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Due to concerns about the depletion of fossil fuels and global warming, carbon neutrality is an unavoidable
issue for the entire world. The premise of this issue is the construction of a hydrogen society. In a hydrogen
society, it is desirable to produce green hydrogen by electrolysis of water 2H2O - 2H, + O,). Water
electrolysis can be broadly classified into alkaline water electrolysis, polymer electrolyte membrane (PEM)
water electrolysis, anion exchange membrane (AEM) water electrolysis and solid oxide water electrolysis.
Alkaline water electrolysis has the advantage of being able to use nickel (Ni) for components such as the
electrolyzer and current collector, which keeps material costs down. However, Ni cannot be used as an electrode
for water electrolysis. This is because it is not active enough in the oxygen evolution reaction (OER) at the anode
or the hydrogen evolution reaction (HER) at the cathode, and it consumes a lot of power. In this study, we used
Ni as a benchmark and worked on the development of a highly active and stable electrode (catalyst) even at
industrial current density and temperature conditions.

In Chapter 1, we outlined water electrolysis and summarized the history of electrodes (catalysts) for alkaline
water electrolysis. It is known that electrochemically synthesized Ni alloy catalysts are promising as OER and
HER catalysts considering their performance, material cost and ease of synthesis. However, only a few electrodes
(catalysts) have been evaluated under industrial current densities and temperature conditions, and most of them
have been evaluated at room temperature or on a beaker scale.

In Chapter 2, we discussed the basic concepts of kinetics and the electrochemical parameters (overpotential
(n), exchange current density (j,), Tafel slope (b)) used to evaluate catalyst performance, as well as the
interpretation of the OER mechanism under acidic and alkaline conditions. We calculated the activation energy
(AGY) from the exchange current density and explained its relationship with the overpotential. The rate-
determining step of the OER can be estimated from the Tafel slope. It was also explained that the strength of the
bond between the OER intermediate (M—OH, M—O and M—OOH, where M is the metal site) and the active site
determines the catalytic performance.

In Chapter 3, a film consisting of Ni, Sn and Fe was deposited on a Ni mesh substrate by anodic polarization
from a bath containing Ni**, Sn?* and Fe’* ions, and the OER properties of the film were investigated. The lattice
volume of the Ni—Sn—Fe film was estimated to be 77.1 A3, which was significantly larger than that of the Ni—Fe

film without Sn (44.0 A3). The Ni-Sn-Fe coated electrode prepared by anodic polarization at a current density
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of 120 mA cm™ achieved a current density of 10 mA ¢m™ at an overpotential of 276 mV in 1 M KOH. The Tafel
slope of this electrode was estimated to be 37 mV dec™!. The activity was significantly improved when the
composition (%) of Ni, Sn and Fe in the catalyst was 67.4<Ni<75.8, 21.6<Sn<22.8 and 2.6<Fe<10.2. It is
believed that the binding energy of Ni-OH was optimized by the introduction of Fe into the catalyst, and the
surface area was increased by the complexation of Sn. When a constant current electrolysis test was carried out
at a current density of +50 - +800 mA cm, a stable potential remained constant for at least 162 h. A Ni—Sn—
Fe—coated electrode was used as the anode in a two-electrode cell (80 °C, 30 wt% KOH) and electrolysis was
carried out for three days. The cell voltage at a current density of +600 mA ¢m=2 was 1.81 V and the specific
power was 5.59 kWh/Normal-m?. This means that the initial performance is at the level of industrial electrolysis.
Long-term durability tests (80,000 h) will be needed in the future study.

In Chapter 4, the temperature dependence of OER and HER was studied for Ni mesh (NM) electrodes
modified with catalysts composed of any combinations of Ni, Sn and Fe, and for unmodified NM electrodes in
alkaline solutions maintained at 25, 40 and 50 °C. This required appropriate temperature compensation for the
reference electrode and equilibrium potentials. As a result, the intrinsic overpotential when the current density
reached 10 mA cm™ decreased with increasing temperature for both electrodes. The manner of the change was
different for each catalyst. For example, the OER overpotential of Ni—-Sn—Fe/NM decreased by 0.014 V when
the temperature changed from 25 to 50 °C, but it decreased by 0.028 V for unmodified NM. On the other hand,
the HER overpotential of Ni-Sn/NM decreased by 0.121 V when the temperature was increased from 25 to 50 °C,
while the unmodified NM decreased by 0.144 V. The corresponding Tafel slopes did not show any significant
change with temperature for any of the catalysts, while the exchange current density (j,) increased with
increasing temperature. The charge transfer resistance (Rc) based on electrochemical impedance spectroscopy
was significantly lower for the Ni-Sn—Fe and Ni—Sn modified NMs than for the unmodified NMs. The apparent
activation energy (AG*) for OER was lower for the Ni-Sn—Fe-modified NMs than for the unmodified NMs. The
AG* for HER was similar for the Ni electrode modified with Ni—Sn catalyst and the unmodified Ni electrode.
When galvanostatic electrolysis was carried out, the NM modified with Ni-Sn—Fe and Ni—Sn coatings showed
high stability against temperature changes, but when the unmodified NM was electrolyzed at 40°C or 50°C,
irreversible degradation was enhanced. The voltage of the two-electrode cell with Ni-Sn—Fe at the anode and
Ni—Sn at the cathode hardly changed during electrolysis at 50 °C and 10 mA ¢cm~2. The cell voltage during the
galvanostatic electrolysis at 600 mA cm™ was 2.107 V at 25 °C and decreased to 1.945 V at 50 °C. In contrast,
the unmodified NM for both electrodes showed an increase in voltage of 36 mV during electrolysis at 50 °C and
10 mA c¢cm2. The cell voltage during constant current electrolysis at 600 mA cm= was 2.910 V at 25 °C and
decreased to 2.633 V at 50 °C.

In Chapter 5, we concluded that the nickel alloy catalyst developed in this study and the performance

evaluation protocol at room temperature and elevated temperature are useful.
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