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1. Introduction

Green hydrogen production from water splitting in
electrolysers, power generation from hydrogen in fuel
cells, Li-batteries and Zn-air batteries for energy transfor-
mation have recently attracted an increasing attention in
past decades "', Production of green hydrogen by water
electrolysis has been a promising strategy to convert the
large excess amount of electrical energy from the re-
newable energy resources ", When the green hydrogen
is used as the fuel in a fuel cells, the energy conversion
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Green hydrogen production from the electrolysis of water has good appli-
cation prospect due to its renewability. The applied voltage of 1.6-2.2V is
required in the traditional actual water electrolysis process although the the-
oretical decomposition potential of electrolyzing water is 1.23V. The high
overpotential in the electrode reaction results in the high energy-consuming
for the water electrolysis processes. The overpotentials of the traditional
Ru, Ir and Pt based electrocatalysts are respectively 0.3V, 0.4V and 0.5V,
furthermore use of the Pt, Ir and Ru precious metal catalysts also result in
high cost of the water electrolysis process. For minimizing the overpoten-
tials in water electrolysis, a novel super-alloy nanowire electrocatalysts
have been discovered and developed for water splitting in the present pa-
per. It is of significance that the overpotential for the water electrolysis on
the super-alloy nanowire electrocatalyst is almost zero. The actual voltage
required in the electrolysis process is reduced to 1.3V by using the novel
electrocatalyst system with zero overpotential. The utilization of the su-
per-alloy nanowire type electrocatalyst instead of the traditional Pt, Ir and
Ru precious metal catalysts is the solution to reduce energy consumption
and capital cost in water electrolysis to generate hydrogen and oxygen.

process not only features high efficiency, but also produc-
es zero emission as it produces only water. Realization
of the environment-friendly energy recycle process by
developing the water splitting cells for hydrogen produc-
tion from renewable sources and fuel cells for effective
conversion of hydrogen to electricity is highly desirable
¢ The efficient and durable electrocatalysts are vital in
minimizing the overpotentials for electricity-driven wa-
ter-splitting in electrolyzers and electrochemical reactions

[7.8

in fuel cells "*. Two half-cell reactions are included in

the water electrolysis process and they are oxygen evo-
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lution reaction (OER) and hydrogen evolution reaction
(HER). Water obtained electrons on the anode to release
O, in OER. OER is rate-determining reaction for water
electrolysis process and highly effective and durable cata-
lysts are required to minimize the overpotentials for OER
and towards efficient O, evolution ©19 The three-type of
electrolytes including proton exchange membrane (PEM)
electrolytes, alkaline electrolytes and high-temperature
solid oxide water electrolytes have been studied for water
electrolysis so far. Development of stable and non-noble
metal OER electrocatalysts with high activity and long
term stability in acidic media is still highly challenging
UL Electrocatalysts for oxygen evolution reaction (OER)
is the more challenging half-reaction than that for HER in
water-splitting reaction. The OER occurs at the anode and
involves a four-electron transfer process and a remarkably
high overpotential is required by comparison with HER.
It has been well known that OER is the major bottleneck
in improving the overall efficiency of electrochemical
water splitting "), Ration design of OER electro-catalysts
by understanding of the OER mechanism is contributed
to the recent significant progress on the water electrolysis
studies. The conventional adsorbate evolution mechanism
(AEM) and lattice oxygen-mediated mechanism (LOM)
has been widely accepted for OER. The best catalysts
with the lowest theoretical overpotential for OER have
been found to be IrO, and RuO, so far "' In the acidic
electrolyte the noble-metal based electrocatalysts such
as Ru and Ir-based catalysts are considered as the state-
of-the-art electrocatalyst for OER because it has a larger
dissolution resistance compared with other metals "',
OER electrocatalysts include the noble-metal based elec-
trocatalysts and non-noble metal based electrocatalysts.
To reduce the high price and improve the electrocatalyst
activity, stability, and enforce the dissolution resistance in
acidic media, the strategies to optimize the catalyst com-
position, structure, and morphology should be considered.
Beside Ir and Ru, other noble metals such as Rh, Au, Pt,
and Pd-based catalysts have also been developed as bi- or
tri-functional electrocatalysts with promising performance
for OER, HER, and oxygen reduction reaction (ORR) "°.
The non-noble metal based electrocatalysts such as Ni-Fe
based catalysts have received a great deal of interest for
OER. Some of non-noble OER catalysts are employed in
the industry-scale development including the NiFe-based
electrocatalysts. Although RuO, and IrO, are usually con-
sidered as the state-of-the-art electrocatalysts for OER, the
high price and serious dissolution of RuO, and IrO, are
the major concerns. Several strategies have been studied
to improve the OER electrocatalyst activity and stability
and reduce the high cost. The strategies include the het-
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eroatom doping for tuning the composition of IrO,-based
OER electrocatalysts and the Cu-dopant RuO, induce
the formation of unsaturated Ru sites by Cu dopant to
generated O vacancies on the surface. The excellent OER
activity is attributed to a combination of the enriched ac-
tive surface sites, abundant defects, and enhanced surface
wettability. In addition, the success in using the cation-ex-
change process to prepare the active Fe-doped Co(OH),
nanosheet has demonstrated a new pathway for the fab-
rication of highly effective OER catalysts "'”. However,
many challenging issues are still remained for developing
more rational OER electrocatalysts. Shokubai Wang Insti-
tute (SWI) has found and developed the Ni-Re super-alloy
nano-wires as the unique catalyst materials, which have
been applied as the promising catalysts for hydrogen pro-
duction from methane with water 'Y In the present paper,
the electrocatalytic performance of the super-alloy nanow-
ire catalysts for green hydrogen production from electrol-
ysis of water is reported.

2. Experimental

The Ni-Re super-alloy nanowires are available from
SWI and the standard Pt catalyst is commercially avail-
able. The electrocatalytic performance of the super-alloy
nanowires and standard Pt catalyst are tested in an elec-
trochemical station and in a practical Zn-air battery. Elec-
trochemical experimental measurements for rotating disk
electrode (RDE) measurements were performed with the
electrochemical station by using an Autolab potentiostat/
galvanostat in a standard three-electrode configuration
with a reversible hydrogen electrode (RHE) as the ref-
erence electrode and a Pt foil as the counter electrode at
room temperature ', A glassy carbon (GC) disk electrode
was first polished with alumina past with a particle size of
about 0.05um before electrochemical experimental meas-
urements and it was used as a working electrode. The thin
film catalyst layer of the Ni-Re super-alloy nanowires on
the GC electrode was prepared by using 12.5 mg catalyst,
18 ml Millipore water and 2 ml Nafion solution (0.5 wt%)
ultra-sonicated for 20 min to obtain a well dispersed cat-
alyst ink. The catalyst ink of about 20 pl was then quanti-
tatively put on the GC electrode by using a micropipette
and dried in a vacuum to obtain a catalyst thin film. The
oxygen evolution reaction (OER) activity was examined
by linear sweep voltammetry (LSV) by scanning from 1.0
to 1.8 V vs. RHE in the anodic potential sweep direction
and at a scan rate of 10 mV s ' in the electrolyte solution
saturated with a flow of pure oxygen by using a MSR ro-
tator from PINE instruments at a rotation speed of 1600
rpm vs. RHE as the reference electrode at a sweep rate of
50mVs.
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3. Results and Discussion

Current Hydrogen production is mainly by Steam
Methane Reforming (SMR), in which fossil fuels are
break apart to produce H, and CO,. This process emits
around 9 tons of carbon dioxide per each ton of hydrogen.
The current hydrogen production is about 70 million tons,
from which more than 98% is from SMR and less than 2%
comes from electrolysis and other sources. Hydrogen is a
key chemical for ammonia-based fertilizers and could be
used in iron ore reduction for the steel industry, biofuel
and synthetic hydrocarbons production. These are key in-
dustries for our present and future and therefore it is very
important to decarbonize them. Hydrogen also has the
potential to become an energy carrier to store and trans-
port energy to places and industries that do not have easy
access to the electricity grid. Electrolysis of water is a
very promising source of hydrogen, but several challenges
are still to be addressed. The current cost of electrolyzers
is around 900 USD/KW, and one of the major cost being
the catalyst materials, which are based on platinum or
platinum group metals (PGM). The current service life
for electrolyzers is estimated in 10 years. This results in
a significant investment cost for electrolysis plants and
the need for optimal conditions for amortization. Due to
limited efficiency, the current energy consumption in elec-
trolyzers is of around 60 kWh/kgH,. Therefore, in order to
replace all the current SMR hydrogen with electrolytic hy-
drogen will require energy capacity in the Terawatt range.
Figure 1 shows an estimation from IRENA of the target
energy cost and capex cost for a viable electrolysis plant
that can reach the same price level as SMR hydrogen pro-
duction. An aggressive reduction in electrolyzer cost is
needed as well as a high capacity factor to reach economic
viability. The search for alternative cheaper and sustaina-
ble catalyst materials is a very important line of research
and development. The unique performance of Re-containg
catalysts has been found and developed in our previous
work for the hydrogen production and utilization. The
Re-containing catalysts are used for the following chem-
ical processes “***: i) hydrogen and aromatics produc-
tion from methane reaction with CO/CO,; ii) hydrogen
production from methane reaction with water; iii) syngas
production from methane reaction with CO,; iv) hydro-
gen production from water splinting, V) Hydrogenation
of aromatics. The above mentioned Re-containg catalysts
have been successfully applied in the practical chemical
and electrochemical process. They are feasible for scale-
up and for the industry application. The catalytic activity
of NiRe (Re/Ni=0.05-0.1)/Al,0; is about 10-20 times
higher than that of the best Ni/Al,O, catalysts for hydro-
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gen production from methane with water or from methane
with CO, and for hydrogenation of aromatics; Re/HZSM-
5 is the only active catalyst for methane reaction with CO/
CO, to produce hydrogen and aromatics. The discovery
of Ni-Re super-alloy nanowires type catalysts have found
the solutions for the some processes of hydrogen energy
transformation. The usage of the super-alloy nanowires as
the unique catalysts are summarized in Figure 1.

SHOKUBAI WANG products: Superalloy nanowires
are fabricated as the novel catalyst materials
CH,+H,O0 3H,+CO,
Non-noble metal &
carbon-free electro-
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Figure 1. Usage of the Ni-Re super-alloy nanowires as
the unique catalysts

The present approaches are to develop the engineered
Ni-Re super-alloy nanowires catalyst materials for sub-
stitution of the noble-metal catalysts for electrolysis of
water. Production of green hydrogen by electrolysis of
water with the Ni-Re super-alloy nanowires as the elec-
trocatalyst without containing noble metal elements is the
first step for realizing the lower cost for production of hy-
drogen. Although the theoretical decomposition potential
of electrolyzing water is 1.23V, the applied voltage of 1.6-
2.2V is required in the traditional actual electrolysis pro-
cess. The high overpotential in the anode reaction leads to
a high energy-consuming and the main energy loss comes
from the high overpotential. The overpotentials of Ru, Ir
and Pt based electrocatalysts are respectively 0.3V, 0.4V
and 0.5V. Furthermore use of the Pt, Ir and Ru precious
metal catalysts also result in high cost of the water elec-
trolysis process. On my discovered and developed a new
type of non-precious metal alloy nanowire electrocatalyst
for water electrolysis to generate hydrogen and oxygen the
potential for starting O, evolution is about 1.2 V, which is
almost same as the theoretic potential for water splitting.
This means that the overpotential for water splitting on the
Ni-Re super-alloy nanowires catalysts is about zero. It is
of significance that the overpotential on my new non-pre-
cious metal alloy nanowire electrocatalyst is almost zero.
The actual voltage required in the electrolysis process is
reduced to 1.3V by using the novel electrocatalyst system
with zero overpotential. The utilization of my developed
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new non-precious metal alloy nanowire type electrocata-
lyst instead of the traditional Pt, Ir and Ru precious metal
catalysts is the solution to reduce energy consumption
and capital cost in water electrolysis to generate hydrogen
and oxygen. The starting potentials for oxygen evolution
reaction (OER) for water splinting on Ni-Re super-alloy
nanowires catalyst and on the traditional Pt catalyst are
compared in the Figure 2.
0.003
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Figure 2. Current J as a function of potential E vs HRE
for oxygen evolution reaction (OER) for water splinting
on Ni-Re super-alloy nanowires catalyst

We can see from the Figure 2 that the starting potential
for oxygen evolution reaction (OER) for water splinting
on Ni-Re super-alloy nanowires catalyst is about 1.2V,
which is almost same as the theoretical decomposition po-
tential of electrolyzing water (1.23V). This indicates that
the overpotential for oxygen evolution reaction (OER) for
water splinting on Ni-Re super-alloy nanowires catalyst
is about zero, which is much lower than the overpotential
for oxygen evolution reaction (OER) for water splinting
on the traditional Ru, Ir and Pt nobe metal catalysts. The
promising performance of the Ni-Re super-alloy nanow-
ires as the unique electrocatalysts for the oxygen evolu-
tion reaction (OEV) in the electrolysis of water to gener-
ate the hydrogen and oxygen is contributed to its unique
electronic properties and its special nano-wires structure.
The oxygen reduction reaction (ORR) in the air-electrode
of the Zn-air batteries during the discharge process is the
reverse reaction of the oxygen evolution reaction (OER).
Therefore, the electro-catalytic performance of the Ni-Re
super-alloy nanowires for catalyzing the ORR have been
tested as the oxygen catalysts in the air-electrode during
the discharge process of Zn-air batteries. The oxygen re-
duction reaction (ORR) takes place on the air-electrode
during the charge process. The ORR on the electrode
and the reaction in the Zn-electrode during the discharge
process of the Zn-air batteries are briefly expressed as fol-
lows,

The reaction in the air-electrode: 1/20, + 2¢ +H,0—
20H" E=0.34V (1);
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The reaction in the Zn-electrode: Zn - 2e + 20H —

1/2Zn(OH),” E,=1.25V 2);
The overall reaction: 1/20, + Zn + H,0= 1/2Zn(OH),”
E,;=1.59V 3)

Figure 3 shows the discharge potential (V) with the
discharge time at the constant discharge current density
of 100 mA/cm” in the Zn-air batteries with the Ni-Re su-
per-alloy nanowires as the electrocatalysts in the air-elec-

trode.
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Figure 3. Power density test of Zn-air batteries fabricated
by using Ni-Re super-alloy nanowires as oxygen catalyst
in air electrode

We can see from the Figure 3 that the maximum dis-
charge potential of about 1.8V and the minimum discharge
potential of about 1.4 V attained during the 10 cycles of
discharge process at the constant discharge current density
of 100mA/cm’. The obtained peak power density of the
Zn-air batteries with the Ni-Re super-alloy nanowires as
the oxygen catalyst in the air electrode can be evaluated
and it is about 180 mW/cm’.

The Ni-Re super-alloy nanowires as the electro-cat-
alysts for the oxygen evolution reaction (OER) in the
electrolysis of water and for the oxygen reduction reaction
(ORR) in the discharge process of the Zn-air batteries
have several advantages: i) it exhibits the more promis-
ing durability for catalyzing the ORR and OER reactions
because of the super-high stability of the super-alloy; ii)
it has the excellent conductivity for the electronic trans-
formation and for the heat transformation; iii) it exhibits
the super-high catalytic activity for the ORR and OER
reactions; iv) the cost is much lower than the noble metal
catalysts.

4. Conclusions

The novel super-alloy nanowire electrocatalyst have
been discovered and developed for efficient and econom-
ical water electrolysis to generate hydrogen and oxygen.
It is of significance that the overpotential on the super-al-
loy nanowire electrocatalyst is almost zero. The actual
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voltage required in the electrolysis process is reduced to
1.3V by using the novel electrocatalyst system with zero
overpotential. The utilization of the super-alloy nanowire
type electrocatalyst instead of the traditional Pt, Ir and Ru
precious metal catalysts is the final solution to reduce en-
ergy consumption and capital cost in water electrolysis to
generate hydrogen and oxygen.
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