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Chemically resistant, oxidic electrocatalyst for oxygen evolution during alkaline water

electrolysis

Field of the invention

The present invention relates to a catalyst for the oxygen evolution reaction in alkaline water
electrolysis. In particular, it relates to an electrically conductive mixed oxide based on
BaCoOa.5, a catalyst for the oxygen evolution reaction in alkaline water electrolysis, an anode
comprising the mixed oxide according to the invention, the use of the anode in water
electrolysis or in metal-air-batteries, the use of the mixed oxide for the production of the
mentioned anodes, the use of the catalyst in alkaline water elctrolysis or in metal air
batteries, as well as a method for obtaining for the anodes. Furthermore, an amorphous

mixed oxide having a TTB (Tetragonal Tungsten Bronze) structure is claimed.

The electrically conductive biphasic mixed oxide according to the invention stands out by
high chemical stability combined with high current density. It is based on a perovskite
structure (BaCoOzs5) which is modified with CosO4 and doped with Ti as defined in claim 1.
The mixed oxide according to the invention can preferably be described by the formula
BaCo1-xTixO1.5:C0304 with x = 0.005 to 0.03, preferably x = 0.01 to 0.025, particularly

preferably x = 0.02. d defines the vacancies in the perovskite structure and is in the range of

about 0.1 to 0.8, preferably 0.3 to 0.7, particularly preferably about 0.5 to 0.6.

Furthermore, a decomposition product of said mixed oxide is disclosed, which is formed in
the course of the oxygen evolution reaction and, according to the non-binding assumption of
the inventors, is the actual catalytically active species of this material system in the oxygen

evolution reaction of alkaline water electrolysis.
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Background of the invention

The large-scale storage of electrical energy is one of the most important and difficult tasks in
managing the transition from fossil fuels to clean and sustainable energy supply.
Electrochemical reactions are a conceptually simple way to efficiently provide and store
electrical energy by using chemical bonds. Energy can be stored in particular by
electrochemical cleavage of water to form hydrogen and oxygen. The electrical energy
required for this can be obtained e.g. by photovoltaic or other environmentally friendly,
sustainable power variants such as electric power from hydropower or wind. The later
reaction of these two gases in a fuel cell can therefore provide clean electrical energy, the

only by-product being water.

The energy efficiency of the electrolysis of water is over 70%. Several plant manufacturers
(e.g. Electrolyser Corp., Brown Boveri, Lurgi, De Nora, Epoch Energy Technology Corp.)
offer large electrolyzers with an even higher degree of efficiency - over 80%. Since the
electrolyte concentration and the temperature of an electrolyte solution have a great impact
on the cell resistance and thus on the energy costs, in modern systems a 25 to 30 percent
potassium hydroxide solution is used, the temperature is about 70-90 °C. The current density
is about 0.15-0.5 A/cm?, the voltage at about 1.90 V. For the production of 1 m*® hydrogen (at
atmospheric pressure), modern systems require an electrical energy of 4.3-4.9 kWh. A large
pressure electrolyzer from Lurgi has a capacity of 760 m®/h hydrogen at about 3.5 MW (stack
power) and about 4.5 MW input power (alternating voltage). By electrocatalysts (for cathodes
e.g. Ni-Co-Zn, Ni-Mo, for anodes: nickel-lanthanum-perovskite, nickel-cobalt-spinel), the

overvoltage can be reduced by about 80 mV.

In the case of an alkaline electrolyzer generally at a direct voltage of at least 1.5 volt
hydrogen is formed at the cathode and oxygen is formed at the anode. Potash lye
(potassium hydroxide solution, KOH) with a concentration of 20-40% serves as electrolyte. A
gas-tight membrane, the so-called diaphragm, allows the transport of OH ions, but at the
same time prevents the mixing of the resulting product gases. The electrodes used are so-
called "DSA electrodes" (dimensionally stable anodes, mostly titanium electrodes with a
ruthenium oxide coating). These are expanded metals that are coated with a noble metal
catalyst oxide - e.g. ruthenium- or iridium oxide. But there are also systems with Raney-
nickel-catalysts in a gas diffusion electrode. Alkaline electrolyzers are in widespread use

worldwide.
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However, the kinetic limitations of these oxygen-based electrochemical reactions are often
quite high, preventing the development of efficient technologies such as solar fuels, fuel

cells, electrolyzers and metal-oxygen batteries so far.

The oxygen evolution reaction (Oxygen Evolution Reaction, OER) which takes place at the

anode during the electrolysis of water can basically take place both in acidic environment

2H0 > 4H +4e+0; 1

and in alkaline environment

40H - 2HO0+4e +0:1.

The oxygen evolution reaction (OER), like the oxygen reduction reaction (ORR), exhibits very

unfavorable slow kinetics in both alkaline and acidic environments.

The main advantage of the alkaline variant is that cheaper alternatives can be used instead
of expensive noble metal catalysts, while in the acidic version only a few very expensive
electrode materials exhibit adequate stability, such as oxides of Pt, Ir and Ru (DOCUMENT
10, p. 1803). However, many of the known cheaper catalysts, which are described below,
dissolve in alkaline environment. Therefore, for some time there has been a great interest in

the development of cost-effective catalysts for the OER in alkaline medium.

The standard Nernst potential of the oxygen half-cell reaction is 1.23 V vs. reversible
hydrogen electrode (RHE) defined by the hydrogen standard electrode potential at a given
pH. At pH = 0, this potential is referred to as the standard hydrogen electrode scale. The
OER is thermodynamically favored above the potential, the ORR below. However, since the
kinetics of the OER are very unfavorable, a large deviation from the half-cell potential is
needed (referred to as overpotential) to generate a noticeable current with corresponding
mass transfer at the electrode surface (DOCUMENT 7, p. 1405).

The best-known oxide catalysts for OER today include nickel-iron-cobalt oxides. These
require overpotentials of about 0.4 V at 10 mA cmgeo (DOCUMENT 7, p. 1405). In general,

metal alloys, oxides or nitrides are used as catalysts.
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For the oxygen evolution reaction (OER) during alkaline water electrolysis, electrocatalysts
are required which exhibit high chemical stability in highly concentrated alkaline solutions
and during oxygen evolution at low material costs. The overpotential of the oxygen evolution
reaction should be kept as low as possible in order to achieve high current densities in the

electrolysis mode.

For the cost-efficient use of alkaline water electrolysis alternatives to the currently used
electrocatalysts are needed. Currently, the metals Ni, Co, Fe and Raney nickel as well as
combinations of these metals (DOCUMENT 1) and the noble metals Ir and Ru and their
oxides are used as electrocatalysts in the evolution of oxygen (DOCUMENT 2, DOCUMENT
3). These are applied to the anode of the electrolyzer in the form of layers. The overpotential
of oxygen evolution is lowest for the metals mentioned. On base metal electrodes, on the
other hand, oxygen evolution occurs at higher overpotentials and is associated with shorter
service lives of the anodes. The material costs for electrodes with low overpotentials and

long service lives are therefore very high.

Oxidic catalysts are an alternative to the base metal electrodes as they have very low

overpotentials for oxygen evolution.

Transition-metal oxides such as perovskites of the formula ABO3;, which are composed of
rare earth and alkaline earth elements (A) and transition metal cations (B), are of particular
interest here, as they have intrinsic activities comparable to those of "gold standard" OER
catalysts such as IrOzand RuO, (DOCUMENT 4, p. 2)

Numerous perovskites are discussed in the literature as potential candidates for the oxygen
evolution reaction. Well-known examples of very active perovskite catalysts are
ProsBagsCo0s (PBCO) (DOCUMENT 4) and BaosSrosC0sFep2035 (BSCF) (DOCUMENT
5).



DK/EP 3601639 T3

A review article on the variety of perovskites and descriptors for their oxygen evolution
activity in alkaline water electrolysis has recently been published by Hong et al.
(DOCUMENT 6). Examples of perovskites mentioned therein are LaCuosMngsOs,
LagsCaopsCo0s5, LaNiOs;, LaCoO; (LCO), LaMnO; (LMO), LagsSrosCo0ss (LSC46),
BaosSrosCo0sFe02035 (BSCF82), SrCoosFeo2035 (SCF82), LaNiOs;, LaFeOs, LaMnOs,
LaCrOs, LapsSrosCoOss (LSC46), GdBaCo:0s+5 (GBCO), SmBaCo:0s:5 (SBCO),
HoBaCo0,0s+5 (HBCO), PrBaCo0,0s+5 (PBCO). The stoichiometric notation of PBCO and other
perovskites in the literature is to some extent differently chosen, but means the same

structure, viz. PrBaCo20s+5 and Prg sBagsCo0s.

The poor chemical stability in alkaline solution and under the operating conditions of alkaline
water electrolysis (60-80 °C, < 30 bar, high salt concentration in the electrolyte) of most oxide

catalysts is the main problem in their application.

Depending on the perovskites used, it comes to a leaching of metal ions out of the perovskite
lattice and, frequently, to an amorphization of the electrocatalyst (s. e.g. DOCUMENT 9,
DOCUMENT 7, DOCUMENT 8).

Another disadvantage of the oxide electrocatalysts is the usually poor electrical conductivity
(DOCUMENT 2). This causes perovskites to be often mixed with electrically or ionically
conductive binders such as Nafion® (sulfonated tetrafluoropolyethylene polymer), whereby

conductivity is increased, but chemical stability is lowered.

The inventors have already proposed a model for explaining the stability and degradation of
perovskite electrocatalysts at OER and developed a service life test (ESLT, End of Service
Life Test) in order to be able to compare different oxide OER catalysts (DOCUMENT 11,
especially p. 157, right column). The decomposition of PBCO during OER was shown to be
related to defect chemistry (DOCUMENT 11).

DOCUMENT 14 discloses a water vapor electrolysis cell consisting of an anode layer, a
cathode layer and a proton-conducting oxide electrolyte layer interposed therebetween. In
concrete terms, a catalyst for the water electrolysis having a variable composition of Ba and
Co and having a perovskite structure is disclosed, which can be admixed with cobalt oxide,
among others. Further possible oxides as additives for the catalyst are silver oxide, nickel

oxide, iron oxide and a composite oxide such as e.g. nickel ferrite and cobalt ferrite. Neither
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a doping with Ti nor the simultaneous enrichment with Cos04 and doping with Ti is described
with regard to the catalyst.

Furthermore, DOCUMENT 14 discloses a proton-conducting electrolyte consisting of a
perovskite of extremely variable compositions, wherein, besides Zr, Ce and Sc, also Ti is
mentioned on the B-site. Furthermore, according to DOCUMENT 14, it is preferred that at
least a portion of the A site and the B site is substituted with one or more elements selected
from La, Ce, Pr, Nd, Sm, Gd, Eu, Yb, Sc, Y, In, Ga, Fe, Co, Ni, Zn, Ta and Nb. DOKUMENT
14 particularly recommends perovskites of the types Sr-Zr-Y, Sr-Zr-Ce-Y, Ca-Zr-In, La-Sc,

Sr-Ce-Yb and La-Sr-Ti-Nb as electron conducting electrolytes.

DOKUMENT 15 is a review article on the developments and perspectives of oxide-based
catalysts for the OER. As semiconducting oxides, which can be used as OER catalysts,
those with medium bonding strength for oxygen, namely RuQ,, Co3;0s4, NiO, PtO,, SrCoOs,
LaNiOs, SrCo0O3 and SrNiOs, are particularly recommended.

DOKUMENT 16 is also a review article on water oxidation reaction. Technologically relevant
catalysts for energy generation from abundantly occurring metals are discussed, especially
Co:04 and CoOx besides iron oxides, nickel oxides, manganese oxides and mixed oxides
such as NiggFes10x and NiFeO4. Perovskites are also mentioned, especially Ba-Sr-Co-Fe-
perovskites. According to DOKUMENT 16, these undergo structural changes from crystalline
to amorphous state during water oxidation, which could be ascribed to a transformation of
the local structure from an octahedron connected via the corners to an octahedron
connected via the edges and, according to DOKUMENT 16, could be associated with

increased activity.

DOCUMENT 17 concerns the synthesis of magnetoresistive Lai.(Ca,Sr)xMnO; fiims from
metal propionates. The propionates are obtained from the corresponding acetates,
respectively. In concrete terms, propionates of La, Mn, Ca and Sr are disclosed. The
synthesis takes place by dissolving the metal acetates in a mixture of propionic acid and
propionic acid anhydride by heating under reflux. The resulting solution is applied to a Pt-
TiO2-Si carrier e.g. by spin-coating and then calcined at 550-750 °C. The films have a

thickness of about 50 nm. They can also be produced by multiple application.
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DOCUMENT 18 discloses the production of thin BaTiO; or SrTiO; fiims from the
corresponding acetates, propionates, 2-methylpropionates and 2-ethylhexanoates as A-site
precursors and stabilized Ti-tetrabutoxide as titanium precursor materials by a chemical
solution deposition process. The applied films are pre-dried at 250 to 450 °C before

calcination.

US 2009/286680 A1 discloses an electrically conductive perovskite-based mixed oxide of the

structure ABO; with A = Ba and B = Co, additionally comprising Ti as a dopant.

US 2016/328257 A1 discloses an electrically conductive perovskite-based mixed oxide of the

structure ABOs comprising Ba, Co and Ti, and its use as an OER catalyst.

US 2016/134002 A1 discloses an electrically conductive perovskite-based two-phase mixed
oxide of the structure ABO; with A = Ba and B = Co, additionally comprising Cosz04, and its
use as an OER catalyst.
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Object of the invention

The object of the invention, in view of the disadvantages of the known oxide catalysts, is to
provide a catalyst having high chemical stability for the oxygen evolution reaction in the
alkaline water electrolysis, which operates at the lowest possible overpotential and is cost-

effective, as well as to provide a process for obtaining it.

Figures

Fig. 1 shows the result of the service life test (ESLT — End of Service Life Test) with an
anode according to the invention in comparison to a known PBCO anode. The current

density (at 2.04 V vs. RHE) is shown as a function of the time of the BaCoOs-based material
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systems (a) Pro2BaosCoOs compared to the service life of the electrocatalyst prepared in the
below-mentioned example shown as (b). Both samples are 100 nm thin and were tested in 1
M KOH at 80 °C. The shown electrocatalyst (b) has an eight times increased service life and

about 20 mA/cm? higher current densities compared to the comparison (a).

Solution of the problem

The problem is solved by the electrically conductive mixed oxide according to claim 1. A
preferred embodiment is defined in claim 2. Claim 3 relates to a catalyst for the oxygen
evolution reaction, comprising the mixed oxide according to the invention. Claims 4 and 5
define anodes according to the invention comprising the mixed oxide of the invention. Claim
6 relates to the use of the catalyst in alkaline water electrolysis or in metal-air batteries.
Claim 7 relates to the use of the mixed oxide according to the invention for the production of
an anode for the purposes mentioned. Claims 8 to 14 relate to a method for the production of
an anode. Claim 15 defines an amorphous mixed oxide having a ratio of Co:Ba of about 2:1
and a TTB (Tetragonal Tungsten Bronze)-like near structure, obtainable by using the
electrically conductive perovskite-based mixed oxide according to one of claims 1 or 2 as
catalyst in the oxygen evolution reaction of alkaline water electrolysis, wherein the said

amorphous mixed oxide is formed by leaching out Ba.

This amorphous mixed oxide is an amorphous reaction product of the electrically conductive
perovskite-based mixed oxide according to the invention according to one of claims 1 or 2,
having a Co:Ba ratio of 2:1 and a TTB (Tetragonal Tungsten Bronze)-like near structure,
obtainable by using the mixed oxide as a catalyst in the oxygen evolution reaction of alkaline

water electrolysis, wherein the said amorphous mixed oxide is formed by leaching out Ba.

In prior art processes, the oxide catalyst is often prepared in a solid-state reaction by milling
together stoichiometric amounts of the corresponding metal oxides and sintering in the air.
The anodes for the OER are then prepared by drop casting a mixed oxide-containing ink
onto an electrode made of amorphous carbon (acetylene black with Nafion®) (DOCUMENT
4, DOCUMENT 8).

Also used is a nitrate combustion method, a coprecipitation method or the Pechini method
(DOCUMENT 8).
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As substrates for oxidic catalysts of the OER, Pt(111), Au(111) and nickel as well as nickel
doped with iron (DOCUMENT10) are mentioned in the literature in addition to the above
amorphous carbon. Usually, a titanium substrate is used. Iron treated (passivated) with conc.
nitric acid, gold, platinum or zinc is also used as anode material. Metal foams, e.g. made of
nickel, are common as well as substrate for the anode. There are many geometries for

electrolyzers and correspondingly many different anode geometries.

The perovskite-based, electrically conductive, biphasic mixed oxide according to the
invention has a structure ABOs with A = Ba and B = Co, and additionally comprises 5-45 at%,
preferably 15 to 30 at%, particularly preferably 25 at% Co3O4, wherein the at% of Co are
based on the total number of all Co atoms in ABO; and 0.5 to 3 at%, preferably 1 to 2.5 at%,
particularly preferably 2 at% Ti as a dopant, wherein the at% are based on the total number

of Co-cations in the perovskie ABO:s.

The mixed oxide according to the invention comprises an electrically conductive perovskite
phase ABOs;, in particular BaCoOs. The inventors have carried out experiments with other
perovskites such as e.g. PrCoQOs, BaSrCoFeO; and the known PrBaCoOz (PBCO) as well as
pure BaCoOs. Thereby, it has been shown that, due to the biphasic perovskite BaCoO; +
Co304, the best results by far are achieved in the OER. The electrical conductivity of the
perovskite is further increased by the addition of Coz04. The addition of CosO4 results in a

biphasic mixed oxide with the first phase being BaCoOs and the second phase being C0o30a.

In addition, the dissolution process of the perovskite in the alkaline electrolysis medium, that
is, the leaching out of metal ions, is slowed down significantly by the doping according to the
invention with Ti. The doping serves to adjust the oxygen stoichiometry, that is, oxygen
vacancies are generated by the doping element. An exact illustration of the resulting
rearrangements of the perovskite crystal structure can be found in DOCUMENT 11, the
contents of which are included here in full. In particular, reference is made to p. 111, FIG. 9
of DOCUMENT 11. According to the invention, the doping element is an element which can
easily assume the oxidation state +4 and whose atomic radius fits into the crystal lattice.
Although Ti** is relatively large, it works surprisingly well according to the invention.

Experiments with Hf** have yielded less good catalysts. Therefore, Ti is used as dopant.
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The mixed oxide according to the invention can also be described by the stoichiometric
formula BaCo1«TixO3.5:C0304 with x = 0.005 to 0.03, preferably x = 0.01 to 0.025, particularly
preferably x = 0.02.

0 defines the oxygen vacancies in the perovskite structure. The mixed oxide according to the
invention particularly preferably has the formula BaCoo.¢sTio.0203 -5:C0304. The mixed oxide
according to the invention is thus an oxygen-deficient mixed conductor. & means that the
oxide has oxygen vacancies. According to the invention, 0 is in the range from 0.1 to 0.8.

Values of 0.3 to 0.7 or particularly preferably 0.5 to 0.6 are possible.

While most important non-transition metal oxides have only one oxidation state (a significant
exception being tin oxide), the opposite is true for transition metals. This facilitates the
formation of oxygen vacancies (point defect). When an oxygen atom is removed from the
crystal, electrons left behind by it can be taken up by the metal cations and the vacancy thus
can be stabilized. Due to the large variety of cations that can be used to occupy the A and B
sites of perovskites it was possible to find combinations that allow the perovskite structure to
accommodate high oxygen non-stoichiometries. Due to these high concentrations of oxygen
vacancies a high ionic conductivity is achieved, whereby perovskites could be developed,

which are designated very good mixed conductors.

The perovskite phase of the BaO-Bi-O; system can be considered as a mixed conductor.
The highest electronic conductivity was found for a composition of Bag s7(Bi>203)o 33, for which
a pure perovskite phase was identified that corresponds to the stoichiometry BaBiO.s. Here,
the number of oxygen vacancies & consequently is 0.5. This corresponds to a perovskite
structure in which one-sixth of all oxygen sites are unoccupied. Values of & = 0.8 can be
achieved in BSCF5582according to DOCUMENT 13. Values above 0.8, on the other hand,
usually lead to a destabilization of the crystal. For stoichiometric BSCF, & = 0, that is, there
are no oxygen vacancies. Also, a high concentration of vacancies does not necessarily lead
to an ordering of the vacancies in perovskites, which would generally reduce ionic
conductivity (DOCUMENT 13).

Although amorphization takes place within a few seconds during the oxygen evolution
reaction with the inventive catalyst as the anode material, this, surprisingly, does not affect

the positive electrochemical properties of the electrocatalyst. After less than 5% of the life
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time of the catalyst, the complete catalyst layer has already changed into the amorphous

state.

It has been shown by experiments of the inventors that the inventive combination of doping
of the perovskite with Ti with the addition of Cos04 prevents the leaching of the cations in the
OER.

Perovskites generally degrade by losing A-cations by leaching. This is accompanied by the
amorphization of the mixed oxide. Surprisingly, the biphasic doped mixed oxide according to
the invention achieves a stable state during the decomposition. This state can be described
as an amorphous oxide with distinctive near structure. Crystals generally have long
symmetry chains. By this periodicity interferences can be observed for example in the x-ray
structure analysis. If this periodicity is broken, there are no longer any interferences in the X-
ray structure analysis. The arrangement according to the invention means a range of less
than 100 nm. This near structure according to the invention is related to the Tetragonal
Tungsten Bronze (Tetragonal Tungsten Bronze TTB). In this near structure, Co-atoms are
found in distinct CoOs octahedra and additionally form tetrahedral gaps. Ba can be on 2 sites
in this near structure: one site is leached out during the decomposition, the other remains
occupied. In experiments conducted by the inventors, it has been shown that about 60 at% of
the original Ba remains in the material. Starting from an atomic ratio Co:Ba 4:3 in the original
mixed oxide, the stable decomposition product therefore contains Co and Ba in an atomic
ratio 2:1 in the amorphous phase. The inventors assume, without being bound by this
assumption, that this stable amorphous intermediate is the actual catalytically active species
of this material system in the OER. This decomposition product of the biphasic electrically

conductive mixed oxide according to the present invention is claimed in claim 15.

Chemically stable means, in the context of the invention, that the leaching out of Ba is greatly
slowed down, the catalytic properties remain constant over the entire decomposition process
and the ESLT up to the complete decomposition of the layer results in the longest possible
operating times / 100nm (in laboratory test). The slower the dissolution, the more stable the

film (with constant catalysis behavior at the same time).

Thus, the invention provides a chemically stable alternative for oxidic electrocatalysts which
simultaneously has a low overpotential and a high current density in the alkaline electrolysis

of water.
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The catalyst according to the invention comprises the above mixed oxide and optionally
further common suitable additives such as Nafion®, but surprisingly shows very good activity
and stability especially without such additives. Therefore, according to the invention,
preferably no such additive is used. The mixed oxide according to the invention is preferably
applied on a suitable electrically conductive electrode substrate material in a wet-chemical

process described below to produce the anode according to the invention.

The electrically conductive substrate may be any conventional substrate used for anodes in

the OER and may have any conventional size and shape, e.g. sheet metal, lattice, foam.

In the present specification, a Si(100) wafer coated with a TiO., adhesion layer and a
polycrystalline Pt(111) layer is used to investigate the catalyst properties in a laboratory
scale. Also, other conventional adhesive layers are possible, e.g. TiN and/or AlOx The
orientation of the Si wafer e. g. is (100), but other oriented wafers can also be used. Si
wafers are drawn single crystals. Thus, there are only oriented cuts of it. The Si serves as a
shaping underlayer, on which, by means of the adhesive layer, the Pt layer can be applied.
On the Si wafer, the Pt layer is formed in a usual manner, in particular by sputtering, e.g.
magnetron sputtering (PVD, physical vapour deposition). In order to be able to carry out
comparable tests, according to the invention Pt(111) layers are used, which are obtained by
applying Pt on Si(100) wafers by magnetron sputtering and then increasing their orientation
by annealing. The decisive factor is that the applied Pt layer is dense and smooth. These
methods are known in the prior art, e.g. from DOCUMENT11 and the references specified

therein.

The orientation of the polycrystalline Pt layer is e.g. (111). Other orientations are also
suitable as long as polycrystalline perovskite layers can be deposited on the surface. The
decisive factor for this is that the Pt surface has crystallization points which allow the crystal

growth of the perovskite phase.

According to the invention, preference is given to Si wafers with a TiO, adhesive layer and a

polycrystalline Pt(111) layer applied on it. The Si wafer is preferably a Si(100) wafer.

The orientation of the Pt layer is enhanced by conventional methods, in particular by heating

to a temperature of 800 to 900 °C, preferably 850 °C for 5 to 10 min, preferably 8 min, e. g.
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under oxygen flow. The orientation of the Pt layer can also be achieved at lower

temperatures for a correspondingly longer time.

The thickness of the adhesion layer is 2 to 10 nm, preferably 4 to 7 nm and particularly

preferably 5 nm.

The thickness of the Pt(111) layer is 20 to 80 nm, preferably 30 to 70 nm and particularly
preferably 50 nm.

The thickness of all layers is determined in the context of the invention by conventional
methods, in particular by means of XRR (X-ray reflectometry) and SEM (scanning electron

microscope images of the cross-section of the sample).

The catalyst according to the invention is preferably prepared by dissolving the starting metal
salts in a suitable solvent in the desired quantitative ratio and stirring the solution under reflux
for a time of about 0.5 to 2 hours, preferably about 1 hour. Thereby, a precursor solution is
obtained. By prolonged heating no difference in the mixed oxide is achieved, but it is also

possible, e.g. for. up to 24 h.

The starting metal salts are salts of Ba, Co and Ti in the desired quantity ratios. Salts are
used which form oxides when heated under oxygen supply, e. g. salts of organic carboxylic
acids, dicarboxylic acids or tricarboxylic acids, or other oxide-forming salts e. g. such as
nitrates, ammonium salts or salts of amino acids, hydroxycarboxylic acids, carbonates, R-
diketonates, metal alkoxides, metal aminoalkoxides, sulfates and other oxide-forming salts
known to the skilled person. Salts of carboxylic acids or dicarboxylic acids are preferred, e.g.
acetates, propionates, oxalates, pentanedionates. Acetates and pentanedionates are
particularly preferred. Suitably, salts of the same acids are used, but also salts of various
acids, and salts obtained by reaction of the respective metals with alcohols, ether alcohols
such as butoxyethanol, propoxyethanol, methoxyethanol and similar amines or amino
alcohols in the respective solvents are suitable (e.g. Ba-diaminoethoxide in aminoethanol,
see e.g. DOCUMENT 12). For example, acetates and pentanedionates are used together, e.

g. barium acetate with cobalt acetate and titanium(IV)-oxide-bis-2,4-pentanedionate.

As solvents, common non-aqueous solvents can be used which are suitable according to the

state of the art for dissolving salts. Mixtures of organic carboxylic acids with the
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corresponding anhydrides are preferably used, in particular, a mixture of propionic
acid/propionic anhydride has proven to be favorable. The mixing ratio (by volume) of
carboxylic acid to carboxylic acid anhydride is 10:1 to 1:1, preferably 7:1 to 4:1, particularly
preferably 5:1. In this solvent mixture, the boiling point is about 140 ° C under normal

conditions, which is suitable to completely dissolve the salts.

The amount of solvent is chosen so that, after dissolution of all salts, a final concentration of
0.05 to 0.25 mol/l, preferably 0.10 to 0.20 mol/l, particularly preferably 0.15 mol/l based on
the Ba cation is achieved. The molarity of the solution determines the crystal quality and
layer thickness per deposition step. In general, 0.15 M solutions are used according to the

invention.

The addition of CosO4 in the final mixed oxide product is achieved by using an excess

amount of the Co salt, in particular cobalt acetate, based on the perovskite phase.

The doping with Ti is achieved by addition of the corresponding salt of Ti, in particular Ti(IV)-

oxide-bis(2,4-pentanedionate), in the desired amount.

The resulting precursor solution may, if desired, be filtered after cooling, e.g. over a 0.2 um
PTFE filter or other conventional filters. By filtering in particular a better layer quality is

achieved in the subsequent spin coating process.

For the production of the anode according to the invention, the precursor solution thus
obtained is applied to the substrate described above by conventional wet-chemical methods,
preferably stepwise. Preferably, a spin coating method is used, but spray coating or dip
coating methods, dripping, brushing, squeegeeing, rolling and other common methods are

also possible.

After application of each layer, the coated substrate is heated to a temperature of about 250
to 400 °C, preferably 300 to 380 °C, particularly preferably 350 °C, e.g. on a hot plate, during
a few minutes, e.g. 1 to 5 min, preferably 2 min, and dried before the next layer of the
precursor solution is applied. Preferably, at least 3 layers are applied, particularly preferably
a total of 5 layers, but even more catalyst layers are possible. As many layers are applied

until the desired total layer thickness of the catalyst layer is achieved.
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Finally, the coated anode is baked for 5 to 12 minutes, preferably 6 to 10 minutes, more
preferably 8 minutes, in the oxygen flow at about 700 to 1000 °C, preferably 800 to 900 °C,
particularly preferably 850 °C.

The thickness of the finally obtained catalyst layer on the substrate after baking is about 50
to 150 nm, preferably 80 to 130 nm, particularly preferably 100 nm. The layer thickness is
determined by SEM as described above. This layer thickness is particularly suitable for
laboratory tests. For industrial applications, larger layer thicknesses are common, which can

also be produced according to the invention.

The anode thus obtained is a model for testing the material system and its properties. The
oxidic catalyst according to the invention can be used in other commonly available anode

systems on an industrial scale in electrolyzers, as well as in metal-air batteries.

The electrocatalyst according to the invention has, compared to the comparative catalyst
PBCO, a service life which is more than eightfold increased and a current density increased

by 20 mA/cm?, as shown in the following example.

Scaling up the results of the following service life test to industrially relevant standards, a
lifetime of 10 years of the electrode according to the invention with a layer thickness of only
83 um is guaranteed. In industrial applications with higher operating voltages and electrolyte
concentrations, even higher current densities are to be expected than in the example

described below.

Example

Production of the precursor

0,288 g barium acetate, 0.396 g of cobalt acetate and 0.008 g of Ti(lV)-oxide-bis-(2,4-
pentanedionate) are dissolved in 10 ml of propionic acid / propionic anhydride 5:1 (by
volume). Thereby a 0.11 M solution based on the Ba cation is obtained. The solution is
stirred at reflux for 1 h at 140 °C. After cooling, it is filtered through a PTFE 0.2 um filter.

Production of the anode
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A silicon wafer Si (100) is provided with a 5 nm thick adhesion layer (TiO2) and a
polycrystalline 50 nm thick Pt(111) layer, which is applied by magnetron sputtering. This
substrate is baked at 850 °C for 8 minutes at 4 sccm O: flow to enhance the Pt (111)

preferred orientation.

The precursor is then applied stepwise on the substrate. For this purpose, at first 200 ul of
the precursor prepared above are applied to the substrate by spin coating. Thereafter, it is
dried at 350 °C on a heating plate for 2 min. This procedure is repeated for further 4 runs, but
only using 100 pl per run. Finally, it is baked at 850 °C for 8 minutes at 4 sccm O flow. The

catalyst layer now has a thickness of about 100 nm, determined by SEM.

Service Life Test (ESLT - End of Service Life Test)

In a service life test, the chemical stability was demonstrated under accelerated conditions of
alkaline electrolysis. The exact procedure corresponds to that of DOCUMENT 11, in

particular p. 157 figure 1.

Continuous CV-measurement cycles (cyclic voltammetry) with the sample at a scan rate of
100 mVs™ in a range of 1 V to 2.1 V were performed versus RHE. The anode according to
the invention and, for comparison, a corresponding anode coated with Pry2BagsC00s.5
(PBCO), which had been prepared in the same way and had the same thickness as the
anode according to the invention, were used. The measurement was carried out in 1 M
potassium hydroxide solution at 80 °C. The result of the experiment at 2.04 V is shown in

figure 1.

The water decomposition reaction restarts in every cycle and accelerates the decomposition
of the catalyst until the catalyst is completely dissolved (figure 1b of DOCUMENT 11). At this
point in the test, after some time, the peeling of Pt from the Si substrate by gas bubbles
starts (figure 1c of DOCUMENT 11), followed by etching of the Si substrate (Figure 1d of
DOCUMENT 11), which results in a current density of 25 mA/cm? during Si-hydroxide
etching. The ESLT graphs in DOCUMENT 11 show the current density at 2.04 V vs. RHE
over time. The sharp current decrease in the graph indicates the end of service life. The test
is associated with accelerated conditions compared to chronopotentiometric or amperometric

methods, as the OER periodically restarts.
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The anode according to the invention had a service life of 380,000 s with a constant course
of the current density. After this time, the catalyst layer had completely dissolved. However,

the comparison anode only had a service life of 40,000 s.

The electrocatalyst according to the invention has a more than eightfold increased service

life and a current density increased by 20 mA/cm? compared to the comparison catalyst.

Scaling up these results to industrially relevant scales, a service life of 10 years of the
electrode according to the invention is guaranteed with a layer thickness of only 83 pym. In
industrial applications with higher operating voltages and electrolyte concentrations higher

current densities are to be expected.

BaCoOs5 (BCO) is not suitable as an electrocatalyst since it passivates after a short

operating time.
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Patentkrav

1. Elektrisk ledende tofaset blandingsoxid pa perovskitbasis med strukturen
ABOs hvor A = Ba, og B = Co, omfattende yderligere 5-45 at%, foretrukket 15
til 30 at%, seerligt foretrukket 25 at% Co30a, hvor de at% Co er beregnet pa
basis af det samlede antal af Co-atomerne i perovskit ABO3 og 0,5 til 3 at%,
foretrukket 1 til 2,5 at%, seerligt foretrukket 2 at% Ti som doteringsstof, hvor
de at% Ti er beregnet pa basis af det samlede antal af Co-kationerne i perov-
skit ABQO:s.

2. Elektrisk ledende blandingsoxid ifalge krav 1 med formlen BaCoo,98Ti0,0203-
5.C0304, hvor d definerer de ledige steder for oxygen i perovskit-strukturen og
ligger i omradet fra 0,1 til 0,8, foretrukket 0,3 til 0,7, seerligt foretrukket 0,5 til
0,6.

3. Katalysator til oxygenudviklingsreaktion i alkalisk milj@, omfattende det elek-
trisk ledende tofasede blandingsoxid ifalge krav 1 eller 2.

4. Anode, omfattende det elektrisk ledende tofasede blandingsoxid pa perov-
skitbasis ifelge krav 1 eller 2 samt et elektrisk ledende baerermateriale.

5. Anode ifalge krav 4, hvor baerermaterialet er en siliciumwafer, der er forsy-
net med et TiOz2-haeftelag og et polykrystallinsk Pt(111)-lag.

6. Anvendelse af katalysatoren ifelge krav 3 ved alkalisk vandelektrolyse eller
I metal-luft-batterier.

7. Anvendelse af det elektrisk ledende tofasede blandingsoxid pa perovskitba-
sis ifelge krav 1 eller 2 til fremstilling af en anode til alkalisk vandelektrolyse
eller til et metal-luft-batteri.

8. Fremgangsmade til fremstilling af en anode ifglge krav 4 eller 5, omfattende
a) at oplase organiske carboxylsyre- dicarboxylsyre- og/eller tricarboxylsyre-
salte og/eller andre oxiddannende salte af Ba og Co samt Ti i et ikke vandigt
opl@sningsmiddel,
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b) at opvarme opl@sningen under tilbagestreamning,

c) eventuelt filtrering,

hvor den i det elektrisk ledende blandingsoxid tilstreebte tilsesetning af
Co304 indstilles ved hjeelp af den tilsvarende valgte overskydende maengde af
Coiforhold til den stekiometriske perovskitphase,

d) at pafere oplasningen pa et elektrisk ledende substrat i en vadcoatingpro-
ces,
e) terring og efterfalgende

f) ophedning,

hvor trinnene d) til f) eventuelt gentages flere gange, indtil den snskede lag-
tykkelse opnas.

9. Fremgangsmade ifglge krav 8, hvor saltene af Ba og Co er acetat, propio-
nat, oxalat og/eller pentandionat, og saltet af Ti er Ti(IV)-oxid-bis(2,4-pentan-
dionat).

10. Fremgangsmade ifalge krav 8 eller 9, hvor opl@sningsmidlet er en blanding
af propionsyre og propionsyreanhydrid i forholdet efter volumen fra 10:1 til 2:1,
foretrukket 7:1 til 4:1, seerligt foretrukket 5:1.

11. Fremgangsmade ifelge krav 8, hvor vadcoatingprocessen er en spincoa-
ting-, spraycoating- eller dipcoating-proces.

12. Fremgangsmade ifelge et af kravene 8 eller 9, hvor tarringen foregar ved
250 til 400 °C, foretrukket ved 300 til 380 °C og seerligt foretrukket ved 350 °C.

13. Fremgangsmade ifglge et eller flere af kravene 8 til 12, hvor ophedningen
foregar ved 700 til 1000 °C, foretrukket ved 800 til 900 °C og seerligt foretrukket
ved 850 °C.

14. Fremgangsmade ifalge et eller flere af kravene 8 til 13, hvor tykkelsen af
katalysatorlaget efter trin f) udger 50 til 150, foretrukket 80 til 130, seerligt fo-
retrukket 100 nm, bestemt med en SEM-metode.
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15. Amorft blandingsoxid, som har et forhold Co:Ba pa 2:1 og en TTB (Tetra-
gonal Tungsten Bronze)-neerstruktur, i hvilken Co-atomer befinder sig i udprae-
gede CoOs-oktaedere og derudover danner tetraederhuller, der kan opnas ved
anvendelse af det elektrisk ledende blandingsoxid pa perovskitbasis ifalge et
af kravene 1 eller 2 som katalysator ved oxygenudviklingsreaktion af den al-
kaliske vandelektrolyse, hvor det neevnte amorfe blandingsoxid opstar ved ud-
ludning af Ba.
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FIGURE 1
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