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A process for the production of a carbon supported catalyst

Description

The invention relates to a process for the production of a carbon supported catalyst, which
comprises precipitation of a metal oxide, spray-drying, loading of a noble metal comprising
compound and heat treatment.

Carbon supported catalysts are for example applied in proton exchange membrane fuel cells
(PEMFC). PEMFCs are applied for an efficient conversion of stored chemical energy to electric
energy. It is expected that future applications of PEMFCs are in particular mobile applications.
For electrocatalysts, typically carbon supported platinum nanoparticles are used. These sys-
tems still require improvement concerning the activity and stability.

Under reaction conditions, which are predominant in PEMFCs, the catalyst underlies various
deactivation mechanisms. Especially, the cathode of the PEMFC is affected. For example, plat-
inum can be dissolved and re-deposited in different positions on the catalyst or on a membrane
present in the PEMFC. Due to the deposition onto other platinum particles, the diameter of the
particles increases. This results in a reduced number of accessible metal atoms of the catalyti-
cally active platinum and therefore, in a reduced activity of the catalyst.

It is known that deactivation of such electrocatalysts can be reduced by addition of a third com-
ponent to the support and platinum. Stabilizing effects were shown for metal oxides like TiO;
and SnO; for example in B. R. Camacho, Catalysis Today 220 (2013), pages 36 to 43.

In order to enable a strong interaction of the metal oxide with the platinum, a specialized pro-
cess of platinum deposition is required. Further, such metal oxides have to be stable under acid
conditions, which are predominant in PEMFCs.

According to an overview from K. Sasaki et al., ECS Trans. 33 (2010), pages 473 to 482, it is
expected that among others Nb,Os, TiO2 and SnO; are stable for the desired applications.

In document US 2013/164655 A1, a catalyst is described, which comprises an alloy or an inter-
metallic composition of platinum and a second metal and an oxide of the second metal as well
as a carbon-comprising support. As for the second metal, niobium, tantalum, vanadium and
molybdenum are mentioned. According to X-ray diffraction measurements no crystalline con-
stituents are comprised apart from a platinum or PtzNb phase. Advantages of the catalyst de-
scribed in US 2013/164655 A1 in comparison to a catalyst comprising only platinum and carbon
are a high activity, referring to the comprised mass of platinum, for the oxygen reduction reac-
tion as well as a high stability in a potential range between 0.1 V and 1 V. For a loading of the
carbon-comprising support with niobium oxide, a sol-gel process is applied. Amorphous Nb,Os
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is formed by a heat treatment of a catalyst precursor at 400°C in an argon atmosphere. The
catalyst precursor comprising niobium oxide is subsequently loaded with 30% by weight plati-
num applying platinum(ll)acetylacetonate as a platinum precursor compound. In an alternative
procedure described in US 2013/164655 A1, a niobium oxide precursor and a platinum precur-
sor are deposited simultaneously on the carbon-comprising support by means of a sol-gel pro-
cess. In order to influence the hydrolysis velocity, a strong acid is added.

For the deposition of niobium oxide onto carbon-comprising supports, different methods are
known. To be mentioned as an example is a loading of a substrate with a sol process or a load-
ing of a substrate with a sol-gel process as described in Landau et al., in: “Handbook of Hetero-
geneous Catalysis” 2 Ed., G. Ertl, H. Kndzinger, F. Schiith, J. Weitkamp (Eds.), 2009, pages
119 to 160. According to the International Union of Pure and Applied Chemistry (IUPAC), a sol-
gel process is understood to be a process through which a network is formed from solution by a
progressive change of liquid precursors into a sol, to a gel and in most cases, finally to a dry
network.

In Landau et al., it is described that gel formation generally occurs by hydrolysis and condensa-
tion of corresponding hydrolysable metal compositions by water. Condensation in absence of
water is only possible when two different metal compositions are present, as for example an
alcoholate and an acetate as disclosed in Vioux et al., Chemistry of Materials 9 (1997), pages
2292 to 2299. In presence of only a metal alcoholate and an acid, but without any addition of
water, no condensation of the metal composition is expected, but rather the formation of an es-
ter from the alcoholate and the acid.

N. Ozer et al., in Thin Solid Films 227 (1996), pages 162 to 168, describes that a time required
for gel formation from niobium ethanolate is often several days, in presence of small amounts of
acetic acid even 52 days. The aging is an important step in sol-gel processes as sol particles
are cross-linked to polymeric structures.

Document WO 2011/038907 A2 describes a catalyst composition comprising an intermetallic
phase comprising platinum and a metal selected from either niobium or tantalum, and a dioxide
of the metal. For the production of the catalyst, the mixture of the metal, a platinum compound
and a basic salt, is prepared.

In document US 2010/0068591 A1, a fuel cell catalyst is disclosed comprising an oxide of niobi-
um (Nb;Os) and/or an oxide of tantalum (TazOs) supported on a conductive material. The cata-
lyst is prepared by mixing a suspension of carbon supported platinum with niobium chloride and
a reducing agent. The suspension was dried at 80°C for six hours.

Disadvantages of the processes known in the state of the art are a non-uniform or non-
homogeneous distribution of the metallic compounds on the surface of the carbon-comprising
support, a limited stability of the catalyst, long residence times due to sol-gel processes, which
are a cost factor in large-scale productions, and therefore, limited space-time-yields. A continu-
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ous process for the preparation of an electrocatalyst comprising a carbon-comprising support
with the desired properties regarding activity and stability is not described.

Itis an object of the invention to provide a process for the production of a carbon supported cat-
alyst, which provides a uniform distribution of the metal oxide on the carbon-comprising support
leading to a high specific activity and stability. Due to the uniform distribution of the metal oxide
on the carbon-comprising support, a large contact area between the metal oxide and the noble
metal should be provided. Further the process should offer economic advantages in terms of
high space-time-yields due to low residence times. Further, the usage of only non-flammable
gas in the heat treatment as well as the operation of the production process in a continuous
mode should be possible.

These objects are achieved by a process for the production of a carbon supported catalyst,
which comprises the following steps:

(a) precipitation of at least one metal oxide onto a surface of a carbon-comprising sup-
port by preparing an initial mixture, comprising the carbon-comprising support, at
least one metal oxide precursor and an organic solvent, and spray-drying of the ini-
tial mixture to obtain an intermediate product,

(b) loading of noble-metal-comprising particles onto the surface of the intermediate
product in a liquid medium by deposition, precipitation and/or reduction of a noble-
metal-comprising precursor with a reducing agent,

(¢) heat treatment of the catalyst precursor resulting from step (b) at a temperature
higher than 400°C.

In a first step (a) the surface of the carbon-comprising support is loaded with the at least one
metal oxide by means of spray-drying. The initial mixture to be spray-dried comprises the car-
bon-comprising support, at least one metal oxide precursor, which is converted into the at least
one metal oxide, and an organic solvent. The solid matter obtained from spray-drying is further
processed as intermediate product, which is the carbon-comprising support loaded with the at
least one metal oxide.

In a subsequent step (b) the surface of the intermediate product, which is already loaded with
the at least one metal oxide, is further loaded with the noble-metal-comprising particles.

Once the surface of the carbon-comprising support is loaded with the at least one metal oxide
and the noble-metal comprising particles, which is the catalyst precursor, it is heat-treated at a
temperature higher than 400°C in a third step (¢).

In a preferred embodiment the catalyst precursor is dried at a temperature lower than 400°C
before being heat-treated.
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By spray-drying of the initial mixture a very homogeneous, fine and uniform distribution of the at
least one metal oxide over the surface of the carbon-comprising support is achieved. In case of
a homogeneous distribution of the at least one metal oxide a large interface between the at
least one metal oxide and the noble-metal-comprising particles can be achieved, which leads to
an intimate contact, which in turn is crucial for an effective stabilization of the noble-metal-
comprising particles loaded onto the surface of the intermediate product against dissolution.
The produced carbon supported catalyst shows an increased stability against electrochemical
dissolution. Therefore, a re-deposition of the dissolved noble-metal-comprising particles onto
other noble-metal-comprising particles on the surface of the carbon supported catalyst is re-
duced. This re-deposition would lead to an increased size of the loaded noble-metal-comprising
particles. An increased size of the loaded noble-metal-comprising particles is disadvantageous
as the specific activity referring to the mass of noble-metal is reduced. Simultaneously short
residence times and high space-time yields can be realized when spray-drying is applied.

The heat treatment of step (¢) stabilizes the noble-metal comprised in the carbon supported
catalyst towards an electrochemical dissolution.

In a preferred embodiment, the at least one metal oxide precursor comprises niobium, titanium,
tantalum, molybdenum, vanadium, tungsten, cerium, zirconium, tin, silicon or mixtures thereof.
The application of at least one metal oxide precursor, which comprises niobium, is preferred.

In a further preferred embodiment, the metal oxide precursor is an alcoholate or a halide. Pre-
ferred alcoholates are ethanolates, n-propanolates, iso-propanolates, n-butanolates, iso-
butanolates and tert-butanolates. Chloride is a preferred halide.

In a preferred embodiment, the organic solvent present in the initial mixture is an alcohol, a car-
boxylate ester, acetone or tetrahydrofuran. 2-propanol is a preferred alcohol as organic solvent
in the initial mixture.

In a preferred embodiment, the initial mixture comprises less than 2%, preferably less than 1%,
particularly preferably less than 0.5% and most preferably less than 0.2% by weight of water. In
this embodiment, the small amounts of residual water present in the initial mixture are intro-
duced into the initial mixture as part of at least one of the components present in the initial mix-
ture like the organic solvent or the carbon-comprising support, which are commercially available
at limited purities and which can comprise small percentages of water. A commercially available
carbon-comprising support may comprise for example up to 5%, generally up to 2% and prefer-
ably up to 1% by weight of water, depending on storage conditions. In this embodiment, no ad-
ditional water was added to the initial mixture or to the components added to the initial mixture.

In an alternatively preferred embodiment, the initial mixture comprises up to 20% by weight of
water, preferably between 2% and 10% of water and particularly preferably between 3% and
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8% by weight of water. In this alternative embodiment water is an independent and additionally
added constituent of the initial mixture.

In a further preferred embodiment, the initial mixture comprises an acid. The acid is preferably a
carboxylic acid. Preferably the pKa value of the acid is 3 or higher. In a particularly preferred
embodiment, the acid is acetic acid. The presence of the acid in the initial mixture stabilizes the
at least one metal oxide precursor in solution and an undesired solid or gel formation in the ini-
tial mixture prior to the spray-drying is avoided.

In a further preferred embodiment, the carbon-comprising support has a BET surface area of at
least 500 mZ/g. For electrochemical applications, catalytically active materials are applied to an
electrically conductive support or mixed with an electrically conductive support. In the course of
the invention, the noble-metal-comprising particles comprise the catalytically active material. As
support, use is preferably made of carbon, for example in the form of conductive carbon blacks,
activated carbon, graphites or structured carbons such as graphenes or carbon nanotubes.
Carbon supports used normally have a high specific surface area (e.g. BET surface area) which
enables fine dispersion of the particles of catalytically active material as for example platinum,
which are usually present as nanoparticles. The BET surface area is generally above 200 m2/g
and can be up to 1500 m?/g.

More preferably, the BET surface of the carbon-comprising support is at least 800 m%/g, most
preferably at least 1000 m2/g. For example, the carbon-comprising support Black Pearls® 2000
possesses a BET surface of approximately 1389 m#/g.

The carbon-comprising support has to provide stability, conductivity and a high specific surface
area. Conductive carbon blacks are in particular preferably used as carbon-comprising sup-
ports. Carbon blacks which are normally used are, for example, furnace black, flame black or
acetylene black. Particularly preferred are furnace blacks, for example available as Black
Pearls® 2000.

Nonetheless, also carbon-comprising supports, which possess a BET surface of less than 500
m?/g, can be applied, for example the commercially available Vulcan XC72 with a BET surface
of approximately 250 m#/g.

The spray-drying of the initial mixture comprising the carbon-comprising support was found to
form for example niobium oxide and hydrated niobium oxide, respectively. In an X-ray diffraction
spectrum, niobium oxide became visible after crystallization by heat treatment.

In a preferred embodiment, the spray-drying is carried out by means of a two-fluid nozzle, a
pressure nozzle or a centrifugal atomizer. A diameter of the nozzle of a spray-dryer with a two-
fluid nozzle is preferably between 1 mm and 10 mm, particularly preferably between 1.5 mm
and 5 mm and most preferably between 2 mm and 3 mm. For a two-fluid nozzle, a nozzle pres-
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sure is preferably between 1.5 bar and 10 bar absolute, particularly preferably between 2 bar
and 5 bar absolute and most preferably between 3 bar and 4 bar absolute.

In a further preferred embodiment, the spray-drying is carried out with a drying gas temperature
between 60°C and 300°C, particularly preferably between 100°C and 260°C and most prefera-

bly between 150°C and 220°C. The drying gas temperature is preferably selected in a way that
a residue of components, which are evaporated under air at a temperature of 180°C, is present
with a content of less than 30% by weight in the solid after spray-drying. An exhaust gas of the

spray-dryer has a temperature in the range of preferably 50°C to 160°C, particularly preferably

between 80°C and 120°C, most preferably between 90°C and 110°C.

The initial mixture usually has a carbon content in the range from 1% to 30% by weight, prefer-
ably from 2% to 6% by weight.

In a further preferred embodiment, the spray-drying is carried out in a countercurrent mode with
the advantage to reduce the working volume.

In a further preferred embodiment, the spray-drying is operated with a residence time referring
to solid matter in a drying zone of the spray-dryer of less than 3 minutes, preferably of less than
2 minutes and particularly preferably of less than 1 minute. In laboratory scale, in which the dis-
tance between the nozzle of the spray-dryer and the apparatus for separation of the solid matter
is typically not more than 1 m, the residence time is preferably shorter than 1 minute and partic-
ularly preferably less than 30 seconds. In industrial scale, the residence time is preferably
shorter than 2 minutes and particularly preferred shorter than 1 minute. A short residence time
offers the advantage of a high space-time yield for the process and therefore an effective pro-
duction. Due to the comparably short residence times no substantial gel formation is expected.
Further, a fast removal of the liquid constituents of the initial mixture supports the fine and uni-
form distribution of the at least one metal oxide on the surface of the carbon-comprising sup-
port. In contrast a slow removal of the liquid constituents of the initial mixture, which takes sev-
eral hours, leads to a heterogeneous distribution of the at least one metal oxide on the surface
of the carbon-comprising support. This might be due to a heterogeneous concentration distribu-
tion of reactants during a slow evaporation of solvents and locally increased concentrations of
the at least one metal oxide precursor in the area of the gas/liquid interface.

In a further preferred embodiment, solid matter, which is the intermediate product, is separated
after spray-drying by means of a cyclone. In industrial scale, a filter can be applied for this pur-
pose, whereby the filter can be heated to constant temperatures in order to prevent condensa-
tion.

In a further preferred embodiment, the intermediate product can be grounded after spray-drying
in order to provide solid particles with a mean diameter between 0.1 um and 10 ym. The parti-
cles of the intermediate product, which are loaded with noble-metal-comprising particles, pos-
sess preferably a mean diameter between 0.1 ym and 5 pym.
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In a further embodiment, after spray-drying, the intermediate product is washed with water and
dried before the loading of the noble-metal-comprising particles in order to remove solvent
and/or acid residues, which might interfere with the loading process of the noble-metal-
comprising particles.

In a preferred embodiment, for the loading of the noble-metal-comprising particles on the sur-
face of the intermediate product, a noble-metal-comprising compound, which is preferably plati-
num(lDhydroxide or platinum(IV)hydroxide, is deposited onto the surface of the intermediate
product in the liquid medium, a reducing agent is added to the liquid medium and the noble-
metal-comprising compound is reduced.

In an alternative preferred embodiment, the noble-metal-comprising compound is precipitated
onto the surface of the intermediate product by addition of a reducing agent. The reducing agent
can be chosen from various compounds as for example ethanol, formic acid, sodium formiate,
ammonium formiate, ascorbic acid, 2-propanol, glucose, ethylene glycol or citric acid. In a par-
ticularly preferred embodiment, the reducing agent is an alcohol, particularly ethanol. By the
precipitation of the noble-metal-comprising compound with an reducing agent a homogeneous
distribution of the noble-metal-comprising particles over the surface of the carbon-comprising
support is achieved as the deposition is not selectively directed to the at least one metal oxide,
already present on the surface of the carbon-comprising support.

In a further alternative preferred embodiment, the noble-metal-comprising particles are loaded
directly onto the surface of the intermediate product by any method known by a person skilled in
the art. An example for the direct loading of noble-metal-comprising particles onto the surface of
the intermediate product is the impregnation of the intermediate product with plati-
num(ll)acetylacetonate, which is reduced by the heat treatment under a reducing atmosphere.

In a further preferred embodiment, the noble-metal-comprising precursor is a metal salt, prefer-
ably a nitrate.

In a preferred embodiment, the loaded noble-metal-comprising particles comprise platinum.
Correspondingly the noble-metal comprising precursor comprises platinum. In a further pre-
ferred embodiment, the loaded noble-metal-comprising particles comprise platinum and addi-
tionally cobalt, nickel, chromium, copper, palladium, gold, ruthenium, scandium, yttrium, lantha-
num, niobium or titanium.

XRD-results proved that platinum particles catalyse the reduction of Nb(V) to Nb(lV) in the
presence of hydrogen at elevated temperatures.

In general, as catalytically active material for electrochemical reactions, use is frequently made
of noble metals, in particular metals of the platinum group, for example platinum, palladium,
ruthenium, rhodium or iridium or alloys and/or intermetallic compounds of the metals of the plat-
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inum group, and also of the copper group, for example copper, silver or gold or alloys and/or
intermetallic compounds thereof. Furthermore, metals of the platinum or copper group and also
transition metals such as nickel, cobalt, vanadium, iron, titanium, chromium, etc., in each case
individually or in combination with one or more further metals, can be used as alloy component.

Application of the catalytically active material or the noble-metal-comprising particles onto the
surface of a support or on the intermediate product can be effected by any method known to
those skilled in the art. Thus, for example, the catalytically active material or the noble-metal
comprising particles can be applied by deposition from solution. For this purpose, it is possible,
for example, to dissolve metal compounds comprising the catalytically active material in a sol-
vent. The metal can be bound covalently, ionically or by complexation. Furthermore, it is also
possible for the metal to be deposited reductively, as precursor or under alkaline conditions by
precipitation of the corresponding hydroxide. Further possibilities for depositing the catalytically
active material or the noble-metal-comprising particles are impregnation using a solution com-
prising the catalytically active material or noble metal (incipient wetness), chemical vapor depo-
sition (CVD) or physical vapor deposition (PVD) and all further processes known to those skilled
in the art by means of which the catalytically active material or noble-metal-comprising particles
can be deposited. When a metal of the platinum group is used as catalytically active material,
preference is given to reductively precipitating a salt of the metal. Precipitation and washing are
followed by drying and heat treatment to produce the catalyst.

For use as cathode catalyst in fuel cells, the catalytically active material is preferably selected
from among platinum and alloys and/or intermetallic compounds comprising platinum. Suitable
alloying metals are, for example, nickel, cobalt, iron, vanadium, titanium, ruthenium, chromium,
scandium, yttrium and copper, in particular nickel and cobalt. Suitable alloys and/or intermetallic
compounds comprising platinum are, for example, selected from the group consisting of PtNi,
PtFe, PtV, PtCr, PtTi, PtCu, PtPd, PtCo and PtRu. Particular preference is given to a platinum-
nickel alloy, a platinum-copper alloy and/or intermetallic compound or a platinum-cobalt alloy
and/or intermetallic compound, or a ternary alloy and/or intermetallic compound comprising
PtNi, PtCo or PtCu. When an alloy and/or intermetallic compound is used as catalytically active
material, the proportion of platinum in the alloy and/or intermetallic compound is typically in the
range from 25 to 95 atom%, preferably in the range from 40 to 90 atom%, more preferably in
the range from 50 to 80 atom% and in particular in the range from 60 to 80 atom%.

Apart from the alloys and/or intermetallic compounds mentioned, it is also possible to use alloys
and/or intermetallic compounds which comprise more than two different metals, for example
ternary alloy systems.

When the catalytically active material is applied by precipitation, it is possible to use, for exam-
ple, a reductive precipitation, for example of platinum from platinum nitrate by ethanol, by
means of NH4sOOCH or NaBH4. As an alternative, decomposition and reduction in H2/N2, for
example of platinum acetylacetonate mixed with the intermediate product, is also possible. Very
particular preference is given to reductive precipitation by means of ethanol. In a further embod-
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iment, the reductive precipitation is effected by means of formate, in particular ammonium for-
mate.

The heat treatment is preferably carried out at temperatures of at least 550°C. Temperatures of
more than 600°C are particularly preferred. Temperatures between 780°C and 820°C are most
preferred.

In a preferred embodiment, the heat treatment in step (¢) is carried out in a reducing atmos-
phere. Preferably less than 30% by weight and particularly preferably less than 20 % by weight
of hydrogen are comprised in the reducing atmosphere. In a particularly preferred embodiment,
the reducing atmosphere comprises only up to 5 % by volume of hydrogen. For these low hy-
drogen concentrations, the reducing atmosphere is a non-flammable gas mixture and invest-
ment costs for the plant construction and costs for plant operation can be reduced.

The heat treatment can be carried out in a furnace. A suitable furnace is, for example, a rotary
bulb furnace. A rotary tube furnace can also be used, either in batch operation or in continuous
operation. Apart from the use of the furnace, the use of a plasma or the use of a microwave
operation is also possible for heating.

A use of a continuously operable furnace in combination with spray-drying in one process offers
the possibility to design a continuous process for the production of the carbon supported cata-
lyst.

In a preferred embodiment, a molar ratio of metal comprised in the at least one metal oxide pre-
cursor and carbon comprised in the carbon-comprising support in the initial mixture is between
0.00005 and 0.01, more preferably between 0.0001 and 0.005.

In a further preferred embodiment, a molar ratio of metal, originating from the at least one metal
oxide precursor and comprised in the intermediate product, and the platinum comprised in the
liquid medium is between 0.05 and 0.8, preferably between 0.1 and 0.8.

In an embodiment, the liquid medium, in which the noble-metal particles are loaded onto the
surface of the intermediate product, comprises water. A water content in the liquid medium is
preferably higher than 50% by weight, particularly preferably higher than 70% by weight. How-
ever, it is alternatively possible that the liquid medium is free of water.

The invention is further related to a carbon supported catalyst. In the inventive embodiment of
the carbon supported catalyst, the carbon supported catalyst comprises between 2% by weight
and 25% by weight of niobium oxide, a mass ratio of niobium comprised in the carbon support-
ed catalyst and platinum comprised in the carbon supported catalyst is between 0.05 and 0.5,
and at least 90% by number of platinum-comprising particles comprised in the carbon supported
catalyst have a diameter smaller than 20 nm.
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In a preferred embodiment, the carbon supported catalyst comprises between 5% and 20% by
weight of niobium oxide. The mass ratio of niobium comprised in the carbon supported catalyst
and platinum comprised in the carbon supported catalyst is preferably between 0.1 and 0.5. At
least 90% by number of platinum-comprising particles comprised in the carbon supported cata-
lyst have a diameter preferably smaller than 10 nm and in particular preferably smaller than 6
nm.

The carbon supported catalyst according to the invention can be used, for example, in fuel cells.
The catalyst can be used both on the anode side and on the cathode side. Particularly on the
cathode side, it is necessary to use active cathode catalysts which are also stable against deg-
radation, with the stability being determined both by the stability of the support itself and by the
stability of the noble-metal-comprising particles against dissolution, particle growth and particle
migration, which is influenced by the interaction of noble-metal comprising particles with the
support surface. As active cathode catalysts, use can be made of alloy catalysts.

The carbon supported catalyst can be used, for example, to produce electrodes which are used
in electrochemical cells, for example batteries, fuel cells or electrolysis cells. A specific example
is the use of the catalyst in electrodes in fuel cells, for example proton-exchange membrane fuel
cells (PEMFCs), direct methanol fuel cells (DMFCs), direct ethanol fuel cells (DEFCs), etc..
Fields of application of such fuel cells are local energy generation, for example for household
fuel cell systems, and also mobile applications, for example in motor vehicles. Particular prefer-
ence is given to use the catalyst in PEMFCs.

Further catalytic applications for the carbon supported catalyst are as cathode catalysts (both
for the oxygen evolution reaction (OER) and, preferably, for the oxygen reduction reaction
(ORR)) in metal air batteries, etc.

Brief description of the drawings

The present invention is described in more detail at hand of the accompanying drawings, in
which:

Figure 1  shows a particle of an untreated carbon-comprising support;

Figure 2  shows a particle of a carbon-comprising support with at least one metal oxide on its
surface and

Figure 3  shows a particle of a carbon-comprising support with at least one metal oxide and
platinum nanoparticles on its surface.

Figure 1 shows a particle of a carbon-comprising support 1 with a surface 2, which possesses a
high specific surface area. The surface 2 is to be treated by the inventive process.
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Figure 2 shows a particle of a carbon-comprising support 1. Its surface 2 is coated with amor-
phous niobium oxide 3, which is uniformly and finely divided over the surface 2. The particle of
the carbon-comprising support 1 shown in Figure 2 is obtained by spray-drying.

Figure 3 shows a particle of a carbon-comprising support 1. Platinum nanoparticles 4 are load-
ed onto its surface 2, which was beforehand coated with amorphous niobium oxide 3. Like the
amorphous niobium oxide 3, platinum nanoparticles 4 are homogeneously deposited and uni-
formly and finely distributed over the surface 2. The particle of the carbon-comprising support 1,
which is coated with the amorphous niobium oxide 3 and loaded with platinum nanoparticles 4,
is heat-treated to form the carbon supported catalyst. During the temperature treatment under a
hydrogen-comprising atmosphere, active and stabilized platinum nanoparticles 4 are formed by
intimate contact with the amorphous niobium oxide 3.

Examples

I. Production examples

Example 1

1a) Precipitation of niobium oxide onto carbon by spray-drying

A mixture was prepared from 60 g carbon (Black Pearls® 2000, Cabot), 519 mL acetic acid with
a purity of 100%, 780 mL 2-propanol with a purity of 99.7% and 88.4 mL niobium ethanolate
with a purity of 99.95% based on the metal content. The mixture was dried in a spray-dryer. In
order to prevent sedimentation, the mixture was agitated while being conveyed into the spray-
tower. The flow rate of the mixture to be spray-dried was 609 g/h, the diameter of the nozzle of
the spray-dryer was 2.3 mm, the nozzle pressure was 3.5 bar absolute, the nozzle gas was ni-
trogen, the volume flow of the nozzle gas was 3.5 Nm?/h, the temperature of the nozzle gas was
room temperature, the drying gas was nitrogen, the volume flow of the drying gas was 25
Nm?3/h, the temperature of the drying gas was 190 to 191°C and the residence time in the spray-
dryer was 15 seconds. For particle separation, a cyclone was applied, which is able to separate
particles with a diameter of at least 10 um. The temperature in the cyclone, corresponding to the
exhaust gas temperature of the spray-dryer, was 101 to 102°C. All above-described production
steps were carried out with exclusion of humidity. No extra water was added in any of the
above-described production steps and the mixture to be spray-dried was prepared under nitro-
gen atmosphere.

An elementary analysis showed a niobium content of 12.4 % by weight in the spray-dried parti-
cles. The niobium oxide was uniformly distributed on the surface of the spray-dried particles. A

material loss for drying in an air stream at 180°C was observed to be 27.5 % by weight.

1b) Deposition and reduction of platinum nitrate
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For deposition, 10 g of the particles obtained in example 1a) were suspended in 222 mL water
by means of an ULTRA-TURRAX®. Then, a solution of 5.99 g platinum nitrate in 87 mL water
was added. Under stirring, a mixture of 262 mL ethanol and 385 mL water was added and the
suspension was heated to 82°C. After 6 hours at 82°C, the suspension was cooled to room
temperature, filtered and the solid residue was washed with 4 L water. The resulting solid was
dried in a vacuum oven at 80°C.

1¢) Heat treatment at 800°C

5 g of the solid resulting from example 1b) was heat treated in a rotary tube furnace. In a nitro-
gen atmosphere, the temperature was raised by 5 Kelvin per minute to 400°C. Applying a nitro-
gen stream comprising 5% by volume of hydrogen, the temperature was further raised by 10
Kelvin per minute to 800°C. When a temperature of 800°C was reached, the temperature was
kept constant for one hour. Subsequently, the interior of the furnace was cooled to room tem-
perature and at temperatures below 50°C, the gas stream was switched from the hydrogen
comprising nitrogen stream to nitrogen without hydrogen. Then, the heat treated particles were
passivated for 12 hours with a gas stream comprising 9 % by volume air and 91 % by volume
nitrogen to form a carbon supported catalyst.

An elementary analysis showed a niobium content of 12 % by weight and a platinum content of
33 % by weight in the catalyst produced according to example 1.

Figures 4 and 5 show pictures obtained by transmission electron microscopy (TEM) of the car-
bon supported catalyst produced in example 1. It can be seen from Figures 4 and 5 that the
elements platinum and niobium were uniformly distributed on the surface of the catalyst. The
majority of the platinum particles possessed a diameter between 1 and 5 nm. Due to the large
contact area between the platinum phase and the niobium phase, a pronounced stabilizing ef-
fect was achieved. The additional data given in percent by weight in Figure 4 resulted from a
local energy dispersive X-ray spectroscopy (EDX) analysis.

Figure 6 shows an X-ray diffractogram of the carbon supported catalyst produced in example 1.
The reflexes shown in figure 6 originate from the analysis of the sample produced in example 1.
The bars represent reference reflexes, wherein S1 corresponds to a cubic platinum phase
and/or a cubic Nb ¢2Pt ¢ s phase, S2 corresponds to an orthorhombic Nb,Os phase and S3 cor-
responds to a tetragonal NbO; phase. As crystalline phases, platinum and/or an intermetallic
phase or alloy comprising platinum and niobium as well as the oxides NbO; and Nb,Os were
identified for the carbon supported catalyst produced in example 1.

1d) Investigation of gel formation in absence of additional water

A mixture consisting of 34.6 mL acetic acid, 51.9 mL 2-propanol and 5.56 mL niobium ethano-
late was prepared under nitrogen atmosphere. No water was added. The gas phase over the
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mixture was purged with nitrogen and the mixture was stored for 69 hours at room temperature.
After storage, no turbidity was observed.

Consequently, the production of a carbon supported catalyst by use of the here-above de-
scribed mixture did not imply any gel formation.

Example 2

2a) Precipitation of niobium oxide onto carbon by spray-drying

A mixture was prepared from 120 g carbon (Black Pearls® 2000, Cabot), 1038 mL acetic acid
with a purity of 100%, 1560 mL 2-propanol with a purity of 99.7% and 83.4 mL niobium ethano-
late with a purity of 99.95% based on the metal content. The mixture was dried in a spray-dryer.
In order to prevent sedimentation, the mixture was agitated while being conveyed into the
spray-tower. The flow rate of the mixture to be spray-dried was 700 g/h, the diameter of the
nozzle of the spray-dryer was 2.3 mm, the nozzle pressure was 3.5 bar absolute, the nozzle gas
was nitrogen, the volume flow of the nozzle gas was 3.5 Nm3/h, the temperature of the nozzle
gas was room temperature, the drying gas was nitrogen, the volume flow of the drying gas was
25 Nmd/h, the temperature of the drying gas was 188 to 191°C and the residence time in the
spray-dryer was 15 seconds. For particle separation, a cyclone was applied, which is able to
separate particles with a diameter of at least 10 um. The temperature in the cyclone, corre-
sponding to the exhaust gas temperature of the spray-dryer, was 101°C to 103°C. All above-
described production steps were carried out with exclusion of humidity. No extra water was
added in any of the above-described production steps and the mixture to be spray-dried was
prepared under nitrogen atmosphere.

An elementary analysis showed a niobium content of 10.6 % by weight in the spray-dried parti-
cles. The niobium oxide was uniformly distributed on the surface of the spray-dried particles. A
material loss for drying in an air stream at 180°C was observed to be 24.0 % by weight.

2b) Deposition and reduction of platinum nitrate

For deposition, 20 g of the particles obtained in example 2a) were suspended in 444 mL water
by means of an ULTRA-TURRAX®. Then, a solution of 12.0 g platinum nitrate in 174 mL water
was added. Under stirring, a mixture of 380 mL ethanol and 524 mL water was added and the
suspension was heated to 82°C. After 6 hours at 82°C, the suspension was cooled to room
temperature, filtered and the solid residue was washed with 4 L water. The resulting solid was
dried in a vacuum oven at 80°C.

2¢) Heat treatment at 800°C

The solid resulting from example 2b) was separated into batches of 10.4 g, 10.5 gand 9.1 g.
Each batch was heat treated separately in a rotary tube furnace. After purging with nitrogen, a
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flow of nitrogen comprising 5% by volume of hydrogen was applied. The temperature was
raised by 10 Kelvin per minute to 800°C. When a temperature of 800°C was reached, the tem-
perature was kept constant for one hour. Subsequently, the interior of the furnace was cooled to
room temperature and at temperatures below 50°C, the gas stream was switched from the hy-
drogen comprising nitrogen stream to nitrogen without hydrogen. Then, the heat treated parti-
cles were passivated for 12 hours with a gas stream comprising 9 % by volume air and 91 % by
volume nitrogen to form a carbon supported catalyst. After this thermal treatment, the three
batches were mixed.

An elementary analysis showed a niobium content of 9.6 % by weight and a platinum content of
33 % by weight in the catalyst produced according to example 2.

Figures 7, 8 and 9 show pictures obtained by transmission electron microscopy (TEM) and en-
ergy dispersive X-ray spectroscopy (EDX) analysis of the carbon supported catalyst produced in
example 2. Figure 7 shows the high angle annular dark field (HAADF), the contrast of the com-
pounds in the sample depends on the atomic number of the element. It can be seen from Fig-
ures 8 and 9 that the elements platinum and niobium were uniformly distributed on the surface
of the catalyst. The majority of the platinum particles possessed a diameter between 1 and 5
nm. Due to the large contact area between the platinum phase and the niobium phase, a pro-
nounced stabilizing effect was achieved.

Figure 10 shows an X-ray diffractogram of the carbon supported catalyst produced in example
3. The reflexes shown in figure 10 originate from the analysis of the sample produced in exam-
ple 3. The bars represent reference reflexes corresponding to a cubic platinum phase and/or a
cubic Nbo 2Pt s phase. As crystalline phases, platinum and/or an intermetallic phase or alloy
comprising platinum and niobium were identified for the carbon supported catalyst produced in
example 2.

Example 3
3a) Precipitation of niobium oxide onto carbon by spray-drying in presence of water

A mixture 1 comprising 40 g carbon (Black Pearls® 2000, Cabot), 346 mL acetic acid, 520 mL
2-propanol and 55.6 mL niobium ethanolate was prepared under nitrogen atmosphere. Further,
118.6 g of a second mixture 2 consisting of 50% by weight of water and 50% by weight of 2-
propanol was prepared and slowly added to mixture 1. Hereby, the ratio of the mass of mixture
2 to the volume of applied niobium ethanolate was 2.13 g/mL. The third mixture 12 comprising
mixture 1 and mixture 2 was dried in a spray-dryer. In order to prevent sedimentation, the sus-
pension was agitated while being conveyed to the spray-tower. The flow rate of the suspension
to be spray-dried was 522 g/h, the diameter of the nozzle was 1.4 mm, the nozzle pressure was
3 bar absolute, the nozzle gas was nitrogen, the volume flow of the nozzle gas was 3.5 Nm?/h,
the temperature of the nozzle gas was room temperature, the drying gas was nitrogen, the vol-
ume flow of the drying gas was 25 Nm?3/h, the temperature of the drying gas was 190°C and the
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residence time in the spray tower was 15 seconds. For a separation of the particles, a cyclone
was applied, which is able to separate particles with a diameter of at least approximately 10 um.
The temperature in the cyclone was 114 to 116°C.

An elementary analysis of the particles resulting from example 3a) showed a niobium content of
17 % by weight.

3b) Deposition and reduction of platinum nitrate

20 g of the particles resulting from example 3a) were suspended in 550 mL water by means of
an ULTRA-TURRAX® and a solution of 14.84 g platinum nitrate in 214 mL water was added.
Under agitation, a mixture of 471 mL ethanol and 650 mL water was added to the suspension
and the suspension was heated to 82°C. After six hours at 82°C, the suspension was cooled to
room temperature and filtrated. The solid residue was washed with 3 L water and dried in a
vacuum oven at 80°C.

3¢) Heat treatment at 550°C

The resulting solid from example 3b) was heat treated in a rotary tube furnace. In a nitrogen
atmosphere, the temperature was raised to 400°C by 5 Kelvin per minute. Under an argon
stream comprising 4 % by volume hydrogen, the temperature was further raised to 550°C by 20
Kelvin per minute. When a temperature of 550°C was reached, this temperature was kept con-
stant for 10 minutes. Subsequently, the interior of the furnace was cooled to room temperature
and for temperatures lower than 50°C, the hydrogen comprising stream was switched to a nitro-
gen stream without hydrogen. Then, the heat treated particles were passivated for 12 hours in a
gas stream consisting of 9 % by volume air and 91 % by volume nitrogen to form a carbon sup-
ported catalyst.

An elementary analysis of the carbon supported catalyst produced according to example 3
showed a niobium content of 16 % by weight and a platinum content of 35 % by weight.

Figures 11 and 12 show TEM pictures of the carbon supported catalyst produced in example 3.
The elements platinum and niobium were uniformly distributed, which led to a pronounced stabi-
lizing effect. The data given in % by weight in Figure 11 resulted from a local EDX-analysis of
niobium and platinum.

Figure 13 shows an X-ray diffractogram of the carbon supported catalyst produced in example
3. The reflexes shown in figure 13 originate from the analysis of the sample produced in exam-
ple 3. The bars represent reference reflexes, wherein S1 corresponds to a cubic platinum phase
and/or a cubic Nb ¢2Pt o5 phase, S2 corresponds to an orthorhombic Nb,Os phase, S3 corre-
sponds to a tetragonal NbO; phase and S4 corresponds to crystalline carbon present as graph-
ite in the carbon support. It can be read from Figure 13 that as crystalline phase only platinum
and/or the intermetallic phase or alloy comprising platinum and niobium was identified. There-
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fore, niobium oxide is present in an amorphous state in the carbon supported catalyst produced
in example 3.

[I. Comparative production examples

Comparative example 1

C1a) Deposition and reduction of platinum nitrate on untreated carbon

3.5 g carbon (Black Pearls® 2000, Cabot) were suspended in 500 mL water by means of an
ULTRA-TURRAX® and a solution of 2.60 g platinum nitrate and 100 mL water was added. Un-
der agitation, a mixture of 210 mL ethanol and 40 mL water was added to the suspension and
the suspension was heated to 82°C under reflux. After six hours at 82°C, the suspension was
cooled to room temperature and filtrated. The solid residue was washed with 2.5 L water and
dried in a vacuum oven at 80°C.

C1b) Heat treatment at 550°C

The particles resulting from example C1a) were heat treated in a rotary tube furnace. In a nitro-
gen atmosphere, the temperature was raised to 400°C by 5 Kelvin per minute. Under an argon
stream comprising 4 % by volume hydrogen, the temperature was further raised to 550°C by 20
Kelvin per minute. When the temperature of 550°C was reached, this temperature was kept
constant for 10 minutes. Then, the interior of the furnace was cooled to room temperature and
at temperatures lower than 50°C, the hydrogen comprising stream was switched to a nitrogen
stream without hydrogen. Then, the heat treated particles were passivated for 12 hours in a gas
stream consisting of 9 % by volume air and 91 % by volume nitrogen.

An elementary analysis of the carbon supported catalyst produced in comparative example 1
showed a platinum content of 21 % by weight.

Comparative example 2
C2a) Deposition and reduction of platinum nitrate on untreated carbon

20 g carbon (Black Pearls® 2000, Cabot) were suspended in 550 mL water by means of an
ULTRA-TURRAX® and a solution of 14.6 g platinum nitrate and 215 mL water was added. Un-
der agitation, a mixture of 471 mL ethanol and 650 mL water was added to the suspension and
the suspension was heated to 82°C under reflux. After six hours at 82°C, the suspension was
cooled to room temperature and filtrated. The solid residue was washed with 5 L water and
dried in a vacuum oven at 80°C.

C2b) Heat treatment at 800°C
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The particles resulting from example C2a) were heat treated in a rotary tube furnace. After purg-
ing with nitrogen, a flow of nitrogen comprising 5% by volume of hydrogen was applied. The
temperature was raised to by 10 Kelvin per minute to 800°C. When the temperature of 800°C
was reached, the temperature was kept constant for one hour. Then, the interior of the furnace
was cooled to room temperature and at temperatures lower than 50°C, the hydrogen comprising
stream was switched to a nitrogen stream without hydrogen. Then, the heat treated particles
were passivated for 12 hours with a gas stream consisting of 9 % by volume air and 91 % by
volume nitrogen.

An elementary analysis of the carbon supported catalyst produced in comparative example 2
showed a platinum content of 28 % by weight.

Comparative example 3

C3a) Precipitation of niobium oxide onto carbon by slow removal of the solvent

3.6 g carbon (Black Pearls® 2000, Cabot) were suspended in a mixture of 72 mL acetic acid
and 180 mL 2-propanol. This mixture C1 was treated by ultrasound for 20 minutes. 4.95 mL
niobium ethanolate were dissolved under nitrogen atmosphere in a mixture C2 of 142 mL acetic
acid and 360 mL 2-propanol. The mixture C2 was treated by ultrasound for 20 minutes. Mix-
tures C1 and C2 were united and treated by ultrasound for 30 minutes. Under continued ultra-
sound treatment, a nitrogen stream was led over the surface of the united mixtures C1 and C2.
After 24 hours, the solvent was removed.

C3b) Deposition and reduction of platinum nitrate

The particles obtained in example C3a) were suspended in 180 mL water by means of an UL-
TRA-TURRAX® and a solution of 4.6 g platinum nitrate in 87 mL water was added. Under agita-
tion, a mixture of 146 mL ethanol and 173 mL water was added and the suspension was heated
to 82°C under reflux. After six hours at 82°C, the suspension was cooled to room temperature
and filtered. The solid residue was washed with 2.5 L water and dried in a vacuum oven at
80°C.

C3c) Heat treatment at 550°C

The particles resulting from example C3b) were heat treated in a rotary tube furnace. Under
nitrogen atmosphere, the temperature was raised to 400°C by 5 Kelvin per minute. Under a an
argon stream comprising 4 % by volume hydrogen, the temperature was further raised to 550°C
by 20 Kelvin per minute. When a temperature of 550°C was reached, this temperature was kept
constant for 10 minutes. Then, the interior of the furnace was cooled to room temperature and
for temperatures lower than 50°C, the hydrogen comprising stream was switched to a nitrogen
stream without hydrogen. The heat treated particles were passivated for 12 hours in a gas
stream consisting of 9% by volume of air and 91% by volume of nitrogen.
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An elementary analysis of the carbon supported catalyst produced in comparative example 3
showed a niobium content of 15% by weight and a platinum content of 32% by weight.

Figures 14 and 15 show TEM pictures of the carbon supported catalyst produced in compara-
tive example 3. The distribution of the elements niobium and platinum was considerably less
uniform in comparison to the TEM pictures of the carbon supported catalyst produced in exam-
ples 1, 2 and 3, respectively (compare Figures 4, 5,7, 8, 11 and 12).

The comparative example 3 shows that a slow removal of the solvent in the precipitation step of
the niobium oxide led to a non-uniform distribution of the niobium oxide on the surface of the
carbon-comprising support in comparison to a spray-dried intermediate product.

Comparative example 4

C4a) Precipitation of niobium oxide, slow removal of the solvent

A mixture of 16 mL acetic acid and 90 mL 2-propanol was prepared. One third of this mixture
was mixed with 4 g carbon (Black Pearls® 2000, Cabot) resulting in a mixture C3. The remain-
ing two thirds of the acetic acid/2-propanol mixture was mixed with 68.86 g niobium ethanolate
resulting in a mixture C4. Mixtures C3 and C4 were mixed. The solvent was removed within 8
hours in a rotary evaporator at 30°C under atmospheric pressure and nitrogen atmosphere. The
resulting particles were heated to 400°C in a rotary tube furnace in a nitrogen atmosphere by
3.2 Kelvin per minute. The temperature of 400°C was kept constant for one hour. Then, the inte-
rior of the furnace was cooled to room temperature.

C4b) Loading with platinum

3.46 g platinum(ll)acetylacetonate were dissolved in 1 L ethanol. 100 mL of this solution were
mixed with 4 g of the particles produced in example C4a). The resulting suspension was treated
with an ULTRA-TURRAX® for 10 minutes. Then, the remaining 900 mL of the platinum(ll) acet-
ylacetonate/ethanol mixture were added and mixed with the suspension. The solvent was re-
moved within 28 hours in a rotary evaporator at 30°C under atmospheric pressure and a stream
of nitrogen.

C43c) Heat treatment at 800°C

The particles produced in step C4b) were heat treated in a rotary tube furnace. The furnace was
flushed with nitrogen for five minutes. Then, the temperature was raised to 800°C by 10 Kelvin
per minute in an atmosphere comprising 4 % by volume hydrogen in nitrogen. The temperature
of 800°C was kept constant for one hour. Then, the interior of the furnace was cooled to room
temperature and for temperatures below 50°C, the hydrogen comprising stream was switched
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to nitrogen without hydrogen. The heat treated particles were passivated for 12 hours in a gas
stream consisting of 9% by volume air and 91% by volume nitrogen.

An elementary analysis of the carbon supported catalyst produced in comparative example 4
showed a niobium content of 23.1% by weight and a platinum content of 20.8% by weight.

Figures 16, 17, 18 and 19 show high resolution TEM/EDX-pictures of the carbon supported cat-
alyst produced in comparative example 4. The local distribution of the elements platinum and
niobium can be seen in the Figures 16, 17, 18 and 19. In comparison with examples 1, 2 and 3,
a less uniform distribution of the element niobium was obtained. Platinum is preferably deposit-
ed in the areas, which are rich in niobium.

. Electrochemical testing of carbon supported catalysts

The carbon supported catalysts resulting from examples 2 and 3 and comparative examples 2,
3 and 4 were tested in the oxygen reduction reaction (ORR) on a rotating disk electrode (RDE)
at room temperature. The setup comprised three electrodes. As counter electrode a platinum
foil and as reference electrode an Hg/HgSO, electrode were installed. The noted potentials refer
to a reversible hydrogen electrode (RHE). An ink, comprising the carbon supported catalyst,
was prepared by dispersing approximately 0.01 g carbon supported catalyst in a solution, con-
sisting of 4.7 g demineralized ultra-pure water with a conductivity of less than 0.055 uS/cm, 0.04
g of a solution of 5 % by weight of Nafion®, which is a perfluorinated resin solution, commercial-
ly available from Sigma-Aldrich Corp., comprising 80 % to 85 % by weight of lower aliphatic al-
cohols and 20 % to 25 % by weight of water, and 1.2 g of 2-propanol. The ink was treated by
ultra-sonication for 15 minutes.

7.5 UL of the ink were pipetted on a glassy carbon electrode with a diameter of 5 mm. The ink
was dried without rotation of the electrode in a flow of nitrogen. As electrolyte a 0.1 M solution of
HCIO, was applied, which was saturated with argon.

Initially, cleaning cycles and cyclovoltamograms for background subtraction (Ar-CV) were ap-
plied. These steps are further defined as steps 1 and 2 in table 1.

Subsequently, the electrolyte was saturated with oxygen and the oxygen reduction activity was
determined (step 3, table 1).

Thereafter, an accelerated degradation test was applied in argon-saturated electrolyte. There-
fore, the potential was changed according to square wave cycles (step 5, table 1).

Subsequently, the electrolyte was exchanged against a fresh 0.1 M HCIO4 solution and the
steps of cleaning and Ar-CV in argon-saturated electrolyte were repeated (steps 6 and 7 in table
1) and the oxygen reduction (ORR) activity was measured again in oxygen saturated electrolyte
(step 8 in table 1).
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Table 1 Examination steps
Step | Type Saturation | Rotation | No of Potential Scan rate or
No. gas rate cycles range hold time
1 Cleaning Argon 0 rpm 5 50-1400 mV 1000 mV/s
2 Ar-CV Argon 0 rpm 3 10-1000 mV 20 mV/s
3 ORR-CV Oxygen 1600 rpm |3 10-1000 mV 20 mV/s
4 Ar-CV Argon 0 rpm 3 10-1000 mV 20 mV/s
5 Degradation | Argon 0 rpm 20,000 100-1000mV | 0.5s/0.5s
6 Cleaning Argon 0 rpm 5 50-1400 mV 1000 mV/s
7 Ar-CV Argon 0 rpm 3 10-1000 mV 20 mV/s
8 ORR-CV Oxygen 1600 rpm | 3 10-1000 mV 20 mV/s

The electrochemical performance of the different carbon supported catalysts is expressed by
the comparison between the ORR activities before (step 3) and after (step 8) the degradation
tests (step 5).

From the anodic part of the third ORR-CV the Ar-CV from the prior step was subtracted, in order
to remove the background currents. The platinum-mass-related kinetic activity lkn was calculat-
ed by taking into account the current at 0.9 V (lo9v), the limiting current at approximately 0.25 V
(lim) and the mass of platinum on the electrode (mgy):

lkin = lo.ov * lim / (lim =lo.ov) / Mpy

The assumptions made for this calculation method and further details thereof are described in
Paulus et al., in Journal of Electroanalytical Chemistry, 495 (2001), pages 134 to 145.

Table 2 Stability of the carbon supported catalysts

ORR activity / mA/mgp;
fresh catalyst after degradation
(step 3) (step 8)
Example 2 232 235
Example 3 221 230
Comparative Example 2 274 170
Comparative Example 3 245 201
Comparative Example 4 131 185

The amount of platinum required for a certain performance in applications for example in fuel
cells strongly depends on the stability of the carbon supported catalyst as well as on the initial
activity of the fresh carbon supported catalyst. The residual activity of the used carbon support-
ed catalyst after degradation test is a crucial parameter, mimicking the degradation of the cata-
Iytically active metal phase in a real fuel cell to a large extent.
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The catalysts according to the invention being modified with niobium oxide and prepared in ex-
amples 2 and 3 showed with 235 and 230 mA/mge: the highest residual activity after degrada-
tion in comparison with the comparative examples 2, 3 and 4. Both inventive catalysts of exam-
ples 2 and 3 showed a higher stability against electrochemical degradation with higher residual
activities after degradation in comparison with catalysts without niobium oxide or with catalysts
prepared via other methods.
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Claims

1.

A process for the production of a carbon supported catalyst, which comprises the follow-
ing steps:

(a) precipitation of at least one metal oxide onto a surface of a carbon-comprising sup-
port by preparing an initial mixture, comprising the carbon-comprising support, at
least one metal oxide precursor and an organic solvent, and spray-drying of the ini-
tial mixture to obtain an intermediate product,

(b) loading of noble-metal-comprising particles onto the surface of the intermediate
product in a liquid medium by deposition, precipitation and/or reduction of a noble-
metal-comprising precursor with a reducing agent,

(¢) heat treatment of the catalyst precursor resulting from step (b) at a temperature
higher than 400°C.

The process according to claim 1, wherein the at least one metal oxide precursor com-
prises niobium, titanium, tantalum, molybdenum, vanadium, tungsten, cerium, zirconium,
tin, silicon, or mixtures thereof and the metal oxide precursor is an alcoholate or a halide.

The process according to claim 2, wherein the metal oxide precursor is an alcoholate se-
lected from the group consisting of ethanolate, n-propanolate, iso-propanolate, n-
butanolate, iso-butanolate and tert-butanolate, or the metal oxide precursor is a chloride.

The process according to any of claims 1 to 3, wherein the organic solvent is an alcohol, a
carboxylate ester, acetone or tetrahydrofuran.

The process according to any of claims 1 to 4, wherein the initial mixture comprises less
than 2% by weight of water.

The process according to any of claims 1 to 4, wherein the initial mixture comprises up to
20% by weight of water.

The process according to any of claims 1 to 6, wherein the carbon-comprising support has
a BET surface area of at least 500 m?/g.

The process according to any of claims 1 to 7, wherein the carbon-comprising support
comprises carbon black, graphene, graphite, activated carbon or carbon nanotubes.
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The process according to any of claims 1 to 8, wherein the loaded noble-metal-comprising
particles comprise platinum and if appropriate cobalt, nickel, chromium, copper, palladium,
gold, ruthenium, scandium, yttrium, lanthanium, niobium or titanium.

The process according to any of claims 1 to 9, wherein the spray-drying is carried out in a
countercurrent mode.

The process according to any of claims 1 to 10, wherein the spray-drying is carried out
with a drying gas at a temperature between 60°C and 300°C.

The process according to any of claims 1 to 11, wherein the spray-drying is carried out
with an inert drying gas.

The process according to any of claims 1 to 12, wherein the spray-drying is operated with
a residence time of less than 3 minutes.

The process according to any of claims 1 to 13, wherein the heat treatment in step (c) is
carried out in a reducing atmosphere.

The process according to any of claims 1 to 14, wherein the reducing atmosphere com-
prises up to 5% by volume of hydrogen.

The process according to any of claims 1 to 15, wherein a molar ratio of metal comprised
in the at least one metal oxide precursor and carbon comprised in the carbon-comprising
support in the initial mixture is between 0.00005 and 0.01,

a carbon content in the initial mixture is between 1% and 30% by weight and

a molar ratio of metal, originating from the at least one metal oxide precursor and com-
prised in the intermediate product, and the platinum comprised in the liquid medium is be-
tween 0.05 and 0.8.

A carbon supported catalyst produced according to any of claims 1 to 16, wherein the
carbon supported catalyst comprises between 2% by weight and 25% by weight of niobi-
um oxide, a mass ratio of niobium comprised in the carbon supported catalyst and plati-
num comprised in the carbon supported catalyst is between 0.05 and 0.5, and at least
90% by number of platinum comprising particles comprised in the carbon supported cata-
lyst have a diameter smaller than 20 nm.
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