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DESCRIPTION

ELECTROCATALYTICALLY ACTIVE NANOCOMPOSITE MATERIAL AND A
PRODUCTION METHOD THEREFOR

Field of the Invention

[0001] The invention generally relates to electrocatalytically active nanocomposite
material, e.g. for use in fuel cells and/or electrolysers. Other aspects of the invention

relate to the production of the nanocomposite material and electrocatalysts.

Background of the Invention

[0002] Polymer electrolyte membrane fuel cells (PEMFCs) are considered as
promising clean energy converters for future applications such as stationary, portable,
and automotive applications.['-?l However, for the technology to become ready for
mass markets, the currently relatively high costs of the polymer electrolyte (or proton
exchange) membrane (PEM) and the catalyst need be reduced. As regards the
catalyst, its price is directly connected to the amount of noble metal, which is mostly
platinum (Pt). In order to be able to reduce to the amount of Pt without sacrificing
performance, so-called Pt utilization (indicated in units of power produced per unit of
mass of Pt) has to be increased. It has already been shown that by using carbon
decorated with Pt nanoparticles along with Nafion™ (trademark of DuPont for a
sulfonated tetrafluoroethylene-based fluoropolymer-copolymer) as the proton
conductive media it is possible to reduce the loading of Pt (from 4 mg.cm? to
0.5 mg.cm?) in the electrode layer) Bl It is worthwhile noting that in conventional
membrane electrode assemblies (MEAs) approximately only 10% of the available Pt

is catalytically active. [

[0003] Pt utilization is linked to the configuration of the triple-phase boundary (TPB),
which is the region of contact of the reactant, the electrolyte and the catalyst and is
responsible for the performance in term of power densities, e.g. of a PEMFC. ¥Hence,
an optimization of these interfaces can be obtained by fine tuning the electrode
structure at the nanoscale level. Up to now, plethora of methods were developed such
as ink-jet printing, 671 sputtering, ¥ and others [ allowing to optimize the electrode

assembly for low platinum density.
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[0004] For example, Taylor et al. ¥l applied an inkjet-based printing technique able to
design PEMFC electrodes layers directly deposited onto a Nafion™ membrane. In this
work, the anode made of commercial 20% Pt/C catalysts with a loading of
0.021 mge: cm™ yielded a Pt utilization of about 17600 mW mg " in a Hz/O2 fuel cell.
For comparison, O'Hayre et al. ['% designed MEAs consisting of sputtered Pt films on
both sides of a Nafion™ membrane whose thicknesses were around 5 nm and yielding
60% of the power output of a commercial MEA. Nevertheless, those methods have to
be carried out under ultrahigh vacuum conditions, requiring costly and appropriate
equipment. Moreover, the limited Pt deposition only into two dimensions and the lack
of uniformity of sputter coating over a large surface constitute the main drawback of

such a deposition method.

[0005] Recently, a versatile technique was applied for the development of fuel cell
electrodes: the so called “layer-by-layer” (LBL) assembly [''-13 developed by Gero
Decher. ' This technique consists in alternately adsorbing oppositely charged
polyelectrolytes on substrates by dipping or spraying. ['S! Very high Pt utilization was
obtained with the dipping technique. Pt utilization as high as 3400 mW/mgp: was
demonstrated. Nevertheless, dipping LBL technique still remains time consuming and
not suitable for in-line processing. ' Izquierdo et al. demonstrated that the spraying
method can replace the dipping method allowing to speed up the LBL assembly by a
factor of about 100. 'l It was observed that spraying can be advantageous for
producing homogeneous fiims exhibiting reduced roughness. Moreover, lzquierdo et
al. suggested that the rinsing step could be skipped between each spraying deposition
thanks to the drainage occurring during spraying. It was shown that sprayed LBL
technique is suitable for the fabrication of hydrogen fuel cell MEAs containing different
catalysts. For example, with a sprayed LBL anode of Pt/PANI (Pt-decorated
polyaniline), a Nafion™ membrane and sprayed Pt/C layer cathode, power density of
63 mW cm2 and Pt utilization of 437.5 mW mg™" were reached. ['® Here, the amount
of Pt used was almost two times lower than for standard carbon-supported Pt catalyst
MEAs. More recently, Wang et al. [' manufactured “fast prepared” electrodes based
on the sprayed LBL assembly of oxide particles under heat treatment. Such a process
can accelerate the manufacturing thanks to the drying step when one layer is sprayed

onto the membrane. In this case, any excess solvent is not drained away in liquid form,
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which reduces the risk of flushing away the precious catalyst. Pt utilization as high as
1468 W/g' was obtained for the multi-layer MEA.

[0006] Another factor affecting PEMFC performance is the catalyst support. It has
been shown that the use of polydopamine (PDA) presents several advantages to

stabilize platinum nanoclusters:

i)  the strong binding between PDA and Pt precursor thanks to the presence of

catechol and amino groups, !

i) the -1 interaction between PDA precursors (in particular dopamine) and

graphitized carbon structures such as, e.g. carbon nanotubes, [#?
iy  the hydrophilicity of PDA and its controllable thickness on carbon substrate. 2]

[0007] Carbon nanotubes are well known for their excellent electric conductivity and
high surface area which are advantageous for the electrocatalytic activity of Pt. Carbon
nanotubes have been reported to form interconnected conducting networks. 24 This
feature is beneficial for establishing good contact between loaded Pt catalyst and the

electrolyte.

[0008] The article “Ultradispersed platinum nanoclusters on polydopamine-
functionalized carbon nanotubes as an excellent catalyst for methanol oxidation
reaction” by H. Huang et al., Applied Catalysis A: General 490 (2015) 65-70 discloses
that prior PDA functionalization of carbon nanotubes (CNT) reduces the tendency of
Pt to agglomerate into larger particles on the CNT surface. A more even distribution of
the Pt particles was thereby reached.

General Description

[0009] A first aspect of the invention relates to an electrocatalytically active
nanocomposite material, comprising electrically conductive carbon material (such as
e.g. carbon black, single- or multi-walled CNTs, graphite particles, graphene particles)
decorated with platinum nanoparticles or nanoclusters anchored thereon. The
decorated electrically conductive carbon material (i.e. the carbon material with its
attached Pt particles) is (completely or partially) overcoated with catecholamine-based

polymer.
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[0010] It should be noted that the term “decorated”, as used herein, is not intended to
imply any notion of embellishment. “Pt-decorated” means, in this context, “bearing

individual Pt nanoclusters and/or Pt nanoparticles”.

[0011] As used herein, the term “nanocluster” designates particles with a diameter or
greatest extension of 2 nm. The term “nanoparticle” designates nanoparticles with a
diameter or greatest extension from 2 nm to 50 nm. It is worthwhile noting that in the
present context of Pt nanoparticles or nanoclusters, the preferred range for the
average diameter (or greatest extension) thereof is from 0.5 nm to 20 nm, more

preferably from 1 nm to 10 nm.

[0012] Surprisingly, it was found that the catecholamine-based polymer not only
provides increased resistance to corrosion to the electrically conductive carbon
material but also significantly improves Pt utilization. This result was obtained by
comparing LBL spray-deposited naked and overcoated Pt-decorated electrically

conductive carbon materials.

[0013] The electrically conductive carbon material preferably comprises graphitized
carbon material, which is term used herein for commonly designating carbon
molecules with vast delocalized orbitals extending over essentially the entire molecule.
Graphitized carbon material covers, in particular, carbon nanotubes, graphene, and

graphite flakes.

[0014] Preferably, catecholamine-based polymer is used for overcoating. The
catecholamine-based polymer is preferably selected from the group comprising (or
consisting of): polydopamine and eumelanin, copolymers thereof and polymer blends
thereof. According to a preferred embodiment of the invention, the electrically
conductive carbon material and the platinum nanoparticles or nanoclusters anchored

thereon are overcoated with polydopamine.

[0015] It seems that the simultaneous presence of hydrophilic catechol and amine
groups increases proton conductivity. Accordingly, carbon material (in particular CNTs)
decorated with Pt nanoparticles or nanoclusters and wrapped with PDA or another
catecholamine-based polymer are interesting structures enhancing both electric and
proton conductivities while protecting the carbon material against oxidation. These
materials are thus believed to be particularly suited for use in the aggressive

environment inside a PEMFC, characterized by high water content, acidic pH, elevated
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temperatures (50-90°C), high potential (0.6-1.2 V), high oxygen content, and the
presence of platinum also accelerating carbon corrosion. 5 When the carbon support
material is degraded by corrosion, the performance of the cell strongly decreases,
eventually leading to a total collapse of the electrode structure. This problem is thus
considerably alleviated thanks to the present invention.

[0016] The electrically conductive carbon material may comprise a catecholamine
surface functionalization, on which the Pt nanoparticles or nanoclusters are anchored.
That surface functionalization would be applied prior to the Pt particles, thereby leading
to formation of smaller Pt particles more evenly distributed over the carbon material.

[0017] The electrocatalytically active nanocomposite material according to the first
aspect of the invention may be provided in any form. According to a preferred
embodiment of the invention, the electrocatalytically active nanocomposite material
forms a porous three-dimensional network, e.g. on a substrate such as a proton
exchange membrane or a gas diffusion layer. Alternatively, the electrocatalytically
active nanocomposite material could be provided in the form of a suspension,
preferably a colloidal suspension. That suspension could then be used to deposit an
electrocatalyst in the above-mentioned form of a porous 3D network, preferably by
layer-by-layer (LBL) spraying.

[0018] A second aspect of the invention relates to an electrocatalyst, comprising the
electrocatalytically active nanocomposite material. A third aspect of the invention
relates to a fuel cell, e.g. a direct methanol fuel cell or a polymer electrolyte membrane
fuel cell, comprising such an electrocatalyst. A fourth aspect of the invention relates to

an electrolyser comprising such an electrocatalyst.

[0019] Another aspect of the invention relates to a method for producing
electrocatalytically active nanocomposite material. The method comprises:

0 depositing Pt nanoparticles or nanoclusters on electrically conductive carbon
material (for instance graphitized carbon material, such as e.g. carbon
nanotubes, graphene, or graphite particles, in particular, flakes) using a
suspension of the electrically conductive carbon material in a solution of

chloroplatinic acid so as to form platinum-decorated carbon material; and

o  overcoating the platinum-decorated carbon material with catecholamine-based

polymer.
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[0020] Preferably, the Pt-decorated carbon material is overcoated with polydopamine
using a dispersion of the platinum-decorated carbon material in a dopamine salt (e.g.

dopamine hydrochloride) solution.

[0021] The electrically conductive carbon material may be naked or provided with a
catecholamine surface functionalization before deposition of the platinum

nanoparticles or nanoclusters.

[0022] Last but not least, an aspect of the invention relates to a method for producing
an electrocatalyst. The method comprises forming a liquid dispersion of the
electrocatalytically active nanocomposite material as described before and depositing
the electrocatalytically active nanocomposite from the dispersion on a substrate so as
to create a porous 3D network of the electrocatalytically active nanocomposite
material. Preferably, the substrate comprises a polymer electrolyte membrane and/or
a gas diffusion layer, e.g. configured for use in a fuel cell and/or an electrolyser.
Deposition of the electrocatalytically active nanocomposite from the dispersion may be
done in any suitable way, e.g. by LBL dipping. Preferably, however, the deposition is
done using the LBL spraying technique. The advantages of this technique are that one
is able to both increase the porosity of the deposited material in the multilayer structure
and to limit any material loss (the liquid phase of the suspension may be evaporated
rather than drained away). LBL spraying is a comparatively fast technique, which
makes it suitable for in-line fabrication, e.g. of MEAs.

Brief Description of the Drawings

[0023] The accompanying drawings illustrate several aspects of the present invention
and, together with the detailed description, serve to explain the principles thereof. In
the drawings:

Fig.1: is a schematic illustration of a Pt-decorated CNT overcoated with
catecholamine-based polymer;

Fig. 2: is a schematic illustration of a Pt-decorated graphene particle overcoated with
catecholamine-based polymer;

Fig. 3: is a schematic illustration of a Pt-decorated carbon black particle overcoated
with catecholamine-based polymer;
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Fig. 4: is a schematic exploded view of a multi-layered electrode assembly comprising
an electrocatalyst according to a preferred aspect of the invention

Fig. 5: shows a transmission electron microscopy (TEM) of Pt-decorated multiwalled
carbon nanotubes (MWNT/Pt) on the left and the corresponding Pt particle size
distribution histogram on the right;

Fig. 6: shows a TEM of PDA-coated Pt-decorated multiwalled carbon nanotubes
(PDA-MWNT/Pt) on the left and the corresponding Pt particle size distribution
histogram on the right;

Fig. 7: shows the XPS spectrum of the MWNT/Pt of Fig. 5;
Fig. 8: shows the XPS spectrum of the PDA-MWNT/Pt of Fig. 6;

Fig. 9: is a cyclic voltammogram of the MWNT/Pt of Fig. 5 recorded in 0.5 M H2SO4
at 25°C and a sweep rate of 50 mV/s;

Fig. 10:is a cyclic voltammogram of the PDA-MWNT/Pt of Fig. 6 recorded in 0.5 M
H2SO4 at 25°C and a sweep rate of 50 mV/s;

Fig. 11:shows the normalized peak current plots for the MWNT/Pt of Fig. 5 and the
PDA-MWNT/Pt of Fig. 6;

Fig. 12: shows the polarization curves for an electrocatalyst obtained by LBL spray
deposition of PDC-coated Pt-decorated MWNTs ([PDA-MWNT/Pt]so) and an
electrocatalyst obtained by LBL spray deposition of Pt-decorated MWNTs
(MWNT/Pt]s0);

Fig. 13: shows the power density curves of [PDA-MWNT/Pt]so and [MWNT/Pt]so;

Fig. 14:is a scanning electron microscopy (SEM) cross-section of [MWNT/Pt]so on a
substrate (PEM);

Fig. 15:is a SEM cross-section of [PDA-MWNT/Pt]so on a substrate (PEM);

Fig. 16:is a cyclic voltammogram corresponding to the electrooxidation of LBL-spray
deposited PDA-coated CNTs not bearing Pt nanoparticles ([PDA-MWNT]so)
recorded in an Ar-saturated 0.5 M H2SO4 solution at 25°C and a sweep rate of
50 mV/s;
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Fig. 17:is a cyclic voltammogram corresponding to the electrooxidation of LBL-spray
deposited CNTs not bearing Pt nanoparticles ([MWNT]so) recorded in an Ar-
saturated 0.5 M H2SO4 solution at 25°C and a sweep rate of 50 mV/s;

Fig. 18:is a comparison of the normalized coulomb charge plots for [MWNT]so and
[PDA-MWNT]s0.

Detailed Description of Preferred Embodiments

[0024] Figs. 1to 3 schematically show different examples of electrocatalytically active
nanocomposite material 10, 10’, 10” according to preferred embodiments of the

invention.

[0025] Fig. 1 illustrates a CNT 12 decorated with Pt nanoparticles 14 anchored
thereon. The decorated CNT is sheathed with a coating 16 of catecholamine-based

polymer.

[0026] Fig. 2 illustrates a graphene particle 18 decorated with Pt nanoparticles 14
anchored thereon. The decorated graphene is overcoated with catecholamine-based

polymer 16.

[0027] Fig. 3 illustrates carbon black 20 decorated with Pt nanoparticles 14 anchored
thereon. The decorated carbon black is overcoated with catecholamine-based
polymer 16.

[0028] Two different catalyst supports were prepared:

i) multiwalled carbon nanotubes (MWNTs) decorated with Pt nanoparticles
(abbreviated MWNT/Pt; as a comparative example); and

i)  MWNTs decorated with Pt nanoparticles and overcoated with PDA (abbreviated
PDA-MWNT/Pt; as an example according to a preferred embodiment of the

invention).

[0029] Forthe obtainment of the MWNT/Pt and the PDA-MWNT/Pt, MWNTSs were first
oxidized, creating nucleation sites for Pt nanoparticles formation during the reduction
of HoPtCls. For each example preparation, 100 mg multi-walled carbon nanotubes
(MWNT) in 20 ml ethylene glycol (EG) were stirred under sonication for 10 min. 100 mg
of chloroplatinic acid hexahydrate (H2PtCle.6H20) in 30 ml EG were added to the
suspension under agitation, and then the solution was heated to 140°C for 1.5 h under
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reflux. The solution was cooled down to room temperature and kept under agitation for
24 h. MWNT/Pt was collected by filtration and washed with deionized water.

[0030] The so-obtained MWNT/Pt exhibited a fairly uniform distribution of Pt
nanoparticles over the entire length of the MWNTSs, as can be seen in the transmission
electron microscopy (TEM) investigations (Fig. 1). The Pt particles ranged in size from
7.2510 8.2 nm.

[0031] The polydopamine-modified MWNT/Pt were prepared in the following way.
100 mg of the MWNT/Pt were dispersed in 200 ml of deionized water (10 mM Tris—HCI
(pH 8.5)) containing 30 MM of cupric sulphate and 0.1 mg/ml of dopamine
hydrochloride, before being stirred for 24 h at room temperature. The obtained PDA-

MWNT/Pt were rinsed with deionized water.

[0032] One difficulty in the modification of MWNT/Pt by PDA is precipitation, which
may introduce impurities to the MWNT/Pt. Such impurities can affect the structure of
the PEMFCs as well as their performances. As it has been shown that the amount of
precipitates depends on the dopamine concentration, 3 the latter was chosen equal
to 0.1 mg/mL. Fig. 2 shows a TEM of the PDA-MWNT/Pt obtained this way.

[0033] Figs. 7 and 8 show the XPS survey spectra of MWNT/Pt and PDA-MWNT/Pt
respectively. Apart from the similar C, O of MWNT/Pt, additional N moieties are found
in the spectrum of PDA-MWNT/Pt. These are due to the nitrogen-containing functional

groups of polydopamine.

[0034] To investigate the electrochemical performance of PDA-MWNT/Pt and
MWNT/Pt, characterizations were performed by cyclic voltammetry (CV). First, the
prepared PDA-MWNT/Pt and MWNT/Pt catalysts were respectively mixed with 1 %-wt
of Nafion™ ionomer which plays the role of dispersing agent. The CVs were cycled
between -0.2 and 1 V vs. SCE (saturated calomel electrode) reference electrode. For
each measurement, 1.2 mg of PDA-MWNT/Pt and MWNT/Pt, respectively, were
deposited on a 1 cm diameter glassy carbon electrode to perform a CV measurement.
The corresponding cyclic voltammograms can be seen in Figs.9 and 10. The
corresponding normalized peak current plots are shown in Fig. 11. The PDA-MWNT/Pt
and MWNT/Pt catalysts showed similar increase in the hydrogen
adsorption/desorption (Hadsides) and oxygen adsorption/desorption (Oadides). This

proves that the coverage of the MWNT/Pt system with PDA does not affect the catalytic
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reactions. Moreover, these results are also due to high electron and proton
conductivities of the porous structure (nanotube network) allowing the reactants to
reach the catalyst. The voltammograms can be compared by the calculation of the
electrochemical active surface area (ECSA) of Pt of each catalyst. The double-layer
capacitance is subtracted from the Hads peaks and the resulting area under the peaks
is integrated. The average peak area corresponds to the total charge consumed by the
Pt surface. The ECSA (in m?g™") is then obtained by:

ECSA = Hads/(21OHC.Cm_Z.Ptloading),

where Hags stands for hydrogen adsorption in uC.cm, Pt loading is the electrode Pt
loading in g.m™ and the standard charge of 210 uC correlates with the coverage of one
cm? surface area of three basal Pt planes.

[0035] For the performed CV experiments, the ECSA of PDA-MWNT/Pt and
MWNT/Pt was found to be 18.81 m?g~" and 11.68 m?g™", respectively. The Pt loadings
of PDA-MWNT/Pt and MWNT/Pt were measured with thermogravimetric analysis
(TGA; Netzsch STA 409) under N2 from ambient temperature to 120 °C at a rate of
10 °C/min; the temperature was then kept constant at 120 °C for 30 min in order to
remove all solvent. When that was done, the composite was heated to 1000 °C with a
heating rate of 10 °C/min.

[0036] The numerical results show that overcoating of the MWNT/Pt catalyst with PDA
improves the ECSA value. This result seems to be due to the presence of PDA which
enhances the proton conductivity, the hydrophilic property of the MWNT/Pt as well as
the catalytic reaction. This last feature can be observed on Fig. 11 showing the relative

currents versus the cycle number.

[0037] Membrane electrode assemblies (MEAs) were prepared by alternated
spraying of PDA-MWNT/Pt and MWNT/Pt catalyst, respectively, onto a Nafion™ 117
membrane. To this end, the membranes were first pre-treated by boiling in 3 %-wt
hydrogen peroxide and deionized water for 1 h, then rinsed in boiling deionized water
for 1 h, put into boiling 0.5 M sulfuric acid for 30 min, and finally rinsed again in boiling
deionized water for 1h. PDA-MWNT/Pt were dispersed in isopropanol under
sonication for 15 min and Nafion™ perfluorinated resin solution was added to the
suspension to obtain a stable dispersion for LBL assembly. The suspension was



10

15

20

25

30

11
sprayed onto one of the membranes in the following conditions. Each deposition layer
was obtained by 1 s of spraying and left to dry for 1 s before the next layer was applied.
The process was repeated until the desired thickness was obtained. In total, 50 layers
of PDA-MWNT/Pt were applied. The multilayered nanocomposite stack is noted [PDA-
MWNT/Pt)]n, n representing the number of layers sprayed with the same suspension
(here n=50). Fig. 4 shows a MEA 22 comprising a PEM 24 serving as the substrate of
two electrocatalyst layers 26 (one on each side of the substrate) obtained by LBL spray
deposition of PDA-MWNT/Pt. The porous network 28 formed on the PEM 24 is
illustrated as a magnified detail. The porous network 28 is composed of Pt-decorated
MWNTs 12 sheathed with PDA coating 16.

[0038] A multilayered nanocomposite stack of MWNT/Pt was obtained by LBL spray
deposition using similar deposition parameters, in particular, the same number of
spraying cycles, but slightly longer deposition times for each layer (2-3s). The
multilayered nanocomposite stack of MWNT/Pt was thus [MWNT/Pt)]so.

[0039] The schematic view of the multilayered electrode assembly is shown in Fig. 4.
The anodes and the cathodes of the two systems (PDA-MWNT/Pt and MWNT/Pt) were
assembled in a way allowing a fine tuning of the contact area of the functional species:
the Pt nanoparticles, electric conductive support (MWNT), and the proton conductive
media (PDA). The intersection of these components and the gas phase constitute the
so-called TPB (triple-phase boundary). In order to enhance the area of the TPB, the
components were sprayed successively to form the multilayered cathodes and anodes
([PDA-MWNT/Pt]so and [MWNT/Pt]so). This assembly technique resulted in a 3D

porous network with good reactant/product transport.

[0040] In situ fuel cell measurements were performed. The polarization curves for
[PDA-MWNT/Pt]so and [MWNT/Pt]so and the power density curves are displayed in
Figs. 12 and 13. The fuel cell measurements of the MEAs were carried out by
sandwiching the MEAs between two pieces of H2315-13 carbon paper serving as gas
diffusion layers (GDL), then fixing them between two bipolar plates with flow field. The
electrodes were fed with Hz at a rate of 150 mL/min and high-purity Oz at a rate of 75
mL/min. A humidifier was used in order to hydrate the fuel cell. 100 % humidified gases
were been injected in the cell during the fuel cell test. Electrode temperature was set
to 80 °C. The polarization curves were collected in galvanostatic mode by using a
FuelCon Evaluator C50 test bench (FuelCon AG, Germany). Maximum power
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densities of 780 mW cm~2 and 530 mW cm were obtained for [PDA-MWNT/Pt]so and
[MWNT/Pt]s0, respectively. The measured [PDA-MWNT/Pt]so and [MWNT/Pt]so had a
Pt loading of 0.014 mg cm~ 2 and 0.020 mg cm~ 2, respectively. The loading of the
anode was kept the same for both electrodes. Starting with the maximum power
density and the Pt loading of the anode and cathode, Pt utilization was calculated. Pt
utilizations for [PDA-MWNT/Pt]so and [MWNT/Pt]so were 6051 W gy~ ' and 2912 W
gey” ', Note that the two values of Pt utilization reflect the results from the CV
experiments, where both systems had different ECSA. It is remarkable that both
systems show differences in terms of performance and that the presence of PDA
seems to strongly boost fuel cell performance.

[0041] Figs.14 and 15 scanning electron microscopy (SEM) micrographs of
[MWNT/Pt]so and [PDA-MWNT/Pt]so taken using a Quanta FEG 200 (FEI Nova,
Netherland) field-emission gun scanning electron microscope. Each sample was cut to
a piece of 1 cmx0.2 cm on a SEM holder along the middle axis to get an insight into
the electrode’s morphology. The SEM micrographs of the [MWNT/Pt]so and [PDA-
MWNT/Pt]so electrodes indicate very porous structures. The average thicknesses were
measured to be 4.5 um and 5.6 um, respectively.

[0042] In order to compare the stability of the catalyst supports, LBL-spray deposited
PDA-coated CNTs (not bearing Pt nanoparticles, [PDA-MWNT]s0) and LBL-spray
deposited naked CNTs (not bearing Pt nanoparticles, [MWNT]s0) were subjected to
continued cyclic voltammogram tests (1800 cycles). The results are shown in Figs. 16-
18. Fig. 16 clearly evidences that the amount of oxygen moieties on the surface of the
MWNTSs increases with the cycle number. This could be due to quinone (Q) and
hydroquinone (HQ) redox reactions. Fig. 17 shows no inclination of the curve during
cycling, which suggests that there is no change in the surface resistance and that the
conductivity of PDA-MWNT/Pt remains stable during cycling. During cycling, the area
under the voltammogram of PDA-MWNT does not change substantially, meaning that
there are not redox peaks. This proves that PDA-MWNT films exhibit very good
electrochemical stability (resistance to corrosion). Fig. 18 depicts the normalized
coulomb charge HQ/Q plots for [PDA-MWNT]so and [MWNT]so. The charge rate of the
catalytic support can be determined by comparing the charge integral. The
hydraquinone—quinone (HQ—Q) peak, indicates the peak surface oxidation currents
after a certain duration. The surface charge density due to the surface reaction of the
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electrodes can be calculated by subtracting the pseudo-capacitance charge from total
charge in the HQ-Q region and integrating the area under the peak. This can give a
representation of the amount of surface oxide (C/O) groups, formed due to voltage
cycling. Fig. 18 clearly suggests that [MWNT]s0 tends to corrode, while [PDA-MWNT]so

remains stable and is thus strongly corrosion-resistant.

[0043] The cyclic voltammograms were acquired with a Gamry Reference 600
potentiostat (USA) in a standard glass three-compartment electrochemical cell with a
glassy carbon working electrode (& = 3 mm), a Pt wire serving as counter electrode
and an SCE as the reference electrode. The potential between the working electrode
(WE) and reference electrode was cycled between -0.2 to 1 V with a sweep rate of
50 mV s™'. The measurement curves were recorded after a stable response had been
obtained. All electrochemical measurements were carried out in 0.5 M (molar) H2SO4
(ACS reagent 70 %) at 25 °C. The electrolyte was purged for 5 min with Ar to eliminate
oxygen before testing. After each experiment, the WE was polished with 1-um diamond
paste and cleaned using 2000 CVs restructuration cycles between 0-1.6 V with a
sweep rate of 10 V s™' in 0.5 M H2SO4 solution to remove remaining surface oxides.

[0044] All materials in these examples (multi-walled carbon nanotubes, Nafion™ 117
solution, etc.) were used as received from Sigma-Aldrich.

[0045] In the example according to a preferred embodiment of the invention, a novel
electrocatalytically active [PDA-MWNT/Pt]so multilayered nanocomposite film was
obtained via spray deposition. The [PDA-MWNT/Pt], multilayered films showed very
high performance in terms of power densities as well as very high Pt utilizations.
Furthermore, we proved that PDA-MWNT supports exhibit a better oxidation resistance
than MWNT. Hence PDA-MWNT supports are very interesting candidate for replacing
carbon black without a loss in performance. Furthermore, a simple preparation
technique for high performance and long lasting advanced electrode structures was
demonstrated. A porous network of Pt-decorated MWNTSs overcoated with PDA was
produced using LBL spray-deposition. The porous architecture seems to ease the gas
permeability leading to a better accessibility of the Pt nanoparticles.

[0046] While specific examples and embodiments have been described herein in
detail, those skilled in the art will appreciate that various modifications and alternatives

to those details could be developed in light of the overall teachings of the disclosure.
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Accordingly, the particular arrangements disclosed are meant to be illustrative only and
not limiting as to the scope of the invention, which is to be given the full breadth of the

appended claims and any and all equivalents thereof.
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Claims

1.

10.

An electrocatalytically active nanocomposite material, comprising electrically
conductive carbon material decorated with platinum nanoparticles or
nanoclusters anchored thereon, characterized in that the electrically conductive
carbon material and the platinum nanoparticles or nanoclusters anchored thereon

are overcoated with catecholamine-based polymer.

The electrocatalytically active nanocomposite material as claimed in claim 1,
wherein the electrically conductive carbon material comprises graphitized carbon
material, such as e.g. carbon nanotubes, graphene, or graphite flakes.

The electrocatalytically active nanocomposite material as claimed in claim 1 or 2,
wherein the electrically conductive carbon material and the platinum
nanoparticles or nanoclusters anchored thereon are overcoated with

polydopamine.

The electrocatalytically active nanocomposite material as claimed in any one of
claims 1 to 3, wherein the electrically conductive carbon material comprises a
catecholamine surface functionalization and wherein the platinum nanoparticles
or nanoclusters are anchored on the surface functionalization of the electrically

conductive carbon material.

The electrocatalytically active nanocomposite material as claimed in any one of

claims 1 to 4, forming a porous three-dimensional network.

The electrocatalytically active nanocomposite material as claimed in any one of
claims 1 to 4, provided in the form of a suspension, preferably a colloidal

suspension.

An electrocatalyst, comprising the electrocatalytically active nanocomposite

material as claimed in any one of claims 1 to 5.

A fuel cell, e.g. a direct methanol fuel cell or a polymer electrolyte membrane fuel

cell, comprising the electrocatalyst of claim 7.
An electrolyser comprising the electrocatalyst of claim 7.

A method for producing electrocatalytically active nanocomposite material,

comprising:
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depositing platinum nanoparticles or nanoclusters on electrically conductive
carbon material using a suspension of the electrically conductive carbon material
in a solution of chloroplatinic acid so as to form platinum-decorated carbon
material; and
characterized by
overcoating the platinum-decorated carbon material with catecholamine-

polymer.

The method as claimed in claim 10, wherein the electrically conductive carbon
material comprises graphitized carbon material, such as e.g. carbon nanotubes,
graphene, or graphite particles or flakes.

The method as claimed in claim 10 or 11, wherein the platinum-decorated carbon
material is overcoated with polydopamine using a dispersion of the platinum-

decorated carbon material in a dopamine salt solution.

The method as claimed in any one of claims 10 to 12, wherein the electrically
conductive carbon material is provided with a catecholamine surface
functionalization before deposition of the platinum nanoparticles or nanoclusters.

A method for producing an electrocatalyst, comprising:

dispersing electrocatalytically active nanocomposite material as claimed in any
one of claims 1 to 4, and/or produced according to the method claimed any one
of claims 10 to 13, and depositing, e.g. using an LBL spraying or dipping
technique, the dispersed electrocatalytically active nanocomposite material on a
substrate so as to create a porous three-dimensional network of the

electrocatalytically active nanocomposite material.

The method as claimed in claim 14, wherein the substrate comprises at least one
of a polymer electrolyte membrane and a gas diffusion layer, e.g. for use in a fuel
cell and/or an electrolyser.



