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cat al ystrpdtehit 72 FEMFC is a membrane electrode assembly (MEA), which consists of two gas
diffusion layers and two catalyst layers that sandwich the polymer electrolyte membrane in the
20 middle (see Fig. 1).

[0004] Two methods are currently employed in preparing membrane electrode assemblies.

One method disclosed in US patent No. 5,211,984 applies the Pt/C catalyst and a poly-

- tetrafluoroethylene (PTFE) mixture ink onto the diffusion layer. In this application PTFE
serves as binder and provides the hydrophobic pathways for the diffusion of reactants to the

25 reaction sites, preventing them from flooding. Ionomer solution is then impregnated or sprayed
on the electrode to extend the proton conduction pathways and to increase the three-phase
reaction sites. This PTFE-bound electrode has the advantage of good reactant mass
transportation. However, its catalyst utilization is low with a value of only about 10~20%,

since Pt catalysts covered by PTFE would lose their electrochemical activity.

30 [0005] In US patent No. 5,211,984 a further method is employed to prepare a membrane
electrode assembly. The hydrophobic PTFE is replaced by a hydrophilic perfluorosulfonate
ionomer (Nafion) in the Pt/C mixture ink, and the Pt/C catalyst layer is applied onto the

membrane, rather than onto the gas diffusion layer. This thin-film electrode method enhances



but also the integrity of the catal yst |ayer/nenbrane interface. However,
since the el ectrode has no hydrophobic materials to construct reactant
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20 MEA with aligned carbon nanotubes grown on conductive and porous substrates, such as
carbon paper and low resistivity porous silicon. CNTs are grown by catalytic chemical vapour
deposition. Pt nanoparticles are deposited on the aligned carbon nanotubes using
electrochemical deposition. The removal of the template is achieved with HF or NaOH
solution. US patent application No. 2006/0269827 discloses a template-free method of

25 synthesizing VACNTs for MEA fabrication. A thin quartz plate is used as a substrate fo.r
growing the VACNTs.

[0009] The methods of the art share the problem of not being suitable for
commercialization due to the requirements of an expensive substrate and a complex template
removal process. It is therefore an object of the present invention to 'provide a method of

30 forming a membrane electrode assembly that avoids these drawbacks or shortcomings of the

current techniques.

SUMMARY OF THE INVENTION

[0010] In a first aspect the present invention provides a membrane electrode assembly.



[0010] In a first aspect the present invention provides a nenbrane
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from the aluminium foil to the ionomer membrane. Vertically aligned carbon nanotubes are

thereby transferred from the first portion of the upper face of the aluminium foil to the upper
face of the ionomer membrane. Vertically aligned carbon nanotubes are also transferred from
25 the second portion of the upper face of the aluminium foil to the lower face of the ionomer

membrane.

[0012] In a third aspect the invention provides a polymer electrode membrane fuel cell
electrode. The polymer electrode membrane fuel cell electrode includes a membrane electrode

assembly according to the first aspect.

30 [0013] In a third aspect the invention provides a polymer electrode membrane fuel cell.
The polymer electrode membrane fuel cell includes the polymer electrode membrane fuel cell

electrode according to the third aspect.



el ectrode according to the third aspect. BRI EF DESCRI PTI ON OF THE DRAW NGS
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20  between two gas diffusion layers for single cell testing.

[0018] Figure 3 depicts scanning electron microscopy (SEM, A, B) and transmission
electron microscopy images (TEM, C, D) of vertically aligned carbon nanotubes with Pt-
nanoparticles (3nm, 30 pg/cmz) distributed thereon by DC Ion Sputtering.

[0019] Figure 4 depicts the transfer of vertically aligned carbon nanotubes on the
25 macroscopic scale (upper panel) and on the scale depicted by scanning electron microscopy

(lower panel).

[0020] Figure 5 shows a comparison of the single cell perfoi‘mance at 80 °C between a
Pt/VACNT electrode and a conventional electrode prepared using a commercial Pt/C catalyst

from Johnson Matthey as the cathode with indicated Pt loadings.

30 [0021] Figure 6 shows a comparison of an electrode according to the invention which has

| a low Pt loading of 35;1g/cm2 and good Pt distribution (20pg/cm? deposited on front side,

15pg/cm® on backside of the vertically aligned carbon nanotubes by ion sputtering) and a
commercial Johnson Matthey catalyst with the indicated Pt loadings.

[0022] Figure 7 shows comparison of an electrode according to the invention with a low'



commer ci al Johnson Matthey catalyst with the indicated Pt | oadings. [0022]
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[0028]) Figure 13 depicts depicts the specific capacitance of vertically aligned single wall

20 carbon nanotubes at scan rates ranging from 10 mV/s to 400 mV/s.

DETAILED DESCRIPTION OF THE INVENTION

[0029] This invention discloses a method of preparing low cost and large area of vertically
aligned carbon nanotubes (VACNTs), in which cheap household aluminium foil is used as
substrate, and spraying coating replaces expensive e-beam or ion-sputtering in depositing

25 Co/Fe catalysts on Al. The spraying coating can evenly distribute Co/Fe catalyst on large area
Al foil, while plasma enhanced chemical vapour deposition can take place on the Co/Fe
catalysts at 500 °C, lower than conventional 700-900 °C. The VACNTSs/Al can be used for
supercapacitor electrodes. By depositing a Pt thin layer on VACNTs/Al and subsequent hot
pressing, PVACNTs can be 100% transferred from Al foil onto polymer electrolyte

30 membrane for the fabrication of a membrane electrode assembly (MEA). The polymer
electrolyte membrane fuel cell with the MEA fabricated by this method shows an excellent

performance with super low Pt loading. In one illustrative example 0.71 W/em? of output



el ectrol yte nenbrane fuel cell with the MEA fabricated by this nmethod shows
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non-fluorinated hydrocarbon-based polymer as for example reviewed by Roziére and Jones
25 (Annu. Rev. Mater. Res, 2003, 33, 503-555). Examples of a respective non-fluorinated

polymer include, but are not limited to sulfonated polyarylenes, polybenzimidazoles doped

with a proton acid such as hydrochroric acid, phosphoric acid, perchloric acid, sulphuric acid
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sulfonated poly(phenylene sulfides), poly(arylene ether sulfones), sulfonated poly(aryl ether
30  ketones) and su-lfonated polyphosphazenes. |

[0032] Nanotubes are hollow in contrast to nanowires, which are solid. A carbon nanotube
may be of any length and diameter. In some embodiments it may have a diameter of about 1 -
500 nm, such as about 3 - 200 nm or about 10 - 100 nm. A carbon nanotube is a cylinder of

rolled up graphitic sheets. Both single- and multi-walled carbon nanotubes are known and can
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[0034] The carbon nanotubes may be without any functional groups or have sofne or many

functional groups of any desired type. Typically the carbon nanotubes included in a membrane

25 electrode assembly of the invention are at least essentially without functional groups or poorly
functionalized. The term “functionalizing” generally refers to the introduction of functional
groups to the carbon material. Any functional group may be introduced into the carbon
material. Typical functional groups introduced by the method of the invention include, but are

not limited to, -COOH (carboxy), -CHO (aldehyde), -CO- (carbonyl), -OSO3H (sulfate), -

30 OSO- (sulfonyl), -O- (oxo) and -OH (hydroxy). Other functional groups, which may already
be present in the carbon material, or in some embodiments be generated during the méthod of

the invention, include for example -NH, (amino), -NO (nitro), -Br (bromo), -Cl (chloro) and -F
(fluoro). It is noted that some functional groups such as a -Cl group, may in some cases act as a
poison for a metal catalyst, and may thus affect the function of a fuel cell. If a certain

35 functionalization is desired, optimization and careful testing may therefore be required.
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300 mm which is the range in which typical conventional household

a plurality of vertically aligned carbon nanotubes and for transferring them to both sides of a
polymer electrolyte membrane. The aluminium foil may be provided in any desired form such
as one or more sheets. It may for example have a thickness in the range of several microns, e.g.

25 about 4 pm to about 300 pm, which is the range in which typical conventional household
aluminium foil is available. Illustrative examples of embodiments of commercial available
aluminium foil that may be used are foil with a thickness of 6 pm, 12 pym, 14 pm, 15 pm, 20
pm or 90 um. Any household aluminium foil may be used. It has previously been shown that
vertically aligned carbon nanotubes can be formed on aluminium foil (Yoshikawa, N, et al'.,

30  Nanotechnology (2008, 19, doi:10.1088/0957-4484/19/24/245607). The present inventors have
found that this approach is well suited and particularly useful for the transfer of the obtained
vertically aligned carbon nanotubes to a polymer electrolyte membrane. The conventional
silicon substrate is expensive. Furthermore, vertically aligned carbon nanotubes grown on

silicon wafer or quartz are difficult to transfer by hot-press since the substrates are brittle.

35 Their debris can be a hazard of piercing the polymer membrane, resulting in the crossover and
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desi r ed catbokyic adfid mstydreoeft amysdesimet! length, include any desired number of heteroatoms and

functional groups. In some embodiments the carboxylic acid is a hydroxy carboxylic acid, a

dicarboxylic acid (including a tricarboxylic acid), an amino acid or any mixture thereof. To

25 provide a number of illustrative examples, the organic carboxylic acid may be oxalic acid,

ascorbic acid, citric acid, glycolic acid, tartaric acid, malic acid, maleic acid, adipic acid, lactic

acid, salicylic acid or any mixture thereof. Examples of a suitable amino acid include, but are

not limited to, glutamine, lysine, histidine, serine, threonine, tyrosine, cystine, cysteine,

arginine, proline, glutamic acid, aspartic acid, asparagine, glutamine or any mixture thereof.

30  The carboxylic acid may be solid or liquid and it may also be provided in form of a solution or

dispersion. Any liquid may be used in this regard. In some embodiments the catalyst precursor

may be deposited on the aluminium foil. Subsequently the aluminium foil may be exposed to

elevated temperature, e.g. be sintered with the catalyst precursor deposited thereon. The

elevated temperature may be selected between ambient temperature and the melting point of

35 aluminium, i.e. between about 25 °C and 660 °C, such as in the range from about 100 °C to
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important factor for the performance of the respective fuel cell.
[0041] Growing the plurality of vertically aligned carbon nanotubes may be carried out by
"~ 25 means of applying plasma enhanced chemical vapour deposition using a suitable carbon
source. The carbon source may be provided in any form, such as in form of a gas, a powder, an
aerogel (e.g. of carbon nanotubes (for an indication on the handling of a respective aerogel see
e.g. Bryning, M.B., et al., Advanced Materials (2007) 19, 661-664)), one or more solid blocks,
a suspension, a dispersion or a solution. Where a solution, suspension or dispersion is
30 provided, a liquid such as a commercially available solvent or water is used. Any desired
liquid can be employed, whether an aqueous or non aqueous liquid, an organic liquid (solvent),
or a nonpolar aprotic, nonpolar protic, dipolar protic, dipolar aprotic, or an ionic liquid.
Examples of nonpolar aprotic liquids include, but are not limited to, hexane, heptane,
cyclohexane, benzene, toluene, pyridine, dichloromethane, chloroform, carbon tetrachloride,

35 carbon disulfide, tetrahydrofuran, dioxane, diethyl ether, diisopropylether, ethylene glycol
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nanopar tafidtabes| €br. exalaple yiadde@omposition of precursors or via impregnation as described by
Castillejos et al. (Angew. Chem. Int. Ed. (2009) 48, 2529-2533). Other methods that may be

25 applied for depositing Pt to vertically aligned CNTs, include, but are not limited to, RF ion
sputtering, E-beam evaporation, pulsed laser deposition, atomic layer deposition and chemical

impregnation.

[0043] Molecules of an ionomer are deposited on the plurality of vertically aligned carbon
nanotubes with nanoparticles deposited thereon. This deposition may be carried out by

30 impregnation, e.g. wetness impregnation using a solution of the ionomer compound. The
ionomer used is suitable for supporting hot-pressing of the ionomer membrane, which is a
membrane of a polymer that includes the ionomer molecules, in order to immobilize the
vertically aligned carbon nanotubes onto the ionomer membrane. The ionomer molecules
typically have properties in terms of polarity and reactivity that match the corresponding

35  properties of the material of the ionomer membrane to support a respective immobilization. In



deposited onto the plurality of vertically aligned carbon nanotubes that
are grown on the upper face of the alum niumfoil. Such nanoparticles may
be deposiwgdofayi1ddy Suitabl e method, such as a physi cal pg®isagshionobéizone
enbodi ment DC ion sputtering is used. Thereby super |low particle |oading
can be achieved. As an exanple, in the photos depicted in Fig. 3 vertically
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and the dngcla Siotis o a%ﬁlri]l?m foil with vertically aligned carbon nanotubes grown thereon. If the
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entire ionomer membrane is to be used for transfer of carbon nanotubes onto the same it will
accordingly be of dimensions that allow both sides of the ionomer membrane to be positioned
25 onto different portions of the aluminium foil. The dimensions of the ionomer membrane may
for example be at least half of the dimensions of the aluminium foil. As a further illustrative
example the aluminium foil may be provided in the form of several separate portions. Several
portions may for example have been used for growing vertically aligned carbon nanotubes
thereon. Several portions may for example also have been obtained by cutting aluminium foil

30 after growing vertically aligned carbon nanotubes thereon.

[0045] The ionomer membrane is further arranged on a second portion of the plurality of
vertically aligned carbon nanotubes grown on a second portion of the upper face of the
aluminium foil with its lower face. The aluminium foil may for instance be bent in such a way
that a first portion thereof is in contact with the first portion of the ionomer membrane and a

35 seond portion thereof is in contact with the second portion of the ionomer membrane. The



[ 0044] An iononer nenbrane is then provided. The iononer nenbrane is of an
i onomer material as defined above with an upper face (or a first face) and
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[ 0046] The 1 on brane w th vertically aligned carbon nanotubes

i nmafbi | ifaitation of MEA is shown in Fig. 2. The details on the method are as follows.

Step1- deposition of catalyst on Al foil

[0049] A piece of Al foil (7cm (width) x 13cm (length) x 15um (thickness) cleaned by
acetone was fixed on a stainless steel plate. Ethanol solution containing 6mlx7mM of iron
acetate and cobalt acetate was evenly sprayed on the surface of Al foil followed by heating

25 treatment at 500 °C for 10min in air to synthesize the FeCo bimetallic catalyst for the growth
of VACNTSs. This procedure was repeated for several times to reach the desired density of

catalyst nanoparticles on the Al foil.
Step 2- growth of VACNTSs by PECVD:

[0050] The catalylyst-loaded Al foil was then positioned into the chamber of a radio
30 frequency (13.56 MHz) plasma-enhanced chemical vapor deposition (PECVD) system. The
sample chamber was evacuated to a pressure of ~107 Pa using a turbo pump in conjunction

with a rough vacuum pump to remove the atmospheric impurities. 20 sccm of H, gas was



t hereon may then be sandw ched between two gas diffusion |ayers. Any
conventional gas diffusion |layer may be used, which is typically of a
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vertically aligned carbon nanptubes (Pt/VACNT) filmwere prepared by the DC
and RP $posfeePi-depasitionodsngfeon” Phwapepwiisndepesited via the saBSospuPng progess\{as
30s andgbpe sputter current was set at 20mA. The procedure was repeated
several “tinmes to

Step4- Fabrication of MEA for PEFC

20 [0053] The Pt/VACNT film was cut into 2x2 cm’® followed by impregnation of 100 pl of
Nafion ionomer (10 plx 5wt% Nafion solution in 1ml isopropanol) and it was then transferred
onto the surface of a Nafion 212 membrane by hot-pressing at 130 °C under 30 kg/cm® for 90
s. The platinized VACNT film was served as the catalyst layer for the cathode of polymer
electrolyte fuel cell (PEFC). Anode electrode was prepared by the conventional thin film
25 method using 40% Pt on carbon black catalyst from Johnson Matthey. Pt loading of anode is
0.4 mg/cm?. Wet-proof carbon paper with a microporous layer (Toray TGPH-090) was used as
the gas diffusion layer. The PUVACNT coated membrane was sandwiched between the anode
and the gas diffusion layer, followed by hot-pressing at 130 °C with a pressure of 30 kg/cm?
for 1 min to form a membrane elecﬁode assembly (MEA). For the purpose of comparison,
30 cathode electrodes with corresponding Pt loading were prepared by the same preparation
method for the anode electrodes, using 40% Pt on carbon black catalyst from Johnson

Matthey.

[0054] Single cell performance and the power output of Pt/VACNT film as electrodes in



achieve a desired Pt |oading on VACNTs. [0052] RF sputtering process was
performed with a radi o frequency magnetron sputtering system (Denton
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It is noteworthy that the Pt loading of Pt/VACNTSs electrode is 30 pg, which is only 60% and
20 33% of the Pt loading of Pt/C-JM=50ug and Pt/C-JM=100pg electrodes, respectively.

[0057] A particular improvement can typically be achieved if the Pt coating is carried out

by depositing on both sides of the vertically aligned CNT by ion sputtering. The blue curve in

Fig. 6 was obtained from the new electrode which has low Pt loading (35p/cm?) and good Pt
distribution (20pg/cm’® deposited on front side, 15pug/cm?® on backside of the vertically aligned

25 CNT by ion sputtering). The maximum power density is 0.85 W/cm® vs 0.8 W/cm® of a
commercial JM catalyst with a Pt loading of 100 pg/cm’. The Pt loading of P/VACNTSs
electrode is 35 pg, which is only 35% of the Pt loading of commercial Pt/C-JIM=100pg
electrodes. Thus the cell with VACNTs electrode prepared using our method shows an
excellent performance at a super low Pt loading.It is possible to reduce the Pt loading by 3

30  times to achieve a similar performance.

[0058] As shown in Fig. 7, the 35 pg/cm® P/VACNT according to the invention is
comparable to commercial ETEK catalyst with a Pt loading of 400 pg/cmz.

[0059] Thus the cell with VACNTSs electrode prepared using the method of the invention
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MEA fabricated by our method show a significantly higher performance using less catalyst.

[0061] As shown in the above cyclic voltammograms measured at a scan rate of 50 mV/s
at room temperature in 0.5 M H,SO4, VACNTs (MWCNTSs) obtained in a process according to
the invention possess average capacitance 56.7 F/g, which is 1.7 times that of commercial

25 MWCNTs<10nm. Furthermore if the VACNTSs are composed of SWNTs which encapsulate
linear carbon chains within their hollow core (theses SWNT were synthesized by the
inventors) the capacitance can be increased to 66 F/g, almost 2 times of commercially

available MWNT.

[0062] A special plastic cover was sealed over the thin film of SWNT deposited on Al

30 substrate such that it exposed a circular area of 1.13 cm®. A gold foil was also attached to the
back of the Al substrate to act as the current collector. The electrochemical characteristics of
SWNT electrodes were studied by cyclic voltammetry (CV) with scan rate from 10 to 100

mV/s using Autolab electrochemical unit. A three-electrode cell setup was employed for the

CV measurements with Pt as the counter electrode and Ag/AgCl as the reference electrode.



resi stance for electron transfer. Therefore, in order to maximze the

t hr ee- phase boundary area, the content of iononmer nust be carefully

opti m zedyolpigpubssgxperi ment, the weight ratio of NafiopctRcRbfofeosidb al yst
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Is the potential w ndow from -0 3.V and the charge g = J_0.25 u
suc@® naiow £t iqaéuxgurYPéaNTﬂébéﬂuﬂmgaémnrn@lmfw pepecscapacitgi@ppli¢ationhe mass of

nanot ubes. The nass_of the, i ) _ o .
[0064] The listing or discussion of a previously published document in this specification

should not necessarily be taken as an acknowledgement that the document is part of the state
of the art or is common general knowledge. All documents listed are hereby incorporated

herein by reference in their entirety for all purposes.

25 [0065] The invention illustratively described herein may suitably be practiced in the absence
of any element or elements, limitation or limitations, not specifically disclosed herein. Thus,
for example, the terms “comprising”, “including,” containing”, etc. shall be read expansively
and without limitation. Additionally, the terms and expressions employed herein have been
used as terms of description and not of limitation, and there is no intention in the use of such

30  terms and expressions of excluding any equivalents of the features shown and described or
portions thereof, but it is recognized that various modifications are possible within the scope of
the invention claimed. Thus, it should be understood that although the present invention has

been specifically disclosed by exemplary embodiments and optional features, modification and



nanot ubes, m was estimated by subtracting the total nmass of the nanotubes
and Al foil (before CV neasurenents) with the nass of a blank A foi

(W pi ng ayeyoi)i173pe nanotubes fromthe substrate after pgyseBaRWHIGRENL S)
using a Sartorius M crobal ance ME5. To ﬂgnnnstrate the potential of thin
filmSWT el ectrodes, we neasured the cyclic voltametry (CV) of SWNT

el ect r odasiatien ofjtha inventenseinshwklieddizereiaHereil sclotédmagbe esentdd tobycthoseskilled
used to .evaluate the el ectrochem cal , performnce of, super,capaci tor

of ect r odBai it #st Prkschpesficribng Ao KEHIOgF AP FoIlsEaidE berviiin the sopperafy
12 conpahR ibveatioY, pl ots of SWNT el ectrodes i nmmersed into 0. 5M Na2SO4
electrolyte with scan rate from 10 to 100nV/s. The CV plots of SWNT

el ectrodes E(ﬂ)ﬁh] bre ineehteoigHAAbeddOdestlibil Bloagky At geidiRhl¢ MleRdie- | BacRrof the
capacitor (EDLC) shapes wi thqut any faradai ¢ reactions and reach maxi num
capati t JREe¥epppecis and subgengnggroupings dahng pathin theegeperiq disclasye alsefarm pad
illustr h L et O} : rj-ng
| ow costs oy Tecrin, TR A1 ke e stbfG e AR bE e Lo Fees MbaRTer
el ect r odegatsvsclimitgtiqnvienoving arsEvbEchimatiehfrgm the rgenusyaegaedlassdof] whether or not

| oadi ng..,. VACNIS/ Al., . whj ' | sQ.. prom.si ng for supercapacitor

appl i catt?%ﬁ)éc.ls %ﬁmﬁ%’%ﬁﬁ%&ﬁ%%&h |resl§'ussi on of a previously published
docunent i i Ry ' s J i .1 ak

acknont cdgBIER, QREFERbSREHE IR 0 RNIARE Y 1f 03ty ERgreres o
conibn gepetsadf tha indeat g areAddsciitied i nérms| df Mardtushr grolnps, eheysei skilted i niad &rd will
herein by reference i.n their. entiyety for all .purposes. [0Q65] The

vent i tdeRiEBRCe VB gRogbas ARDhHE drerey iR Anyungi el SR of he
absence sgbhgratly o£mefiibeis FtheeVRAREA Sroupl M tation or limtations, not
specifically disclosed herein. Thus, for exanple, the terns "conprising",
"including," containing", etc. shall be read expansively and w t hout
limtation. Additionally, the terns and expressions enpl oyed herein have
been used as terns of description and not of limtation, and there is no
intention in the use of such terns and expressions of excluding any
equi val ents of the features shown and described or portions thereof, but it
is recogni zed that various nodifications are possible within the scope of
the invention clainmed. Thus, it should be understood that although the
present invention has been specifically disclosed by exenplary enbodi nents
and optional features, nodification andvariation of the inventions enbodi ed
therein herein disclosed may be resorted to by those skilled in the art,
and that such nodifications and variations are considered to be within the
scope of this invention. [0066] The invention has been described broadly
and generically herein. Each of the narrower species and subgeneric
groupings falling within the generic disclosure also form part



of the invention. This includes the generic description of the invention
with a proviso or negative limtation renoving any subject matter fromthe
genus, regahileessszeof whether or not the excised materiapcirg@sPp@ovdizeal | y
recited herein. [0067] O her enbodinmentggare within the follow ng clains hi
addi tion, where features or aspects of the invention are described in terns
of Mar kysijfgs oups, those skilled in the art will recognize that the
invention 1s also thereby described in terns of any individual nmenber or
subgroup of nenbers of the Markush group.C ains What is clainmed is: 1. A
menbr anevehtas tlagfel ®ssenbly conprising alternating | ayers of vertically

al i gned carbon nanot ubes and i onomer nenbrane, wherein the nenbrane

el ectrode assenbly cogﬁéﬁs s two or nore |ayers of v rtica%ly al i gned

gne(
car bon ndnofuBEEEERRF | % 23Nk COMPESING alfing BaFBoRT varsetibedigngde
nangpar ti cl ggpbimBRithb&eshd MELRRP mdn¥ial@NPRGEh! the GRerABARE |PddiYdP ! a8lenfiiin
2. The nenbrane el ectrode assenbly of claim1, wherein the alternating
| ayers of veompmses [twoadri mnredlayens fnventacably il gned wdrboo rometubes mhd amteerein ghe

obt ai nabl e by..tr.ansferring the vertjcally aligne ar bon not upes frao
Ot oo ¢ EepqiR SRt Sor® paRbeS Nl “arBeES L REMePRREY ofhereant Al
of claim ZnMﬂl@@ﬁ@iicrbsfcbm@ﬁfsiﬁgﬁ)ldﬂiﬁumhe vertically aligned carbon nanotubes to

the i ononer nmenbrane is carried out by hot-pressing of the iononer nenbrane
onto vertically aligned carbon nanotubes. 4. A nethod of form ng a nenbrane

el ect r od@- atBemempranertiedirede atsembhpef daimyl, wheseisthel pitgrnatingiapens of vertically he
al um ni um f gi I r,fa . - i :

ol ALy ofienel R AldRS o RRRRF erhRC ok Btaiiab® b9 elBrdne e
of the al unverticallyfabighed earbepaaiotubeg froandumaitundbi so the ibhemel membiahy. of
vertically aligned carbon nanotubes grown on the upper face of the
alumniumfoil, - depositing a plurality of jononmer nolecules on._the
plurality*o ﬁ%ﬁembeaane@ecgpagﬁ%ﬁm@& St aovhees fransPrring Hisayartiealiygligned
deposi ted thgp&Phanotubel &Y itdifsbrad thQOIRE IS GREANR 1by%?—%>?és§in%hﬁ thORABREr
menbrane has an upper face and a lower face, and - TmoDbilizi'ng by neans of
hot - pr essi nemheane ontonyarticablylaligned carbdn nanotubgper face on a first portion of

the plurality of vertically aligned carbon nanotubes grown on a first

15 4. A method of forming a membrane electrode assembly, the method comprising.
- providing aluminium foil, the aluminium foil having an upper face and a lower face,

- allowing a plurality of vertically aligned carbon nanotubes to grow on the upper face of

the aluminium foil,

- depositing nano-particles on the plurality of vertically aligned carbon nanotubes grown

20 on the upper face of the aluminium foil,

- depositing a plurality of ionomer molecules on the plurality of vertically aligned carbon

nanotubes with nanoparticles deposited thereon,

- providing an ionomer membrane; wherein the ionomer membrane has an upper face and

a lower face, and

25 ' - immobilizing by means of hot-pressing the ionomer membrane with its upper face on a
first portion of the plurality of vertically aligned carbon nanotubes grown on a first
portion of the upper face of the aluminium foil, and with its lower face on a second
portion of the plurality of vertically aligned carbon nanotubes grown on a second
portion of the upper face of the aluminium foil, thereby transferring the vertically

30 aligned carbon nanotubes from the aluminium foil to the ionomer membrane.



portion of the upper face of the alumniumfoil, and with its |ower face on
a second portion of the plurality of vertically aligned carbon nanot ubes

grown on ®O§gﬁ)ﬁlqgl§3gorti on of the upper face of the al umPBil"}é@Z(f)l%TObﬂmg her eby
transferring the vertically aligned car?gn nanot ubes fromthe al um ni um

foil to the ionomer nmenbrane.5. The netfiod of claim4, further conprising:
posi t i onis1gThé anéthod W reldimniy Aumber 0oinPrisifg:.C Poditichitd tid fondaied tri&abrafaventbeen
transferred, between two gas diffusion |ayers. 6. The nethod of clainms 4 or
5, wherein aqhmﬁ@araobpmwhwam b%ﬁm&fénpgip betwesndwoges gHfusiemisyeres t o
grow on the upper face conprises: - depositing catalyst particles on the
upper facg ¢he htehcd LRI ™ (@15, whéreid RRoWRiS Prihiit! o Jéhﬁzallwlgﬁb&] carbon
depositing catal yst particles conprises depositing a catal yst precursor on
t he al unmi ni nanotdhies tagrove o heqppen fage edmpréses:ng the al uminium foil with the
catal yst precursor deposited thereon. 8. The nethod of claim?7, wherein the
cat al yst pr edepesingeatglyst padicles apdagunper faceof thg Alwpiiwadail. conpound. 9. The
met hod of clainms 7 or 8, wherein depositing a catalyst precursor on the

al um nium foil (] oyt - I h ] Wl

o 1 10, Tha: MRS of i U phiteEP UEM; AR, LT BrEOT, BfhorSes Sl e
of verti cal tapalgéti greewtsarastbthe alemotiurb &eiltamd grubsequent sh eintepingrthé abeninfun Heil

al um ni um foiéd1 conpr.i ses: ggpgl %/i nﬁcg asma enhanced chemi cal vapour

deposi tion W4P#ARF cAtdlystipxequisor drnpsHed BigFQ8: 11, The nethod of clai m 10,
wherein the carbon source is CH2-CH2. 12. The nethod of any one of clains 4
- 11, whe eThe teehodi 6fSdlaifo7, trliefein sk 404 yStqieditisar @oinpeiBestd Grkd\ W RiafsiHoM
foil are conprised in separate pieces o?, alumniumfoil. 13. A polyner

el & rode nBgH PMBPOWML cel | el ectrode conprising the nenbrane el ectrode
assenbly of one of clains 1-3. 14. A polyner el ectrode nmenbrane fuel cel

conpri si Bg TREnftRE 095inR7 6/ & Wherdin depositing a catalyst precursor on the aluminium

foil is carried out by spray-coating the same on the aluminium foil.

10. The method of any of claims 4 - 9, wherein allowing a plurality of vertically aligned
carbon nanotubes to grow on the upper face of the aluminium foil comprises: applying

15 plasma enhanced chemical vapour deposition using a suitable carbon source.
11. The method of claim 10, wherein the carbon source is CH,-CH,.

12. The method of any one of claims 4 - 11, wherein the first portion and the second portion

of the aluminium foil are comprised in separate pieces of aluminium foil.

13. A polymer electrode membrane fuel cell electrode comprising the membrane electrode

20 assembly of one of claims 1-3.

14. A polymer electrode membrane fuel cell comprising the electrode of claim 13.



