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ABSTRACT

Provided is a method capable of producing, in a simple and low-cost manner, an
electrolysis electrode which can be used in alkaline water electrolysis and has superior durability
against output variation. The method for producing an anode for alkaline water electrolysis
includes: a step of dissolving lithium nitrate and a nickel carboxylate in water to prepare an
aqueous solution containing lithium ions and nickel ions, a step of applying the aqueous solution
to the surface of a conductive substrate having at least the surface composed of nickel or a
nickel-based alloy, and a step of subjecting the conductive substrate to which the aqueous
solution has been applied to a heat treatment at a temperature within a range from at least 450°C
to not more than 600°C, thereby forming a catalyst layer composed of a lithium-containing

nickel oxide on the conductive substrate.
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DESCRIPTION

Title of Invention
METHOD FOR PRODUCING ANODE FOR ALKALINE WATER ELECTROLYSIS, AND
ANODE FOR ALKALINE WATER ELECTROLYSIS

Technical Field
[0001]
The present invention relates to an anode used in alkaline water electrolysis, and a

method for producing the anode.

Background Art

[0002]
Hydrogen is a next-generation energy source that is suitable for storage and transport,

and has little environmental impact, and therefore hydrogen energy systems that use hydrogen as
an energy carrier are attracting much interest. Currently, hydrogen is mainly produced by steam

reforming or the like of fossil fuels, but from the viewpoints of problems such as global warming
and fossil fuel depletion, the importance of alkaline water electrolysis using renewable energy as
a power source continues to increase.

[0003]

Water electrolysis can be broadly classified into two types. One type is alkaline water
electrolysis, which uses a high-concentration alkaline aqueous solution as the electrolyte. The
other type is solid polymer water electrolysis, which uses a solid polymer electrolyte (SPE) as
the electrolyte. When large-scale hydrogen production is performed by water electrolysis, it is
said that alkaline water electrolysis using an inexpensive material such as an iron-based metal of
nickel or the like is more suitable than solid polymer water electrolysis using a diamond
electrode or the like. The electrode reactions at the two electrodes are as follows.

Anode reaction: 20H — H0 + 1/20; + 2¢ 1)

Cathode reaction: 2H,O + 2¢" — H2 + 20H" 2)

[0004]

High-concentration alkaline aqueous solutions increase in conductivity as the
temperature increases, but the corrosiveness also increases. Accordingly, the upper limit for the
operating temperature is limited to about 80 to 90°C. The development of electrolyzer structural
materials and various piping materials that are capable of withstanding higher temperatures and
high-concentration alkaline aqueous solutions, and the development of low-resistance
diaphragms and electrodes having increased surface area and provided with a catalyst have
enabled electrolysis performance to be improved to about 1.7 to 1.9 V at a current density of 0.3
to 0.4 Acm (efficiency: 78 to 87%).
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[0005]
A nickel-based material that is stable in high-concentration alkaline aqueous solutions is

typically used as the anode for alkaline water electrolysis, and it has been reported that a Ni-
based electrode has a lifespan of several decades or longer in alkaline water electrolysis that uses
a stable power source (Non-Patent Documents 1 and 2). However, when renewable energy is
used as the power source, degradation in the Ni anode performance caused by severe conditions
such as abrupt start-stop operations and load fluctuations tends to be problematic (Non-Patent
Document 3). The reason for this degradation is that it is known thermodynamically that nickel
exists as a stable divalent hydroxide in alkaline aqueous solutions and that the oxidation reaction
of the nickel metal proceeds near the potential of the oxygen generation reaction, and it is
surmised that the type of nickel oxide production reaction outlined below proceeds.

Ni +20H" — Ni(OH): + 2¢ 3)

As the potential increases, oxidation to trivalent and tetravalent states occurs. The
reaction formulas are as follows.

Ni(OH); + OH" — NiOOH + H2O + e )]

NiOOH + OH" — NiO; + H,O + ¢ 5)

{0006]

The nickel oxide production reaction and the reduction reaction of that oxide proceed at
the metal surface, and therefore detachment of the electrode catalyst formed on the metal is
accelerated. If the power required to perform the electrolysis can no longer be supplied, then
electrolysis is halted, and the nickel anode is maintained at an electrode potential that is lower
than the oxygen generation potential (1.23 V vs RHE) and higher than the potential of the
cathode for hydrogen generation that functions as the counter electrode (0.00 V vs RHE).
Electromotive forces generated by these chemical species occur inside the cell. The anode
potential is maintained at a low potential due to progression of the cell reactions, in other words,
oxide reduction reactions are promoted in accordance with the formulas (3), (4) and (5). In the
case of an electrolyzer containing a combination of a plurality of cells, these types of cell
reactions tend to cause current to leak through the piping connecting the cells, and therefore
current prevention techniques are a matter that should always be considered. One such
technique is a countermeasure in which a very small current flow is continued during stoppages,
but this technique requires special power source control, and also results in continuous
generation of oxygen and hydrogen, and therefore system control is time-consuming. In order to
intentionally avoid a reverse current state, the above types of cell reactions can be prevented by
removing the liquid immediately after a stoppage, but in the case where operations are
performed using a power source such as renewable energy that is prone to large output

fluctuations, this cannot be considered a suitable procedure.
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In nickel-based cells, these types of oxides and hydroxides are used as active materials,
but in alkaline water electrolysis, the activity of these types of nickel materials is preferably
suppressed.

[0007]

Conventionally, at least one component selected from among platinum-group metals,
platinum-group metal oxides, valve metal oxides, iron-group oxides and lanthanide-group metal
oxides has typically been used as the catalyst layer of the anode for oxygen generation that is
used in alkaline water electrolysis. Other known anode catalysts include nickel-based alloys
such as Ni-Co and Ni-Fe, surface area-expanded nickel, ceramic materials such as spinel Co3O4
and NiCo;04, conductive oxides such as perovskite LaCoO3 and LaNiOs, noble metal oxides,
and oxides formed from a lanthanide-group metal and a noble metal (Non-Patent Document 4).

In terms of the anode for oxygen generation used in alkaline water electrolysis, nickel
itself has a small oxygen overvoltage, and sulfur-containing nickel-plated electrodes in particular
are also used as the anode for water electrolysis.

{0008]

An anode having a lithium-containing nickel oxide layer already formed on the surface
of a nickel substrate is a known anode for oxygen generation for use in alkaline water
electrolysis using a high-concentration alkaline aqueous solution (Patent Documents 1 and 2).
An anode having a similar lithium-containing nickel oxide layer formed on the electrode has
also been disclosed not for use in alkaline water electrolysis, but as a nickel electrode used in a
hydrogen-oxygen fuel cell that uses an alkaline aqueous solution as the electrolyte (Patent
Document 3). Patent Documents 1 to 3 include no mention of the lithium content relative to the
nickel or the production conditions, and also make no mention of the stability of the electrode
under conditions where the electric power suffers severe output fluctuations.

[0009]

Patent Document 4 discloses an anode provided with a catalyst layer composed of a
lithium-containing nickel oxide in which the molar ratio between lithium and nickel (Li/Ni) is
within a range from 0.005 to 0.15. By using this catalyst layer, the crystal structure can be
maintained even upon long-term use, and excellent corrosion resistance can also be maintained.
As a result, the anode can be used in alkaline water ¢lectrolysis that uses a power source such as

renewable energy that is prone to large output fluctuations.

Citation List

Patent Literature

[0010]
Patent Document 1: GB 864457
Patent Document 2: US 2,928,783
Patent Document 3: US 2,716,670
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Patent Document 4: JP 2015-086420

Non-Patent Documents
[0011]

Non-Patent Document 1: P.W.T. Lu, S. Srinivasan, J. Electrochem. Soc., 125, 1416
(1978)

Non-Patent Document 2: C.T. Bowen, Int. J. Hydrogen Energy, 9, 59 (1984)

Non-Patent Document 3: Shigenori Mitsushima, Koichi Matsuzawa, Hydrogen Energy
Systems, 36, 11 (2011)

Non-Patent Document 4: J.P. Singh, N.K. Singh, R.N. Singh, Int, J. Hydrogen Energy,
24, 433 (1999)

Summary of Invention
Technical Problem
[0012]

The catalyst layer composed of a lithium-containing nickel oxide disclosed in Patent
Document 4 is formed by applying a solution containing at least the element lithium to a
conductive substrate (in which at least the surface is formed from nickel or a nickel-based alloy),
and then performing a heat treatment 900 to 1,000°C. Examples of the lithium component raw
material include lithium nitrate, lithinm carbonate and lithium chloride. However, because the
method described in Patent Document 4 uses a high-temperature heat treatment, a problem arises
in that a thick oxide coating is formed on the surface of the catalyst layer, resulting in an
increase in the surface resistance and a deterioration in the catalyst performance. Furthermore, a
furnace capable of conducting the high-temperature heat treatment is required, and other
problems also arise such as an increase in the energy required for the firing process, and an
increase in production costs.

[0013]

The present invention has the objects of providing an electrode for electrolysis that can
be used in alkaline water electrolysis and exhibits superior resistance to output fluctuation, and a
method that enables production of this type of anode for alkaline water electrolysis in a simple

and low-cost manner.

Solution to Problem
[0014]

The inventors of the present invention discovered that by using a precursor prepared by
dissolving lithium nitrate and a nickel carboxylate in water, the heat treatment temperature
conditions required when forming the catalyst layer by a thermal decomposition method could

be reduced dramatically compared with the conditions disclosed in Patent Document 4.



In other words, one aspect of the present invention is a method for producing an anode for
alkaline water electrolysis, the method including a step of dissolving lithium nitrate and a nickel
carboxylate in water to prepare an aqueous solution containing lithium ions and nickel ions, a step of
applying the aqueous solution to the surface of a conductive substrate having at least the surface
composed of nickel or a nickel-based alloy, and a step of subjecting the conductive substrate to
which the aqueous solution has been applied to a heat treatment at a temperature within a range from
at least 450°C to not more than 600°C, thereby forming a catalyst layer composed of a lithium-
containing nickel oxide on the conductive substrate.

[0015]

In the above aspect, the lithium-containing nickel oxide is preferably represented by a
compositional formula LixNi>.xO, (wherein 0.02 <x <0.5).
[0016]

Further, another aspect of the present invention is an anode for alkaline water electrolysis
produced by the method as described herein, wherein the anode comprises:

a conductive substrate having at least a surface composed of nickel or a nickel-based alloy,
and

a catalyst layer comprising a lithium-containing nickel oxide represented by a compositional
formula LixNi>xO2 (wherein 0.02 < x <0.5) that is formed on the conductive substrate, wherein

a layer average density of the catalyst layer is at least 5.1 g/cm? but not more than 6.67

g/em’,

Advantageous Effects of Invention
[0017]

According to the present invention, by using lithium nitrate and a nickel carboxylate as the
raw materials for the precursor to the catalyst layer, a lithium-containing nickel oxide catalyst layer
can be formed at a heat treatment temperature of at least 450°C but not more than 600°C, a much
lower temperature than has conventionally been required. Because the heat treatment temperature is
considerably lower than conventional temperatures, production of the anode is simpler, and
production costs can also be lowered, both of which are advantageous. Further, by using nickel
acetate as the nickel component raw material, a denser catalyst layer can be formed with a higher
density than that obtainable by conventional methods using nickel nitrate.

Moreover, because the heat treatment temperature is low, the anode produced using the

method of the present invention has reduced surface oxidation resistance. Further, catalytic activity

CA 3036352 2019-08-26
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is not lost even after performing accelerated life testing. Accordingly, even when the anode is used
in an alkaline water electrolytic apparatus that uses a power source such as renewable energy that is
prone to large output fluctuations, superior catalytic activity can be maintained over long periods,

and an anode of excellent durability can be obtained.

Brief Description of Drawings

CA 3036352 2019-08-26



CA 03036352 2019-03-08

{0018]

FIG. 1 is a schematic diagram illustrating one embodiment of an anode for alkaline water
electrolysis.

FIG. 2 illustrates the X-ray diffraction patterns of the catalyst layers in Example 1 and
Comparative Example 1.

FIG. 3(a) illustrates SEM images of electrode cross-sections in Example 1.

FIG. 3(b) illustrates SEM images of electrode cross-sections in Comparative Example 1.

FIG. 4 is a graph illustrating the voltage change during an accelerated life test in
Example 1 and Comparative Example 1.

FIG. 5 is a graph illustrating the change in current density during an accelerated life test
in Example 1 and Comparative Example 1.

FIG. 6 is a graph illustrating the change in current density during an accelerated life test
in Example 2 and Comparative Example 2.

FIG. 7 is a SEM image of an electrode cross-section in Example 3.

FIG. 8 is a SEM image of an electrode cross-section in Example 4.

FIG. 9 is a SEM image of an electrode cross-section in Example 5.

FIG. 10 is a SEM image of an electrode cross-section in Example 6.

FIG. 11 is a SEM image of an electrode cross-section in Example 7.

FIG. 12 is a SEM image of an electrode cross-section in Example 8.

FIG. 13 is a SEM image of an electrode cross-section in Comparative Example 3.

FIG. 14 is a SEM image of an electrode cross-section in Comparative Example 4.

FIG. 15 is a SEM image of an electrode cross-section in Comparative Example 5.

FIG. 16 is a SEM image of an electrode cross-section in Comparative Example 6.

FIG. 17 is a SEM image of an electrode cross-section in Comparative Example 7.

FIG. 18 is a SEM image of an electrode cross-section in Comparative Example 8.

Description of Embodiments
[0019]
Embodiments of the present invention are described below together with the drawings.
FIG. 1 is a schematic drawing illustrating one embodiment of the anode for alkaline
water electrolysis of the present invention. The anode 1 includes an anode substrate 2, and a
catalyst layer 3 formed on the surface of the anode substrate 2.
[0020]
(Anode Substrate)
The anode substrate 2 is a conductive substrate in which at least the surface is composed
of nickel or a nickel-based alloy. The anode substrate 2 may be produced entirely from nickel or

a nickel-based alloy. Alternatively, the anode substrate 2 may be produced by using plating or
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the like to form a coating of nickel or a nickel alloy on the surface of a metal material such as
iron, stainless steel, aluminum or titanium.
[0021]

The thickness of the anode substrate 2 is from 0.05 to S mm. The anode substrate 2
preferably has a form that has openings to enable removal of oxygen bubbles that are generated.
For example, an expanded mesh or a porous expanded mesh can be used. The open area ratio of
the anode substrate 2 is preferably from 10 to 95%.

[0022]

A chemical etching treatment is typically performed to remove contaminant particles
such as metals or organic matter from the substrate surface. The amount of the substrate
consumed by the etching treatment is preferably about 30 to 400 g/m2. Further, in order to
enhance the adhesion to the catalyst layer 3, the surface of the anode substrate 2 is preferably
subjected to a surface roughening treatment. Examples of the method used for the surface
roughening treatment include a blast treatment in which a powder is blasted onto the surface, an
etching treatment that uses an acid that can dissolve the substrate, or a plasma spraying
treatment.

[0023]
(Catalyst Layer)
The catalyst layer 3 is formed from a lithium-containing nickel oxide. Specifically, the

lithium-containing nickel oxide is preferably represented by a compositional formula LixNiz2.xO2
(wherein 0.02 <x <0.5). If x is less than 0.02, then satisfactory conductivity cannot be
achieved. In contrast, if x exceeds 0.5, then the physical strength and chemical stability tend to
deteriorate. By using the above composition, sufficient conductivity for electrolysis can be
achieved, and excellent physical strength and chemical stability can be ensured even when the
anode 1s used for long periods.

[0024]
The catalyst layer 3 is formed by a thermal decomposition method.

First, a precursor to the catalyst layer is produced. The precursor is an aqueous solution
containing lithium ions and nickel ions. The lithium component raw material is lithium nitrate
(LiNQs), and the nickel component raw material is a nickel carboxylate. Examples of the nickel
carboxylate include nickel formate (Ni(HCOO)2) and nickel acetate (Ni(CH3COO),). Of these,
the use of nickel acetate (Ni(CH3COO),) is preferred. The lithium nitrate and nickel carboxylate
are dissolved in water so that the molar ratio between lithium and nickel in the aqueous solution
is within a range from Li:Ni = 0.02:1.98 to 0.5:1.5. If consideration is given to the degree of
solubility and the stability upon storage, then the concentration of the nickel carboxylate is
preferably at least 0.1 mol/L but not more than I mol/L, and is more preferably from 0.1 to 0.6
mol/L.

[0025]



CA 03036352 2019-03-08

The aqueous solution containing the lithium ions and nickel ions is applied to the surface
of the anode substrate 2. Conventional methods may be used for the application method,
including application by brush, roller, spin-coating or electrostatic spraying. Following
application, the anode substrate 2 is dried. The drying temperature is preferably set so as to
avoid sudden evaporation of the solvent (for example, about 60 to 80°C).

[0026]

After drying, the anode substrate 2 is subjected to a heat treatment. The heat treatment
temperature is typically at least 450°C but not more than 600°C, and is preferably at least 450°C
but not more than 550°C. The decomposition temperature of lithium nitrate is about 430°C, and
the decomposition temperature of nickel acetate is about 373°C. By ensuring that the heat
treatment temperature is at least 450°C, reliable decomposition of the components can be
achieved. On the other hand, if the heat treatment temperature exceeds 600°C, then oxidation of
the substrate may proceed excessively, leading to an increase in the electrode resistance and an
increase in voltage loss. The heat treatment time may be set appropriately with due
consideration of the reaction rate, the productivity, and the oxidation resistance of the catalyst
layer surface.

[0027]

By performing application of the aqueous solution a plurality of times, the catalyst layer
3 can be formed with the desired thickness. In this case, application of the aqueous solution and
then drying may be repeated for each of the layers, with the entire structure being subjected to
heat treatment at the temperature described above following formation of the uppermost layer.
Alternatively, application of the aqueous solution and heat treatment at the above temperature
(pretreatment) may be repeated for each of the layers, with the entire structure then being
subjected to heat treatment at the temperature described above following completion of the heat
treatment of the uppermost layer. The pretreatment and the heat treatment of the entire structure
may be performed at the same temperature, or at different temperatures. Further, the
pretreatment time is preferably shorter than the heat treatment time for the entire structure.
[0028]

By performing the heat treatment described above, the catalyst layer 3 composed of a
lithium-containing nickel oxide is formed. Because the heat treatment is performed at a
comparatively low temperature, reaction between the nickel of the anode substrate 2 and the
catalyst layer components is suppressed. In other words, the composition of the catalyst layer 3
is substantially the same as the molar ratio between lithium and nickel in the aqueous solution
used as the precursor.

[0029]

The anode for alkaline water electrolysis of the present invention, which can be produced

using the production method described above, contains a dense catalyst layer having a high

density. In other words, the anode for alkaline water electrolysis of the present invention
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contains the conductive substrate described above, and the catalyst layer formed from a lithium-
containing nickel oxide represented by a compositional formula Li,Ni>.xO2 (wherein 0.02 =<x <
0.5) that is formed on this conductive substrate. The layer average density of the catalyst layer is
at least 5.1 g/cm?® but not more than 6.67 g/cm?, is preferably at least 5.1 g/cm® but not more than
6.0 g/cm?, and is more preferably at least 5.5 g/cm? but not more than 6.0 g/cm?. Furthermore,
the catalyst layer is very dense, with only a small proportion of pores formed within the interior
of the layer. Specifically, the porosity of the catalyst layer (the value that represents the ratio of
the surface area of pores (voids) relative to the entire catalyst layer) is preferably not more than
0.29, and more preferably 0.18 or less. The porosity of the catalyst layer can be calculated by
image analysis of a cross-sectional photograph (SEM image) of the catalyst layer using the
image processing software supplied with a commercially available CCD digital microscope used
for image analysis (for example, an MSX-500D1 manufactured by Moritex Corporation).

[0030]

The layer average density (the apparent density D) of the catalyst layer formed on the
conductive substrate can be measured and calculated using the procedure described below. First,
a cross-sectional photograph (SEM image) of the catalyst layer is subjected to image analysis,
and the porosity of the catalyst layer is calculated. The true density of the lithium-containing
nickel oxide (LiNiQ) is 6.67 g/cm®. Accordingly, the layer average density (apparent density D)
can be calculated from formula (1) below.

Layer average density (g/cm®) = 6.67 x (1-porosity) )

[0031]

In a catalyst layer formed by the thermal decomposition method using nickel nitrate as
the nickel component raw material, comparatively large numbers of pores tend to be formed, and
forming a dense catalyst layer of high density is problematic. In contrast, when nickel acetate (a
nickel carboxylate) is used as the nickel component raw material, the formed catalyst layer is
denser with a higher density, even when firing is performed at low temperature.

[0032]

Structural materials besides the anode in an alkaline water electrolytic cell are described
below.

For the cathode, it is necessary to select a substrate material that can withstand alkaline
water electrolysis and a catalyst with a small cathode overpotential. Examples of materials that
can be used as the cathode substrate include simple nickel, or a nickel substrate that has been
coated with an active cathode. In a similar manner to the anode, an expanded mesh or a porous
expanded mesh can be used as the substrate.

[0033]

Porous nickel electrodes and Ni-Mo systems having a large surface area have been
widely studied as cathode materials. In addition, Raney nickel systems such as Ni-Al, Ni-Zn
and Ni-Co-Zn, sulfide systems such as Ni-S, and hydrogen storage alloy systems such as Ti>Ni
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are also being investigated. Properties such as a low hydrogen overvoltage, superior short-
circuit stability and high poisoning resistance are important, and examples of other preferred
catalysts include metals such as platinum, vanadium, ruthenium and iridium, and oxides of those
metals.

[0034]

Examples of materials that have been proposed for the electrolytic diaphragm include
asbestos, nonwoven fabrics, ion exchange membranes, porous polymer membranes, and
composite membranes of an inorganic material and an organic polymer. For example, an ion-
permeable diaphragm formed by incorporating an organic fiber fabric in a mixture of a
hydrophilic inorganic material such as a calcium phosphate compound or calcium fluoride and
an organic binder material selected from among polysulfone, polypropylene and polyvinylidene
fluoride may be used. Further, an ion-permeable diaphragm containing a stretched organic fiber
fabric in a film-forming mixture composed of a particulate inorganic hydrophilic material
selected from among oxides and hydroxides of antimony and zirconium, and an organic binder
selected from among fluorocarbon polymers, polysulfone, polypropylene, polyviny! chloride and
polyvinyl butyral may also be used.

[0035]
In the alkaline water electrolysis in the present invention, a high-concentration alkaline

water is used as the electrolyte. The electrolyte is preferably a caustic alkali such as caustic
potash or caustic soda, and the concentration of the electrolyte is preferably from 1.5 to 40% by
mass. In terms of suppressing power consumption, a concentration of 15 to 40% by mass, which
represents the region in which the electrical conductivity is large, is particularly preferred.
However, if consideration is also given to the costs associated with the electrolysis, and the
corrosiveness, viscosity and usability of the electrolyte, then a concentration of 20 to 30% by

mass is even more desirable.

Examples

[0036]
Examples of the present invention are described below, but the present invention is not

limited to these examples.
<Example 1>

Lithium nitrate (manufactured by Wako Pure Chemical Industries, Ltd., purity: 99%) and
nickel acetate tetrahydrate (Ni(CH3COO),-4H,0, manufactured by Junsei Chemical Co., Ltd.,
purity: 98.0%) were added to pure water and dissolved to form a precursor. The molar ratio
between lithium and nickel in the aqueous solution was set to Li:Ni=0.1:1.9. The concentration
of nickel acetate in the aqueous solution was set to 0.3 mol/L.
[0037]
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For the anode substrate, a nickel plate (surface area: 1.0 cm?) that had been subjected to a
chemical etching treatment by immersion for 6 minutes in a solution of 17.5% by mass
hydrochloric acid at a temperature close to the boiling point was used. The aqueous solution
described above was applied to the anode substrate using a brush, and was then dried under
conditions of 80°C for 15 minutes. Subsequently, a heat treatment (pretreatment) was performed
in the open atmosphere under conditions of 550°C for 15 minutes. After repeating the process
from application to pretreatment 40 to 50 times, a heat treatment was performed in the open
atmosphere under conditions of 550°C for one hour, thus obtaining a catalyst layer. The
thickness of the catalyst layer in Example 1 was 15 pm.

[0038]
<Comparative Example 1>

Lithium nitrate (the same as Example 1) and nickel nitrate hexahydrate (Ni(NOz)2- 6H,0,
manufactured by Junsei Chemical Co., Ltd., purity: 98.0%) were added to pure water and
dissolved to form a precursor. The molar ratio between lithium and nickel in the aqueous
solution was set to the same ratio as Example 1. The concentration of nickel nitrate in the
aqueous solution was set to 1.0 mol/L.

[0039]

Using the same anode substrate as Example 1, application, drying and heat treatment
were performed in the same manner as Example 1 to obtain a catalyst layer. The thickness of
the catalyst layer in Comparative Example 1 was 23 pm.

[0040]

X-ray diffraction analyses were performed for the catalyst layers of Example 1 and
Comparative Example 1. The amount of Li doping in each catalyst layer was calculated from
the X-ray diffraction pattern. The results were 0.12 for Example 1 and 0.11 for Comparative
Example 1. These values were equivalent to the Li content in the respective aqueous solutions.
[0041]

FIG. 2 shows the X-ray diffraction patterns for Example 1 and Comparative Example 1.
FIG. 3 shows SEM images of electrode cross-sections for (a) Example 1 and (b) Comparative
Example 1.

As illustrated in FIG. 2, peaks appeared at the same positions in Example 1 and
Comparative Example 1. This indicates that Example 1 and Comparative Example 1 have
similar crystal structures. However, as illustrated in FIG. 3(a), the oxide layer (catalyst layer) of
Example 1 was thinner than the catalyst layer of Comparative Example 1.

As illustrated in FIG. 3, it is evident that the catalyst layer of (a) Example 1 was a dense
oxide, whereas the catalyst layer of (b) Comparative Example 1 was a porous oxide. As a result,
it is thought that in Comparative Example 1, electrode wear during durability testing is likely to
cause penetration of the electrolyte into the substrate, leading to corrosion of the substrate.
[0042]
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Accelerated life tests were performed on Example 1, Comparative Example 1 and a
nickel plate (with no catalyst layer).

First, prior to the accelerated life test, each sample was subjected to an SSV (slow scan
voltammetry) under the following conditions. Based on the SSV results, the voltage and current
density during oxygen generation were calculated for each sample.

Electrolyte: 25% by mass aqueous solution of KOH, temperature: 30°C+1°C

Potential range: 0.5 Vto 1.8 V

Scan rate: 5 mV/sec

Counter electrode: Ni coil

Reference electrode: reversible hydrogen electrode (RHE)

Measurement atmosphere: nitrogen atmosphere

Number of cycles: 5
[0043]

Subsequently, cyclic voltammetry (CV) was performed in the same electrolyte under the
following conditions. An SSV was performed under the above conditions after completion of
each cycle.

Potential range: 0.5 Vto 1.8 V

Scan rate: 1 V/sec

Number of cycles: 0, 1,000, 3,000, 5,000, 10,000, 15,000, 20,000 cycles
[0044]

FIG. 4 is a graph illustrating the voltage change for each sample as a result of the
accelerated life test. FIG. 4 illustrates the voltage at 10 mA. FIG. 5 is a graph illustrating the
change in current density for each sample as a result of the accelerated life test. FIG. 5
illustrates the current density at a voltage of 1.6 V.

[0045]

In the case of the nickel plate, compared with Example 1 and Comparative Example 1,
the voltage prior to the accelerated life test tended to be lower, and the current density tended to
be higher. However, as the number of cycles increased, a tendency for the voltage to increase
and the current density to decrease was observed. This indicates that once a certain number of
cycles is exceeded, the electrode performance begins to deteriorate.

[0046]

In Example 1, once the accelerated life test started, the voltage decreased and the current
density increased. Once 1,000 cycles were exceeded, the voltage and the current density in
Example | became constant.

Comparative Example 1 exhibited substantially the same voltage and current density as
Example 1 prior to the accelerated life test, but as the number of cycles increased, a tendency for

the voltage to gradually increase and the current density to gradually decrease was observed.
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These results indicated that in the case of Example 1, the accelerated life test caused an
improvement in the electrochemical properties, and that performance was able to be maintained
over a long period.

[0047]
<Example 2>

Using a similar process to Example 1, a catalyst layer was formed on a nickel plate
(surface area: 1.0 cm?), thus producing an anode of Example 2.

[0048]
<Comparative Example 2>

An anode of Comparative Example 2 was produced using the method disclosed in Patent
Document 4. In other words, the same nickel plate as Example 1 was immersed for one hour in
a 5% by mass aqueous solution of lithium hydroxide (lithium component raw material: lithrum
hydroxide monohydrate (LiOH-H,0, manufactured by Wako Pure Chemical Industries, Ltd.,
purity: 98.0 to 102.0%). Subsequently, a heat treatment was performed in the open atmosphere
under conditions of 1,000°C for one hour. The results of X-ray diffraction analysis revealed that
the composition of the catalyst layer of Comparative Example 2 was Lio.1aNi1 5602.

[0049]

Example 2 and Comparative Example 2 were subjected to the same accelerated life
testing (SSV and CV) as that described above. FIG. 6 is a graph illustrating the change in
current density in Example 2 and Comparative Example 2 as a result of the accelerated life tests.
FIG. 6 illustrates the current density at a voltage of 1.7 V.

In Example 2, a similar trend to FIG. 5 was observed even though the voltage was
different, and the catalyst was activated as the number of cycles increased. In contrast, in
Comparative Example 2, the catalyst performance deteriorated as the number of cycles
increased.

[0050]
Furthermore, the layer average densities of the catalyst layers of Examples 1 and 2,

calculated by performing image analyses of SEM images of the electrode cross-sections, were
from 5.5 to 5.9 g/cm>. In contrast, the layer average densities of the catalyst layers of
Comparative Examples 1 and 2, calculated by performing image analyses of SEM images of the
electrode cross-sections, were less than 5.1 g/em?.
[0051]
<Example 3>

Lithium nitrate (manufactured by Wako Pure Chemical Industries, Ltd., purity: 99%) and
nickel acetate tetrahydrate (Ni(CH3COO);-4H,0, manufactured by Junsei Chemical Co., Ltd.,
purity: 98.0%) were added to pure water and dissolved to form a precursor. The molar ratio
between lithium and nickel in the aqueous solution was set to Li:N1=0.1:1.9. The concentration

of nickel acetate in the aqueous solution was set to 0.56 mol/L.
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[0052]
For the anode substrate, a nickel expanded mesh (10 cm % 10 cm, LW x 3.7SW x 0.9ST

x (.8T) that had been subjected to a chemical etching treatment by immersion for 6 minutes in a
solution of 17.5% by mass hydrochloric acid at a temperature close to the boiling point was
used. The aqueous solution described above was applied to the anode substrate using a brush,
and was then dried under conditions of 60°C for 10 minutes. Subsequently, a heat treatment was
performed in the open atmosphere under conditions of 500°C for 15 minutes. The process from
application to heat treatment was repeated 20 times to obtain a catalyst layer. The thickness of
the catalyst layer in Example 3 was 3.8 um. An SEM image of an electrode cross-section of
Example 3 is shown in FIG. 7.
[0053]
<Examples 4 to 8, Comparative Examples 3 to 8>

With the exception of using the conditions shown in Table 1, catalyst layers were formed
in the same manner as Example 3 described above, thus obtaining electrodes of Examples 4 to 8
and Comparative Examples 3 to 8. The properties of each of the obtained electrode catalyst
layers (oxides) are shown in Table 2. Representative examples of the layer average density
values for the catalyst layers of the comparative examples are shown only for Comparative
Examples 3 and 4. Further, SEM images of a cross-section of each of the obtained electrodes
are shown in FIGS. 8 to 18. The layer average densities of the catalyst layers were calculated
using the image processing software supplied with an MSX-500Di device manufactured by
Moritex Corporation, by binarizing the SEM images of FIGS. 7 to 14, and then determining the

value of [porosity = pore surface area / total surface area] from the pixel count.
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[0054]
[Table 1]
Aqueous solution Heat treatment
. _ | Concentration Number of
) Li and Ni .-
Ni Li ofnickel | Tempera- . repetitions of
molar Time
component | component ) acetate (nickel | ture ) application-
. . ratio . (minutes)
raw material | raw material (LiNi) nitrate) (°C) heat
1:IN1
(mol/L) treatment
Example 3 500
0.1:1.9
Example 4 . 600
Nickel
Example 5 500
acetate 0.3:1.7 0.56 20
Example 6 600
tetrahydrate
Example 7 500
0.5:1.5
Example § 600
Comparative
500
Example 3
; o 0.1:1.9
Comparative Lithium
. 600 15
Example 4 nitrate
Comparative .
Nickel 500
Example 5 .
- nitrate 0.3:1.7 2 8
Comparative
hexahydrate 600
Example 6
Comparative
500
Example 7
; 0.5:1.5
Comparative
600
Example 8
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[0055]
[Table 2]
Catalyst layer (oxide)
L
.. Thickness ayet a\fcrage SEM image
Composition density
(um) s
(g/cm?)
Example 3 . . 3.8 5.6 FIG. 7
Lio.1Ni; 902
Example 4 6.5 5.5 FIG. 8
Example 5 Lo 6.7 5.8 FIG.9
L10,3N11,702
Example 6 6.5 5.8 FIG. 10
Example 7 ) ) 8.3 5.9 FIG. 11
Lio sNi; 502
Example 8 5.1 5.8 FIG. 12
Comparative
5.1 5.0 FIG. 13
Example 3 . .
) Lio.1Ni1.002
Comparative
7.7 3.6 FIG. 14
Example 4
Comparative
5.0 - FIG. 15
Example 5 . )
. Lio.3Ni1.702
Comparative
5.1 - FIG. 16
Example 6
Comparative
5.1 - FIG. 17
Example 7 . .
) Lio.sNi1.502
Comparative
6.1 - FIG. 18
Example 8




CA 03036352 2019-03-08

17

[0056]
As shown in FIGS. 13 to 18, it is evident that in Comparative Examples 3 to 8, which

used nickel nitrate as the nickel component raw material, sparse catalyst layers containing many
pores were formed. In contrast, as shown in FIGS. 7 to 12, it is evident that in Examples 3 to 8,
which used nickel acetate as the nickel component raw material, dense catalyst layers having
few pores and high density were formed, even when the composition (the molar ratio between Li
and Ni) and the temperature of the heat treatment were altered.

[0057]

The above results indicated that by preparing an aqueous solution of a catalyst layer
precursor using lithium nitrate and nickel acetate, the temperature of the heat treatment used for
forming the catalyst layer composed of a lithium-containing nickel oxide could be reduced.
Further, it is also evident that the anode produced using the method of the present invention
exhibits improved catalyst performance in the initial stages of accelerated life testing, and is able
to maintain superior catalyst performance over long periods. Accordingly, even when used in an
alkaline watcr electrolytic apparatus that uses a power source such as renewable energy that is
prone to large output fluctuations, superior catalyst performance can be maintained over a long

period, and the anode can be said to exhibit excellent durability.

Reference Signs List
[0058]

1: Anode

2: Anode substrate
3: Catalyst layer
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The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

[1] A method for producing an anode for alkaline water electrolysis, the method comprising:

a step of dissolving lithium nitrate and a nickel carboxylate in water to prepare an aqueous
solution containing lithium ions and nickel ions,

a step of applying the aqueous solution to a surface of a conductive substrate having at least a
surface composed of nickel or a nickel-based alloy, and

a step of subjecting the conductive substrate to which the aqueous solution has been applied
to a heat treatment at a temperature within a range from at least 450°C to not more than 600°C,

thereby forming a catalyst layer comprising a lithium-containing nickel oxide on the conductive
substrate.

[2] The method for producing an anode for alkaline water electrolysis according to claim 1,
wherein the lithium-containing nickel oxide is represented by a compositional formula Li,Ni>.xO2
(wherein 0.02 <x <0.5).

[3] An anode for alkaline water electrolysis produced by the method as defined in claim 1 or 2,

wherein the anode comprises:

a conductive substrate having at least a surface composed of nickel or a nickel-based alloy,
and

a catalyst layer comprising a lithium-containing nickel oxide represented by a compositional
formula LixNi».xO2 (Wherein 0.02 < x < 0.5) that is formed on the conductive substrate, wherein

a layer average density of the catalyst layer is at least 5.1 g/cm? but not more than 6.67

g/em’,

CA 3036352 2019-08-26
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[FIG. 3(a)]

[FIG. 3(b)]
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[FIG.9]
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[FIG.11]

[FIG.12]
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