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METHOD OF PRODUCING AN ELECTROCATALYST

TECHNICAL FIELD

The present disclosure generally relates to electrocatalysts. In particular, it

relates to a method of producing an electrocatalyst and to an electrocatalyst.

BACKGROUND

Electrolysis of water is a process in which water molecules are decomposed,
forming hydrogen gas and oxygen gas. This process occurs as a result of an

electric current flowing between two electrodes submerged in water.

An electrolyte is typically added to the water prior to electrolysis to increase
the electric conductance of the water. This ensures a more efficient

electrolysis process due to the better charge carrying characteristics. Adding
an electrolyte may however result in that undesired by-products are created

during the electrolysis process.

Purified water may be used for the purpose of electrolysis, essentially
eliminating the creation of undesired by-products. However, due to the
inherent properties of purified water such as low electrical conductance, it
may be more difficult to initiate an efficient electrolysis process in purified

water.

SUMMARY

An object of the present disclosure is to improve or at least reduce the

problems of the prior art.

There is hence according to a first aspect of the present disclosure provided a
method of producing an electrocatalyst, comprising the steps of: a)
electrodeposition or electrochemical plating of an alloy comprising nickel and
a second metal on a copper, nickel or other metal substrate; and b)
electrochemical or chemical dissolution of deposited second metal to obtain a

nanoporous structure on the copper, nickel or other metal substrate.
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The porous structure increases the surface area of the electrocatalyst which
makes the electrochemical reaction more efficient. For example, if the
electrocatalyst is used as an electrode in an application of electrolysis of
water, the active area of the electrode which is in contact with the water is
increased. The contact area with the water molecules is thus increased. A
more efficient electrolysis reaction and a compact electrolyser may hence be

obtained.

Moreover, in case the electrocatalyst forms part of an electrode for
electrolysis, the current density in water to be subjected to electrolysis may be
increased. The current density may be increased due to the porous structure
of the electrocatalyst, providing a larger surface area of the e.g. copper-based

electrode in contact with the water.

Additionally, since copper has low electrical resistivity there will only be low
electrical losses during electrolysis. Hence, less heat is generated by the
electrolysis device including the electrode, increasing the efficiency of the

overall electrolysis. Less heat also avoids steam generation.

The electrocatalyst is furthermore very cost effective and mass production

friendly.

According to one embodiment, a step of heat treatment of the copper

substrate is provided after step a) but before step b.

During heat treatment the copper substrate provided with the alloy
comprising nickel and the second and/or a third metal may be subjected to a
temperature of at least 250°C, for example at least 275°C, such as at least
300°C, such as at least 325°C or at least 350°C. The heat treatment may be
provided under normal atmospheric conditions. The heat treatment may for
example proceed for at least 20 minutes, such as at least 25 minutes, for

example at least 30 minutes before step b).

The electrochemical or chemical dissolution in step b) may be a dealloying

step, such as an electrochemical dealloying or a chemical dealloying.
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According to one embodiment the second metal is copper or iron.

According to one embodiment the second metal is copper and the method
further comprises the step of: ¢) deposition of iron on the porous structure.
Step c) may be performed after step b). Electro deposition of iron on a copper
electrode having a porous nickel surface increases the current density per cm2

of the electrode, for example in an electrolysis application.

To electrodeposit iron on porous structure, ferrous/ iron (II) sulphate
heptahydrate FeSO4.7H20 and/or ferrous (IT) chloride 0.86 Molar (11%
concentration) and sodium citrate (Na3C6H507) or boric acid (H3BO3) as a

pH buffer may be used to prepare an electroplating bath solution.

According to one embodiment the second metal is iron and the method
further comprises the step of: ¢) deposition of copper on the porous structure.

Step c¢) may be performed after step b).

According to one embodiment the alloy of step a) further comprises a third
metal, such as copper or iron, which third metal is different from the second
metal.

According to one embodiment the third metal is copper or iron. Thus, if the
second metal is copper, the third metal is iron. If the second metal is iron, the
third metal is copper. An alloy comprising nickel, copper and iron provides
higher surface area, improved efficiency and current density of an electrolysis

process and improved stability compared to a nickel-copper alloy.

Different surface morphology may be obtained by using different
electroplating and electrochemical dissolution/dealloying conditions. For
example, a different surface morphology and current density is obtained if
copper-iron is dealloyed from a copper-iron-nickel alloy than if only copper is

dealloyed from a nickel-copper alloy.

According to one embodiment the second metal is copper and an
electroplating solution comprising a copper salt, such as CuSO,, and a nickel

salt, such as NiSQ,, is used in step a).
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According to one embodiment an electroplating solution comprising a copper
salt, such as copper sulphate (CuSO4), a nickel salt, such as nickel sulphate
(NiSO4), and sodium citrate (Na3gC6H507) or boric acid (H3BO3) as pH

buffer is used in step a).

According to one embodiment the molar ratio of copper to nickel in the
electroplating solution is between 1:1 and 1:3, such as between 1:1.5 and 1:2.5,

such as between 1:1.8 and 1:2.2.

According to one embodiment an electroplating solution comprising a copper
salt, such as copper sulphate, (CuSO4), a nickel salt, such as nickel sulphate
(NiSO4), an iron salt such as iron sulphate (FeSO4) and sodium citrate
(NagzC6H507) or boric acid (H3BO3) as a pH buffer is used in step a).

According to one embodiment an electroplating solution comprising a nickel
salt, such as nickel sulphate (NiSO4), and an iron salt such as iron sulphate
(FeS04) and sodium citrate (Na3C6H507) or boric acid (H3BO3) as a pH

buffer is used in step a).
The electroplating solution may for example be aqueous.

In one embodiment, the concentration of nickel is higher than the
concentration of copper in the electroplating solution. In particular, the
concentration of nickel may be higher than the concentration of copper in a

copper-nickel electroplating solution.

The concentration of nickel may be higher than iron in an iron-nickel

electroplating solution and in a nickel-copper-iron electroplating solution.

According to one embodiment a voltage of 2-6 V in a two electrode setup is
applied in step a). Thus, in one embodiment the electrodeposition in step a)
is performed by applying a voltage difference in the range of 2-6 V between

the copper substrate and a second electrode in a two-electrode setup.

According to one embodiment the electrodeposition in step a) involves

applying a voltage lower than -0.5 V vs saturated calomel electrode (SCE), for
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example between -0.8 V and -0.9 V vs SCE, such as at least -0.92 V vs SCE
between the copper substrate and a reference electrode in a three electrode

setup.

According to one embodiment a solution comprising sulphate ions, such as a
potassium sulphate (K.SO,) solution, an alkaline solution or an acidic
solution is used in step b). The solution may for example be aqueous.
Examples of suitable alkaline solutions are potassium hydroxide and sodium
hydroxide. Examples of suitable acidic solutions are hydrochloric acid and

sulphuric acid.

Potassium sulphate makes a better dealloying solution/electrolyte/chemical
bath for electrochemical dealloying of copper or/and iron from a copper-
nickel and nickel-copper-iron alloy. It can be an anodic dealloying, which
means that the copper substrate coated with any of the above mentioned
alloy which is subject to an electrochemical dealloying is connected to the
positive terminal of the power supply in a two electrode setup or connected as

a working electrode in a three electrode setup.

According to one embodiment a voltage of 1-12V, such as 2-3 V, is applied in
step b) in a two electrode setup. Thus, in one embodiment the chemical
dissolution in step b) is performed by applying a voltage difference in the
range of 1-12 V between the copper substrate and a second electrode in a two-

electrode setup.

According to one embodiment a pulsed voltage is applied in step b). A higher
pulse voltage creates a higher surface area. In a three electrode setup, for
example, the voltage range may be 1-4 V, such as 1-3 V vs SEC. High pulse
voltage parameters may for example be [t1=1s, V1=2.5 V; t2=5s, V2=0.005
V] where t1= 1 second 2.5 volt then t2= 5 second 0.005 volt, applied for

approximately 15 minutes.

By using a higher pulsed voltage in step b) more copper or iron, or both may

be pushed out from a copper-nickel or nickel-copper-iron alloy.



10

15

20

25

WO 2019/057763 PCT/EP2018/075335

According to one embodiment step c) is an electrodeposition.

One embodiment further comprises the step of d) passivating the deposited

iron.

According to one embodiment the copper substrate comprises a copper coil.
The copper coil is hence subjected to the treatment of steps a)-b). By
performing steps a)-b) after the copper coil has been formed from a copper
wire, a more uniform coverage of the copper coil may be obtained than if the
copper coil would have been formed after steps a)-b). A coil-shaped
electrocatalyst has been found to provide for a particularly efficient

electrolysis process.

According to one embodiment the other metal is one of iron, cobalt, titanium,

zirconium, stainless steel and aluminium.

According to one embodiment the copper or nickel substrate is a porous

copper or nickel substrate.

There is according to a second aspect of the present disclosure provided an

electrocatalyst obtainable by means of the method of the first aspect.
According to one embodiment the second metal is copper or iron.

The nanoporous structure may comprise a third metal, which is different
from the second metal. The third metal may for example be copper or iron.
Thus, if the second metal is copper, the third metal is iron. If the second

metal is iron, the third metal is copper.

There is according to a third aspect of the present disclosure provided an
electrode for electrolysis, which electrode comprises the electrocatalyst of the
second aspect. The copper substrate comprises a copper coil, which is
covered by the nanoporous structure comprising nickel and preferably the

second metal, and optionally also the third metal.



10

15

20

25

WO 2019/057763 PCT/EP2018/075335

Generally, all terms used in the claims are to be interpreted according to their
ordinary meaning in the technical field, unless explicitly defined otherwise
herein. All references to "a/an/the element, apparatus, component, means,
step, etc." are to be interpreted openly as referring to at least one instance of
the element, apparatus, component, means, step, etc., unless explicitly stated
otherwise. The steps of any method disclosed herein do not have to be

performed in the exact order disclosed, unless explicitly stated.

DETAILED DESCRIPTION

The present disclosure relates to a method of producing an electrocatalyst
and to an electrocatalyst suitable for both oxygen and hydrogen evolution
reaction in alkaline water electrolysis. The electrocatalyst may

advantageously form part of an electrode for an electrolysis process.

The method of producing an electrocatalyst comprises a step a) of
electrodeposition of an alloy comprising nickel and a second metal on a

copper substrate.

Step a) of electrodeposition may for example be an electrochemical
deposition or a pulse electrodeposition. If pulse electrodeposition is used, i.e.
a pulsed voltage is applied, a low pulsed voltage may be used compared to the
voltage applied during electrochemical dissolution/dealloying. For example,
in a three electrode setup, a low pulsed voltage may be a voltage of -0.92 V for
5 seconds and then -0.005 V for 1 second. These pulses may for example be

applied for around 15-30 minutes.

The chemical bath used in step a), i.e. in which the copper substrate is
submerged, may for example include an electroplating solution comprising a
copper salt, such as CuSQ,, and a nickel salt, such as NiSO,. The

electroplating solution may preferably be aqueous.

In one example, a constant voltage may be applied to the copper substrate
during step a) to perform the electrodeposition of the alloy on the copper

substrate. The applied voltage may for example be in the range of 2-6 V
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between the copper substrate and a second electrode in a two-electrode

setup.

In one variation, the second metal is copper. In this case, the alloy is a

copper-nickel alloy.

In another variation, the second metal is iron. In this case, the alloy is a

nickel-iron alloy.

In yet another variation, the alloy also comprises a third metal. In this case
the second metal may for example be copper and the third metal may be iron.

Thus, in this case, the alloy is a nickel-copper-iron alloy.

In one variation, the copper substrate provided with the alloy obtained in
step a) is subjected to a heat treatment. This heat treatment is preferably

performed before step b) described below.

Heat treatment before step b) initiates a diffusion mechanism in a nickel-
copper alloy, a nickel-copper-iron alloy or nickel-iron alloy on a copper
substrate. Heat treatment after step a) significantly reduces the formation of
any nano-cracks on the alloy coating in case high pulse voltage
electrochemical dealloying is used in step b). It might also improve the
stability and activity of the electrocatalyst. A more homogeneous nanoporous
surface structure is obtained after step b) if the copper substrate has been
subjected to a heat treatment after step a). Heat treatment increases the

current density if the copper substrate/electrocatalyst is used as an electrode.

In a step b) the copper substrate is subjected to an electrochemical
dissolution of deposited second metal to obtain a nanoporous structure on

the copper substrate.

The electrochemical dissolution may involve dealloying. The dealloying may
for example be electrochemical dealloying or pulse electrochemical

dealloying.



10

15

20

25

WO 2019/057763 PCT/EP2018/075335

The chemical bath used in step b) may for example include a dealloying
solution comprising sulphate ions, such as a potassium sulphate K.SO,

solution.

According to one example, in step b) a voltage in the range of 1-12 V, such as
2-3 V, is applied between the copper substrate provided with the deposited

alloy and a second electrode in a two-electrode setup.

In one variation, a constant voltage may be used during step b) to perform
the electrochemical dissolution of the deposited second metal on the copper
substrate. Alternatively, a pulsed voltage may be used during step b) to
perform the electrochemical dissolution. In another variation, constant
voltage may be combined with a pulsed voltage; for example during one
portion of the dealloying, constant voltage may be applied and during

another portion a pulsed voltage may be applied.

In the case when the alloy is a copper-nickel alloy, at least a portion of the
deposited copper is electrochemically dissolved. Moreover, in this case, in a
step ¢) iron is deposited on the porous structure obtained in step b). The

deposition in step c) is preferably electrodeposition.

One variation comprising step ¢) further comprises a step d) of passivating

the deposited iron.

In case the alloy is a nickel-iron alloy, at least a portion of the deposited iron
is electrochemically dissolved. In this case, in an optional step c) copper may
be deposited on the porous structure obtained in step b). The deposition in

step c) is preferably electrodeposition.

In case the alloy is a nickel-copper-iron alloy, at least a portion of the

deposited iron and deposited copper is electrochemically dissolved in step b).

Example 1

Chemicals and setup



10

15

20

25

WO 2019/057763 PCT/EP2018/075335

10

The following describes the experimental procedure to obtain about 4 cm
long high surface area copper wires, with diameter about 1 mm. The copper
wires are in this example the copper substrates to be subjected to steps a) and

b). The copper wires had a 99.9% degree of purity.

Chemicals: boric acid (H3BO3, 99.97%), sodium sulphate (Na2S04, 99.99%),
copper sulphate pentahydrate (CuSO4.5H20, analytical grade 99-100.5%),
nickel sulphate hexahydrate (NiSO4.6H20, 98%).

Electrochemical treatments:

A three-electrode cell was connected to a potentiostat, where a saturated
calomel electrode (SCE) is used as a reference electrode and a carbon
electrode as a counter electrode. A large volume of electroplating solution
containing a source of nickel and a second metal (30 mL) was chosen to

ensure complete coverage of the electrodes.

It is to be noted that it is possible to scale down the volume of both for
electroplating solution and the dealloying solution and still achieve the same

results.

An electrodeposition of an alloy comprising nickel and copper was
performed. The deposition of nickel and copper on the copper wires was
made from an electroplating solution containing: 0.5 M H3BO3, 0.5 M
NiSO4 and 0.005 M CuSO4, resulting in a 1:100 ratio of Cu:Ni. About 3-3.5
cm of the copper wires was immersed in the solution. A constant voltage of -

0.92 V (vs. SCE) was applied for 15 minutes.

The copper wires provided with the nickel-copper layer obtained during the
electroplating were then rinsed briefly with deionised water before
proceeding to the electrochemical dissolution step, which in the present
example is a dealloying step. The dealloying solution consisted of 0.5 M
H3BO3 and 0.5 M Na2S04 for a total volume of 30 mL. The copper wires
provided with a copper-nickel layer were immersed in the dealloying solution

and dealloyed by applying a constant voltage of 2.5 V (vs SCE) for 15 minutes.
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Example 2

Example 2 is similar to example 1 concerning the chemicals and setup. The
electrodeposition step is also the same as in example 1. During the
electrochemical dissolution step, also here dealloying, a different voltage

profile is however applied.

Instead of a constant voltage, a "low” pulsed voltage or a “high” pulsed
voltage was used. The parameters for “low” pulsed voltage were [t1=1s,
Vi=0.5V; t2=5s, V2=0.005 V] meaning that a voltage of 0.5 V is applied for
1 second, before applying 0.005 V for 5 seconds and repeating the process for
a total time of 15 minutes. For a “high” pulse voltage the parameters are [t1=1

s, Vi1=2.5 V; t2=5 s, V2=0.005 V].

The invention has mainly been described above with reference to a few
embodiments. However, as is readily appreciated by a person skilled in the
art, other embodiments than the ones disclosed above are equally possible

within the scope of the invention, as defined by the appended patent claims.



