloys mixed metal oxides (mixed crystal) or mixtures
of oxides of iridium and/or ruthenium black with an additional metal or oxide (for example,
tantalum, niobium, titanium), iridium on a support or iridium and/or ruthenium alloys or mixed
metal oxides (mixed crystal) or mixtures of oxides of iridium and/or ruthenium with an
additional metal or oxide on a support. In some embodiments, the support is selected from
antimony-doped tin oxide and niobium-doped titania.

[0085] The anode catalyst layer may comprise additional components. Such components
include, but are not limited to: an ion-conducting polymer, such as a proton conducting
polymer, included to improve the ionic conductivity within the layer; a hydrogen peroxide
decomposition catalyst; a polymeric binder additive, such as polytetrafluoroethylene (PTFE);
an inorganic solid with or without surface treatment to control reactant and product transport
characteristics. The choice of additional components is within the capability of the skilled
person to determine which additional components are appropriate.

[0086] To prepare the anode catalyst layer, the anode catalyst material and any additional
components are dispersed in an aqueous and/or organic solvent to prepare a catalyst ink. If
required, agglomerate particle break-up is carried out by methods known in the art, such as
high shear mixing, milling, ball milling, passing through a microfluidiser etc. or a combination
thereof, to achieve uniformity of particle size.
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[0087] After preparation of the catalyst ink, the ink is deposited directly onto the second
membrane component to form the anode catalyst layer. Alternatively, the ink is deposited on a
transfer/carrier substrate to form an anode catalyst layer which is then transferred to the
second membrane component using a decal transfer method (such methods are known to
those skilled in the art). The ink may be deposited onto the second membrane component or
transfer/carrier substrate by any suitable technique known to those in the art, including but not
limited to gravure coating, slot die (slot, extrusion) coating, screen printing, rotary screen
printing, inkjet printing, spraying, painting, bar coating, pad coating, gap coating techniques
such as knife or doctor blade over roll, and metering rod application.

[0088] In some embodiments, the anode catalyst layer is applied to the second membrane
component to a loading of at least 0.4 mg of precious metal per cm? (e.g. mg Ir cm™), for
example at least 0.5 mg of precious metal per cm?, at least 0.6 mg of precious metal per cm?,
at least 0.7 mg of precious metal per cm?, at least 0.8 mg of precious metal per cm? or at least

0.9 mg of precious metal per cm2.

[0089] In some embodiments, the anode catalyst layer is applied to the second membrane
component to a loading of up to 4.0 mg of precious metal per cm? (e.g. mg Ir cm™), for
example up to 3.0 mg of precious metal per cm?, up to 2.0 mg of precious metal per cm?, up to

1.75 mg of precious metal per cm2or up to 1.5 mg of precious metal per cm2.

[0090] In some embodiments, the anode catalyst layer loading on the second membrane
component is in the range 0.40 to 4.0 mg of precious metal per cm?, for example 0.50 to 2.00
mg of precious metal per cm?, for example 0.60 to 1.90 mg of precious metal per cm?, for
example 0.65 to 1.85 mg of precious metal per cm?, for example 0.70 to 1.80 mg of precious

metal per cm?, for example 0.80 to 1.60 mg of precious metal per cm?.

[0091] In some embodiments, the anode catalyst layer loading on the second membrane

component is in the range 0.6 to 1.2 mg of precious metal per cm?

Recombination catalyst layer

[0092] The recombination catalyst layer comprises one or more recombination catalyst
materials.

[0093] The recombination catalyst material is not particularly limited, and may be selected from
any suitable catalyst which catalyses the recombination of H» and O» to form water.

[0094] For example, the recombination catalyst material comprises a metal (such as platinum
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or palladium) on a high surface area support material (such as carbon, silica, titania, zirconia).
More examples of recombination catalyst materials are disclosed in EP0631337 and
WO00/24074.

[0095] For example, the recombination catalyst material comprises unsupported metal
particles, (such as platinum or palladium or alloys or mixed oxides of platinum and palladium
with other metals such as cerium and titanium)

[0096] In some embodiments, the recombination catalyst comprises palladium supported on
carbon, platinum supported on carbon, rhodium supported on carbon or a platinum group
metal (PGM) (platinum, palladium, iridium, rhodium, ruthenium, osmium) supported on silica.

[0097] The recombination catalyst layer may comprise additional components. Such
components include, but are not limited to: an ion-conducting polymer, such as a proton
conducting polymer, included to improve the ionic conductivity within the layer; a hydrogen
peroxide decomposition catalyst; a polymeric binder additive, such as polytetrafluoroethylene
(PTFE); an inorganic solid with or without surface treatment to control reactant and product
transport characteristics. The choice of additional components is within the capability of the
skilled person to determine which additional components are appropriate.

[0098] To prepare the recombination catalyst layer, the recombination catalyst material and
any additional components are dispersed in an aqueous and/or organic solvent to prepare a
catalyst ink. If required, agglomerate particle break-up is carried out by methods known in the
art, such as high shear mixing, milling, ball milling, passing through a microfluidiser etc. or a
combination thereof, to achieve uniformity of particle size.

[0099] After preparation of the catalyst ink, the ink is deposited directly onto the third
membrane component to form the recombination catalyst layer. Alternatively, the ink is
deposited on a transfer/carrier substrate to form a catalyst layer which is then transferred to
the third membrane component using a decal transfer method (such methods are known to
those skilled in the art). The ink may be deposited onto the third membrane component or
transfer/carrier substrate by any suitable technique known to those in the art, including but not
limited to gravure coating, slot die (slot, extrusion) coating, screen printing, rotary screen
printing, inkjet printing, spraying, painting, bar coating, pad coating, gap coating techniques
such as knife or doctor blade over roll, and metering rod application.

[0100] In some embodiments, the recombination catalyst is applied to the third membrane
component to a loading of at least 0.010 mg of precious metal per cm? (e.g. mg Pd cm™2), for
example at least 0.015 mg of precious metal per cm?, at least 0.020 mg of precious metal per
cm?, at least 0.025 mg of precious metal per cm?, at least 0.030 mg of precious metal per cm?

or at least 0.035 mg of precious metal per cm?.

[0101] In some embodiments, the recombination catalyst is applied to the third membrane
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component to a loading of up to 0.100 mg of precious metal per cm? (e.g. mg Pd cm™), for
example up to 0.095 mg of precious metal per cm?, up to 0.090 mg of precious metal per cm?,
up to 0.085 mg of precious metal per cm?, up to 0.080 mg of precious metal per cm? or up to

0.075 mg of precious metal per cm2.

[0102] In some embodiments, the recombination catalyst loading on the third membrane
component is in the range 0.02 to 0.10 mg of precious metal per cm?, for example 0.025 to
0.09 mg of precious metal per cm2, for example 0.030 to 0.085 mg of precious metal per cm?,
for example 0.035 to 0.080 mg of precious metal per cm?, for example 0.04 to 0.08 mg of

precious metal per cm?.

Use of the CCM

[0103] In some embodiments, the use of the CCM is within a water electrolyser.

[0104] In some embodiments, the use of the recombination catalyst within the CCM enables
an overall thinner CCM to be used, whilst still minimising hydrogen crossover within a water
electrolyser.

[0105] In some embodiments, the use of the recombination catalyst within the CCM is to
simultaneously minimise hydrogen crossover while reducing ionic resistance within a water
electrolyser.

[0106] In some embodiments, the use of the recombination catalyst within the CCM is to
improve the safety risk associated with the operation of a water electrolyser.

Providing the first, second and third membranes

[0107] In some embodiments, the steps of "providing a first membrane component having a
cathode catalyst layer disposed on a first face thereof’, "providing a second membrane
component having an anode catalyst layer disposed on a first face thereof’, and "providing a
third membrane component having a recombination catalyst layer disposed on a first face
thereof* are each achieved by direct coating of the catalyst layers onto the membrane
components. In some embodiments, the catalyst layers are directly coated onto the membrane
components while each membrane component is attached to a supporting carrier film, the
respective carrier films being removed from the membrane components after coating and
before lamination.

[0108] In this way, the membrane component is supported on its respective carrier films during
the addition of the catalyst layer, preventing or reducing distortion of the membrane
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component caused by the addition of the catalyst layer.

[0109] Moreover, the membrane components are protected by their backing sheets during the
addition of each of the three catalyst layers, and may then be laminated immediately after
removal of the backing sheets, which contrasts with known methods in which one or more of
the catalyst layers are added after backing sheets have been removed, risking damage to the
membrane component and making quality control of the second coating very difficult.

[0110] The backing sheets assist in holding the membrane component in position for the
addition of the calalyst layer. In some embodiments, each membrane component is held in
position by its backing sheet during the addition of the catalyst layer. In some embodiments,
the membrane component is held by a heated vacuum bed.

[0111] Methods for applying each catalyst layer onto its respective membrane component
have been described hereinbefore.

[0112] In some embodiments, after the catalyst layers have been deposited onto each
membrane component, the backing sheets are removed from each membrane component and
the lamination step is performed.

[0113] In some embodiments, after removal of the backing sheets lamination is performed
without any intervening processing steps, such as coating of the membrane components. In
this way the dimensional stability of the membrane components is improved since coating on
both faces of a membrane component can cause distortion and reduce the quality of the final
laminated product.

[0114] In some embodiments, the coating of the first, second and third membrane components
with their respective catalysts is performed simultaneously and followed by a single hot
lamination step to consolidate the membrane components. In this way a highly energy-efficient
and cost-efficient production process is provided. By contrast, known production methods
include multiple consecutive coating steps (for example, a first coating step to apply a
recombination catalyst to one face of a membrane component followed by a second coating
step to apply an anode or cathode catalyst to the other face of the same membrane
component) and transfer steps, which reduces the throughput of the process and limits the
efficiency.

[0115] In some embodiments, after a membrane component has been coated with a catalyst it
is subjected to a drying step to dry the catalyst, for example infra-red (IR)-drying.

Lamination of the first, second and third membranes

[0116] In some embodiments, the first, second and third membrane components are
laminated together in a single lamination step.
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[0117] In this way, a highly efficient production process is provided since only one hot
lamination step is required. The process is efficient both in time and in energy usage.

[0118] In some embodiments, the membrane components are arranged such that the second
faces of the first and second membrane components face the third membrane component.

[0119] In this way, as discussed above, a CCM is provided which may be incorporated into an
electrolyser.

[0120] In some embodiments, the membrane components are arranged such that the first face
of the third membrane component faces the second membrane component.

[0121] In this way, the recombination catalyst layer is positioned closer to the anode catalyst
layer during the lamination, such that the recombination catalyst layer is positioned closer to
the anode catalyst layer in the laminated CCM, providing the advantages discussed above.

[0122] In some embodiments, the lamination is carried out by layering the catalyst-coated
membrane components in the necessary arrangement followed by subjecting the arrangement
of layers to heat and/or pressure to consolidate them into the laminate structure.

[0123] In some embodiments, the lamination is carried out by heat pressing. In some
embodiments, the lamination is carried out at a temperature of at least 120 °C, for example at
least 130 °C, at least 140 °C or at least 150 °C. In some embodiments, the lamination is
carried out at a temperature of up to 220 °C, for example up to 200 °C, up to 190 °C, up to 180
°Corupto 170 °C.

[0124] In some embodiments, the lamination is carried out at a pressure of at least 5000 kPa,
for example at least 5100 kPa, at least 5200 kPa or at least 5300 kPa. In some embodiments,
the lamination is carried out at a pressure of up to 6000 kPa, for example up to 5900 kPa, up
to 5800 kPa or up to 5700 kPa.

[0125] In some embodiments, the layers are subjected to heat and/or pressure for at least 30
s, for example at least 40 s, at least 50 s, at least 60 s or at least 70 s. In some embodiments,
the layers are subjected to heat and/or pressure for up to 5 mins, for example up to 4.5 mins,
up to 4 mins, up to 3.5 mins, up to 3 mins or up to 2.5 mins.

[0126] In this way a CCM may be provided with layers which are properly adhered together
without being damaged or experiencing detrimental effects on the CCM or membrane
component properties.

[0127] In some embodiments the lamination process further comprises a step of coating a
layer comprising a peroxide removal additive onto one or more of the first, second and third
membranes components. Preferably the coating of peroxide removal additive occurs before
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coating of catalyst layers.

[0128] In some embodiments, the CCM is prepared in a continuous roll-to-roll process,
wherein first, second and third rolls comprising respective first, second and third membrane
components each coated with their respective catalyst layer are each unrolled in a first step,
removed from their backing sheets in a second step and laminated together to form the CCM
having laminate structure in a third step. Subsequently, in some embodiments the CCM having
a laminate structure is itself formed into a fourth roll in a fourth step, hence the term "roll-to-
roll" for such a manufacturing process.

[0129] Alternatively, first, second and third rolls of membrane component are provided and the
catalyst layers coated onto the membrane components after unrolling of the first, second and
third rolls and before lamination.

[0130] In some embodiments the process further comprises a step of coating a layer
comprising a peroxide removal additive onto one or more of the first, second and third
membranes components. This may occur before rolling into the first, second and third rolls or
after unrolling of the first, second and third rolls but before lamination. Preferably the coating of
peroxide removal additive occurs before coating of catalyst layers.

[0131] In some embodiments, the lamination step is performed under heat and/or pressure.

[0132] Such a process is very efficient since each of the three membranes are separately
unrolled and coated in steps which may occur simultaneously, followed by lamination in a
single step saving time and energy.

Water electrolyser (PEMWE)

[0133] In some embodiments, the CCM of the invention will be assembled between anodic and
cathodic current collectors and compressed between bipolar plates within a PEMWE stack. The
anodic current collector can be chosen from any suitable porous metal plate such as titanium
or stainless steel sinters, with or without coatings (such as precious metals or conducting
oxides or nitrides) as appropriate for the operating conditions of interest. The cathodic current
collector can either be a porous metal plate similar to the anodic current collector or a carbon
based gas diffusion layer (GDL) as known to one skilled in the art. These current collectors are
then placed between water distribution plates which may be machined or stamped flow fields
or porous metal sheets or meshes. One or more of these assemblies are then placed between
end plates which provide the fluid connections and compression to the whole system and this
stack is then combined with the remaining balance of plant to form the PEMWE system.

Figures
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[0134]

Figure 1 shows an exploded schematic view of a CCM according to one embodiment of the
invention.

Figure 2 shows a schematic sectional view of a CCM according to one embodiment of the
invention after lamination.

Figure 3 shows a schematic sectional view of a membrane component being coated with a
catalyst layer while in position on a backing sheet.

Figure 4 shows a schematic discrete lamination process for producing a CCM according to one
embodiment of the invention.

Figure 5 shows a schematic continuous lamination process (part of a "roll-to-roll" process) for
producing a CCM according to one embodiment of the invention.

Figure 6 is a graph showing the performance of an electrolyser including state of the art CCMs
and a CCM according to the invention.

Figure 7 is a plot of hydrogen crossover against current density for three different
electrolysers, two including state of the art CCMs and one including a CCM according to one
embodiment of the invention.

Detailed description

[0135] Figure 1 shows an exploded view of a CCM according to one embodiment of the
invention. The CCM 1 consists of three individual catalyst-coated membrane components. A
first membrane component 10 has a first face 10a and a second face 10b. A second
membrane component 11 has a first face 11a and a second face 11b. A third membrane
component 12 has a first face 12a and a second face 12b.

[0136] A cathode catalyst layer 13 is located adjacent the first face 10a of the first membrane
component 10. In practice, this layer is applied to the first face 10a of the first membrane
component 10. The first face 10a of the first membrane component 10 faces outwards, so that
the cathode catalyst layer 13 is located on an external surface of the CCM.

[0137] An anode catalyst layer 14 is located adjacent the first face 11a of the second
membrane component 11. In practice, this layer is applied to the first face 11 a of the second
membrane component 11. The first face 11a of the second membrane component 11 faces
outwards, so that the anode catalyst layer 14 is located on an external surface of the CCM -
the opposite surface to the cathode catalyst layer.
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[0138] A recombination catalyst layer 15 is located adjacent the first face 12a of the third
membrane component 12. In practice, this layer is applied to the first face 12a of the third
membrane component 12. The recombination catalyst layer 15 is also located adjacent the
second face 11b of the second membrane component 11. The recombination catalyst layer is
therefore sandwiched between the second and third membrane components 11 and 12, and
lies in a position which is closer to the anode catalyst layer than it is to the cathode catalyst
layer.

[0139] Figure 2 shows the same CCM as Figure 1, assembled and in cross-section.

[0140] Each of the first, second and third membrane components 10, 11 and 12 are coated
with their respective catalyst layer while fixed to a backing sheet. Figure 3 shows a process by
which the first membrane component 10 may be coated with a cathode catalyst layer 13 while
positioned on its backing sheet 13c. The membrane component is held in place using a heated
vacuum bed (not shown) and the catalyst layer is deposited using an ultrasonic spray coater.
In Figure 3 the ultrasonic spray coater is represented by nozzle 20. The same process as
shown in Figure 3 may be used to coat membrane components 11 and 12 with their respective
catalyst layers.

[0141] Figure 4 demonstrates the process by which the CCM of the invention may be
prepared, showing the individual membrane components 10, 11 and 12 in position ready for
lamination after being coated with the catalyst layers 13, 14 and 15 respectively. As shown in
Figure 4, the first membrane component 10 is coated with cathode catalyst 13, the second
membrane component 11 is coated with anode catalyst 14 and the third membrane component
12 is coated with recombination catalyst 15.

[0142] Figure 4 shows a process for laminating the three coated membrane components 10,
11 and 12 to form a discrete CCM 1. After each membrane component 10, 11 and 12 has been
coated with its catalyst layer, the backing sheets (not shown) are removed from each
membrane component and the catalyst-coated membrane components are laid on top of one
another in the correct order before being placed between two PTFE sheets 21, 22 and two
titanium plates 23, 24 and pressed at temperature in a press pack. In the embodiment shown
in Figure 4, the central intermediate layer 12 is oriented such that the recombination catalyst
layer 15 faces the second membrane component 11. This is because of the faster diffusion
rate of Ha relative to O, through the CCM. Orienting the membrane components in the manner

shown means that, because the membrane components are of equal thickness, the
recombination catalyst layer will be positioned closer to the anode catalyst layer in the final
laminated CCM. As a result, the recombination catalyst layer will lie closer to the plane in which
the levels of Hy and O, are suitable for most effective recombination.

[0143] When the catalyst-coated membrane components have been properly arranged they
are laminated by heat pressing between the PTFE sheets 21, 22 and titanium plates 23, 24 at
e.g. 170°C and 800 psi (approx. 5500 kPa) for 2 minutes to consolidate the catalyst-coated
membrane components into the CCM 1 shown in cross-section in Figure 2.
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[0144] After the CCM has been prepared, suitable current collectors are positioned on each
faces of the CCM to enable incorporation into a water electrolyser (PEMWE).

[0145] Figure 5 shows an alternative, continuous process for the production of a CCM 3
according to the invention. The product of the process is a long sheet of CCM 3 which can be
stored as a roll (not shown). The first, second and third membrane components 30, 31 and 32
are also long sheets which can be stored as rolls (not shown) before processing into the CCM.
The process shown in Figure 5 is therefore the intermediate part of a roll-to-roll process.

[0146] Membrane components 30, 31 and 32, coated with catalyst layers on each of their first
face 30a, 31a and 32a respectively and backing sheets 30c, 31c and 32c respectively on the
other face are shown in Figure 5. Backing sheets 30c, 31¢ and 32c are removed from the
membrane components 30, 31 and 32 by peeling the backing sheets 30c, 31c and 32¢ away
from the membrane components 30, 31 and 32 and passing them over rollers 36a, 36b and
36¢. The three membrane components 30, 31 and 32 coated with catalyst layers 30a, 31 a
and 32a respectively are then brought together as they approach rollers 37a and 37b until they
are brought into contact. The second face 30b of first membrane component 30 contacts the
second face 32b of third membrane component 32. Meanwhile, the second face 31b of second
membrane component 31 contacts the first face 32a of third membrane component 32 (which
is coated with recombination catalyst 35).

[0147] After the membrane components are brought into contact, the laminate structure is
subjected to heat and pressure to consolidate the components into a CCM sheet 3, with a
cathode catalyst layer 33 on one surface and an anode catalyst layer 34 on the other surface,
and an internal recombination catalyst layer 35 within. The sheet 3 may then be formed into a
roll (not shown) for storage and transportation, and/or cut into individual CCMs of appropriate
size as needed.

Examples

Example 1 - CCM preparation

[0148] CCM 1 was prepared using three individual membrane components. Each membrane
component had a nominal thickness of 17 um, comprised a 900 EW Flemion™ ionomer from
Asahi Glass Group with e-PTFE reinforcement and had a ceria hydrogen peroxide scavenger
catalyst coated on one side. A cathode catalyst layer comprising Pt black in a dispersion of

ionomer (aqueous Nafion 1100EW, 12 wt% w.r.t. Pt) was coated in an amount of 1 mgPt/cm?
onto one of the membrane components, on top of the scavenger catalyst. An anode catalyst
layer comprising IrO5 black in a solution of ionomer (aqueous Nafion 1100EW from Chemours

Corp, 12 wt% w.r.t. Ir) was coated in an amount of 2 mg Ir/cm? onto another of the membrane
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components, on top of the scavenger layer. A recombination catalyst comprising Pd supported
on carbon black in a solution of ionomer (Nafion 1100EW, 300 wt% w.r.t. carbon) was

deposited onto the final membrane component in an amount of 0.04 mg Pd/cm?, on top of the
scavenger catalyst. The catalyst layers were deposited using an ultrasonic spray coater
(Sonotek ExactCoat with 120kHz Impact coating head).

[0149] The three catalyst-coated membrane components were then arranged with the
membrane component having the recombination catalyst layer in the middle, sandwiched
between the other two membrane components with the anode and cathode catalyst layers
facing outwards. The central membrane component was oriented such that the recombination
catalyst layer faced the membrane component which carried the anode catalyst layer (as in
Figure 2).

[0150] These three layers were then laminated to form CCM 1.

Comparative Example 1 - CCM preparation

[0151] CCM A was prepared using a Nafion 117 (RTM) membrane (perfluorinated ion-
exchange membrane of thickness 177.8 um; equivalent weight (EW) = 1100). A cathode
catalyst comprising Pt black in a solution of ionomer (aqueous Nafion 1100EW, 12 wt% w.r.t.

Pt) was coated in an amount of 1 mgPt/cm? on one side of the Nafion 117 membrane and an
anode catalyst comprising IrO5 black in a solution of ionomer (aqueous Nafion 1100EW, 12

wt% w.r.t. Ir) was coated in an amount of 2 mg Ir/lcm? on the other side, to provide CCM A. The
catalysts were deposited using an ultrasonic spray coater (Sonotek ExactCoat with 120kHz
Impact coating head).

Comparative Example 2 - CCM preparation

[0152] CCM B was prepared using three individual membrane components identical to those
used for CCM 1, with e-PTFE reinforcement and a peroxide scavenger layer. The three
membrane components were laminated to form a laminated membrane before being coated
on one side with a cathode catalyst (as used in Membrane 1) and on the other side with an
anode catalyst (as used in Membrane 1) to give CCM B.

Example 2 - Electrolyser CCM performance

[0153] Each CCM was tested at 60°C using an electrolyser test station and a QCF25 cell
fixture from Baltic Fuel Cells with parallel flow fields machined out of carbon on the cathodic
side and titanium anodic side. The CCMs were assembled between a carbon base gas
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diffusion layer on the cathodic side (SGL 10BB) and a gold coated porous titanium sinter (Mott)
on the anodic side. The assembled MEA was then heated in place using the reactant water
passing on the cathodic side which in turn was heated via a tube-in-tube heat exchanger and

water bath. The polarisation curves were recorded from 2 A cm2 down to 0.1 A cm™ holding at
each point for 170 s. The hydrogen in oxygen was measured after cooling the anode exhaust
gas with a heat exchanger using a four port thermal conductivity detector (GE - XMTC) with
pure oxygen as the reference gas and calibrated against a 10 % H», in N> reference gas and

corrected for the different thermal conductivities of O and N». The crossover data was logged

continuously and the final points at each current density reported.

[0154] As shown in Figure 6, improved performance (lower applied voltages at a given current)
is seen for both CCM B and CCM 1 due to the reduced thickness of both membranes relative
to CCM A. The improved performance can be attributed to the reduced resistance of the CCM
from the lowering of the gradient of the polarisation curves for CCM 1 and CCM B compared to
CCM A

[0155] However, as shown in Figure 7, the hydrogen crossover observed for CCM B was
unacceptably high for the beginning of life. Typically, a limit of 2 % hydrogen in oxygen is used
to ensure that a flammable mixture does not exist in the system and such a high initial level will
lead to a reduced operating lifetime of the system due to membrane thinning increasing
crossover with time. The lowest level of hydrogen crossover was observed for CCM 1.
Although the hydrogen crossover for CCM A was not as high as for CCM B, it was still higher
than CCM 1.

[0156] CCM 1 was the only membrane tested which demonstrated both good performance
and acceptably low levels of hydrogen crossover.
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PATENTKRAV

1. Katalysatorbelagt membran til et vandelektrolyseapparat med en

laminatstruktur omfattende:

et forste lag omfattende en fgrste membrankomponent, hvilken fgrste

membrankomponent har et katodekatalysatorlag indrettet pa en forste flade deraf;

et andet lag omfattende en anden membrankomponent, hvilken anden

membrankomponent har et anodekatalysatorlag indrettet pa en farste flade deraf; og

et intermedizert lag indrettet mellem det farste og andet lag omfattende
en tredje membrankomponent, hvilken tredje membrankomponent har et

rekombinationskatalysatorlag indrettet pa en farste flade deraf;

hvor de andre flader af den farste og anden membrankomponent vender

mod det intermedizere lag.

2. Katalysatorbelagt membran ifglge krav 1, hvor det fgrste og andet lag
begge er tilstodende til det intermedizere lag.

3. Katalysatorbelagt membran ifolge krav 1 eller krav 2, hvor

en anden flade af den fgrste membrankomponent er tilstadende til det
intermedieere lag, og en anden flade af den anden membrankomponent er
tilstadende til det intermedizere lag, og det intermedizere lag vender sadan, at

rekombinationskatalysatorlaget er indrettet tilstedende til det andet lag.

4. Katalysatorbelagt membran ifglge et hvilket som helst af kravene 1 til 3,

hvor den katalysatorbelagte membran har en samlet tykkelse pa <120 um.

5. Katalysatorbelagt membran ifglge et hvilket som helst af kravene 1 til 4, hvor
den forste, anden og tredje membrankomponent er massive

polymerelektrolytmembrankomponenter, der omfatter en ionomer.

6. Katalysatorbelagt membran ifalge et hvilket som helst af kravene 1 til 5,
hvor en eller flere af den farste, anden og tredje membrankomponent endvidere

omfatter et forstaerkende lag.
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7. Katalysatorbelagt membran ifalge et hvilket som helst af kravene 1 til 6,
hvor katodekatalysatoren omfatter ikke-understgttet platinsort eller platin
understottet pa carbon.

8. Katalysatorbelagt membran ifalge et hvilket som helst af kravene 1 til 7,
hvor anodekatalysatoren er udvalgt fra ikke-understattet iridiumoxidsort,
legeringer eller blandede metaloxider eller blandinger af iridium og/eller
rutheniumsort eventuelt med et yderligere metal eller oxid, iridium pa en stotte og
legeringer eller blandede metaloxider eller blanding af oxider af iridium og/eller

ruthenium eventuelt med et tilsat metal af oxid pa en statte.

9. Katalysatorbelagt membran ifalge et hvilket som helst af kravene 1 til 8,
hvor rekombinationskatalysatoren er udvalgt fra palladium pa carbon, platin pa
carbon, rhodium pa carbon og PGM pa silica.

10. Katalysatorbelagt membran ifglge krav 1, der bestar af felgende lag i
reekkefalge:

(a) et katodekatalysatorlag, der omfatter en katodekatalysator;

(b) en forste membrankomponent;

(c) en tredje membrankomponent;

(d) et rekombinationskatalysatorlag, der omfatter en rekombinationskatalysator;
(e) en anden membrankomponent; og

(f) et anodekatalysatorlag, der omfatter en anodekatalysator.

11. Fremgangsmade til fremstilling af en katalysatorbelagt membran ifalge et

hvilket som helst af kravene 1 til 10, der omfatter:

tilvejebringelse af en farste membrankomponent, hvilken farste
membrankomponent har et katodekatalysatorlag indrettet pa en farste flade af

den farste membrankomponent;
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tilvejebringelse af en anden membrankomponent, hvilken anden
membrankomponent har et anodekatalysatorlag indrettet pa en forste flade af

den anden membrankomponent;

tilvejebringelse af en tredje membrankomponent, hvilken tredje
membrankomponent har et rekombinationskatalysatorlag indrettet pa en farste
flade af den tredje membrankomponent; og

laminering af den farste, anden og tredje membrankomponent sammen, s&
der dannes en katalysatorbelagt membran med en laminatstruktur, saledes at den
tredje membrankomponent er indrettet mellem den farst og anden

membrankomponent inde i laminatstrukiuren; og

hvor de andre flader af den farste og anden membrankomponent af

laminatstrukturen vender mod det intermedizere lag.

12. Fremgangsmade ifalge krav 11, hvor den farste, anden og tredje

membrankomponent er lamineret sammen i et enkelt lamineringstrin.

13. Fremgangsmade ifglge krav 11 eller krav 12, hvor
membrankomponenterne fgr laminering er arrangeret saledes, at den anden
flade af den forste membrankomponent vender mod den anden flade af den
tredje membrankomponent, og den anden flade af den anden membran vender

mod den fgrste flade af den tredje membrankomponent.

14. Vandelektrolyseapparat, der omfatter den katalysatorbelagte membran
ifglge et hvilket som helst af kravene 1 til 10.

15. Fremgangsmade til generering af hydrogengas, der omfatter trinnene
med elektrolyse af vand ved anvendelse af et vandelekirolyseapparat ifglge krav
14 og generering af hydrogengas.
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