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Highly efficient and stable water oxidation catalysts with world wide water oxidation performances
were developed that leaded to developing highly efficient carbon-free hydrogen production system
using renewable energy, aiming at realizing a low-carbon society that does not depend on fossil
fuels.

We developed a ternary FeNiWOx film on a nickel foam (NF), attaining the
lowest overpotentials of n 10 = 167 mV and at least 100 h stability in water oxidation, which
compare advantageously with only a few state-of-the-art OER anodes with excellent n 10 < 200 mV.We
also developed a NiSx/C3N4 catalyst, demonstrating electrocatalytic water splitting at the lowest
overall overpotential of 72 mV using the NiSx/C3N4 anode. We developed a platinum (Pt(w-Melm)) film,

demonstrated a more efficient and stable HER performance.Also, A NiOx film prepared from the NiSO4
precursor showed efficient water oxidation properties. Finally, a photovoltaic device of
double-junction GaAs/GaAs was customized to match up with the electrolyzer with a FeNiWOx/nickel
foam (NF) anode and a Pt/NF cathode. Efficient and stable (one-month) solar water splitting with a
high solar-to-hydrogen efficiency (STH) of 13.9% was demonstrated under 1 sun irradiation.
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Hydrogen is currently considered as the future carbon-free fuel to replace the current fossil one
(Nature 414, 332-337 , 2001). However, its sustainable production at a
reasonable cost is one of the most crucial challengesin science, technology, and

industry. The solar driven water splitting (Fig. 1) via hydrogen evolution reaction ‘\—-‘;
(HER) and oxygen evolution reaction (OER) at a cathode and an anode, ~ Solar cell ™
respectively is a promising system for sustainable hydrogen production (Adv. ~
Energy Mater. 1900954, 2019). The key task for realizing such a system is

developing highly efficient earth abundant catalysts for both HER and OER T Uozgz':-
(Science 345, 1593-1596 , 2014). We developed an efficient FeNiWO, OER e 2
anode that showed a high OER activity and durability, generating a 10 mA/cm? ]

current density at only 167 mV overpotential (17'%ger = 167 mV), overcoming the Fia. 1 Solar cell-dn
performance of the state of the art NiFeCuO, anode (17°oer = 180 MV, Nat.  fiecrronyzer for Hy production.
Commun., 9, 381, 2018). However, the mechanism and important factors for the

high OER activity has remained open, and we require further improved OER activity of the anode for highly
efficient solar-driven hydrogen production system. Moreover, Pt-based electrodes are the state-of-the-art
HER cathodes, but the scarcity of Pt hinders its commercial applications. One of the most important issues
in the related field isto develop HER cathodes based on earth abundant elements.
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In this study, we will work on the following goals, aiming to establish future carbon-free hydrogen
production technology at low cost.

1) Understanding the role of W in enhancing the OER perfor mance of FeNiWOn. So far,
we reached 7'%r = 167 mV using FeNiWO,. We presume that W®* sitesin FeNiWO, adsorb more OH-
/H20 groups duetoitsd® low spin-state with more outmost vacant orbitals, providing the optimal adsorption
energies for OER intermediates to facilitate the O-O bond formation. We will verify this presumption and
investigate the active species (Fe, Ni, W, or combination of them) responsible for the catalysis to develop
more efficient catalysts.

2) Improving OER anodes of FeNiWOn and discovering mor e efficient anodes. In this plan
we also aim to further improving 7%er to reach 130 mV or less. One promising approach for further
enhancing the OER of FeNiWO, isfabrication it asacore-
shell structure (Fig. 2). The core comprises FeNiWXy, (X 2H0 _ g Al
=N, P, S, Se, and Te) and the shell comprises FeNiWO, W
that is formed by partial oxidation of X (X =N, P, S, Se,
and Te) into O. The core provides a high conductivity

medium for the e ectron flow from the shell to nickel foam FeNiWX,
(NF) as a current corrector, enhancing its OER .
performance.

NF

3) Developing earth abundant HER
cathodes of FeNiWXn. Most of the developed earth
abundant HER catalysts showed 1'%ger > 100 mV so far.  Fig. 2. Proposed core-shell structure of OER
In this plan, we aim to reach n%gr < 50 mV. The FeNiWX, catalysts.
proposed FeNiWX, (X = N, P, S, Se, and Te) will also partially reduced to the corresponding metallic
structures during the HER, forming a core-shell structure for the electron flow from the NF to the surface,
enhancing their HER performance.

4) Developing highly efficient electrochemical systemsfor overall water splitting. So far, the most
developed electrochemical systems showed 7% > 300. In this plan, we aim 7%« < 200 mV based on the
proposed bifunctional FENiIWX, (X =N, P, S, Se, and Te) catalysts for HER and OER.

5) Developing highly efficient solar-power ed water splitting systems. So far, the state-of-the-art cell
for solar-powered water splitting achieves ~ 24% of conversion efficiency. However, the precious (1rOp)
anode and Pt cathode are used under concentrated light illumination. In this plan, we aim to develop the
high-efficiency solar-powered water splitting system that achieves conversion efficiency > 30% using
FeNiWX, (X =N, P, S, Se, and Te) catalysts.

1) Investigation of therole of W in catalysis. This work will focus on understanding the active site,
its oxidation state, cooperativity among the three FeNiW centers via investigation of the catalysis process
in non-aqueous media using el ectrochemical methods coupled with spectroscopic methods. We previously



succeeded in studying the mechanism of water oxidation by Mn and MnCa oxides water oxidation catalysts
ACS Catalysis, 6, 4470-4476, 2016; J. Mater. Chem. A, 5, 15167-15174, 2017).

2) Preparation, characterization, and investigation of the OER perfor mance of FENiWXn (X =N,
P, S, Se, and Te). We have developed a facile and general method for the preparation of mixed metal
oxides supported on different electrode materials including nickel foam (NF), fluorine doped tin oxide
(FTO) and glassy carbon (Japanese patent application number: 2019-95465, May 21, 2019). We will use
this method for the preparation of FeNiWO,@NF as the precursor electrode. We also developed a new
method for the preparation of mixed metal sulfides (Japanese patent application number: 2019-90888, May,
13, 2019). The method will be extended to the preparation of FENiWX, (X = N, P, S, Se, and Te) from
FeNiWO,. The catalysts will be characterized using Raman, SEM, TEM, XRD techniques. Their OER
performances will be investigated by the electrochemical techniques coupled with product (O,) analysis
methods such as gas chromatography.

3) Investigation of the HER perfor mances of FENiWXn (X =N, P, S, Se, and Te) catalysts. On the
basis of the preliminary promising results (Fig. 3), the HER performance of the proposed FeNiWX,will be
investigated using the el ectrochemical methods coupled with products (Hz) analysis on gas chromatography.
We will further improve the HER activity of the FeNiW X, catalysts by controlling the proposed core-shell
structures.

4) Congtruction of electrocatalytic systems for overall water splitting based on the bifunctional
FeNiWXn catalysts for HER and OER. Electrocatalytic systems constructed from the bifunctional
FeNiWX, catalysts for HER and OER will be constructed aiming to develop highly efficient systems for
overall water splitting working at 7%« < 200 mV, which is significantly lower than 7 > 300 achieved
for the most developed systems under the same conditions so far.

5) Developing high-efficiency solar-powered water splitting systems using solar cells and
FeNiWXn catalysts. The best developed catalysts among the proposed ones will be fabricated in a solar
cell / electrolyzer device for solar-powered water splitting (as Fig. 1) aiming to reach conversion efficiency
of 30 %, which is higher than ~ 24% for the state-of-the-art cell using precious (IrOn) anode and Pt cathode
under concentrated light illumination (Appl. Phys. Express, 8, 107101, 2015).

1) We reported a facile and versatile method for the preparation of |oading-controllable metal
oxide films adhered rigidly on electrode substrates, enabling effectual material hunting for superior OER
anodes. This allows us to discover a ternary FeNiWO film on a nickel foam (NF), attaining the lowest
overpotentials of n'° = 167 (the superscripts represent the attained current densities of 10 mA cm2) with a
Tafel slope of 49 mV dec* and at least 100
h sability in OER, which compare
advantageously with only a few state-of-
the-art OER anodes with excellent n'° < 200
mV. The electrochemical data indicate 5 ]
synergistic coupling among ternary metal <0 it ) on
centers of Ni, Fe, and W to decrease the 1 T o \_,(74_/ ar2
value. The OER current is pH dependent for i AN——— E——
the FeNiWOx film, showing a non-proton- EIV s RHE T
concerted process in the rate-determining step for OER. This could be explained by coupling of two
neighboring lattice O™ radicals to form an O-O bond. The 3d bands of Fe or Ni could be stabilized by the
high positive charge on W®* to become close to or penetrate the 2p band of lattice O%. This not only
decreases the highest oxidation energy level for OER but also allows fast electron transfer from the 2p band
of O? to the 3d band in the Fe'V or Ni'V state to form the O™ radicals. These results were published in ACS
Appl. Energy Mater. 2021, 4, 2, 1410-1420, https://doi.org/10.1021/acsaem.0c02628).
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2) We reported the unprecedentedly low overpotential of 32 mV for oxygen evolution attained

by the formation of a unique motif of nickel NiS, nanowires stuffed into C,N, scabbards with extremely low overpotentials

sulfide nanowires stuffed into carbon nitride  or 0ER 0.12

scabbards  (NiSJ/C3N4), demonstrating MO 0, JHO G

electrocatalytic water splitting at the lowest . G
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These results were pubI ishedin Highly efficient and stable photovoltaic-electrolyzer (PVE) system for solar water splitting

Energy Environ. Sci., 2021,14, e Vop =~ Vinax. Matching factor (MF) = 99%
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Solar to electricity (STE) = 16.5 %, Electricity to H, (ETH) = 85%, Solar to H, (STH) =13.9 %
https:.//doi.org/10.1039/D 1EE00509J.

3) We developed a platinum (Pt(w-Melm)) film adhering rigidly on a glassy carbon (GC)
substrate prepared by a facile and scalable technique of a mixed o et matakdazel casing (MBAC) metiod

prepal by a mixed

metal-imidazole casting (MiMIC) method from a precursor 3
solution containing HoPtClg in a mixed solvent of methanol/1- T
methyimidazole (Melm) (3:1). The Pt(w-Melm) film M :
demonstrated a more efficient and stable HER performance .
compared with a platinum (Pt(w/o-Melm)) film deposited from ,, . )
the precursor solution without Melm due to closely-compacted ﬁ"x&/
and well-interconnected Pt nanoparticlesfor the Pt(w-Melm) film.
The Pt(w-Melm) electrode provided an overpotential (%) = 60
mV at a current density of 10 mA cm2, Tafel Sope = 62 mV dec! and a mass activity of 0.33 A
cm 2 mge ' a 100 mV in 1.0 M KOH solution, which are remarkably superior to those of the common Pt-
based electrodes of commercially available Pt-loaded carbon (Pt/C) and the Pt plate. The Pt(w-Melm)

electrode is of keen interest as a new benchmark cathode for the HER. These results were published in
Sustainable Energy Fuels, 2022,6, 4265-4274, https://doi.org/10.1039/D2SE00803C.

E/V vs RHE

4) Different NiOyfilms adhered rigidly on nickel foam (NF) and fluorine-doped tin oxide
substrates were prepared via a mixed metal-imidazole casting method from precursor solutions containing
Ni salts with four different counter anions of SO4%, NOs, Cl-, and CH3COO (Ac) in methanol/1-
methyimidazole mixed solvents (3:1) followed by calcination at 450 °C. The counter ions of Ni salts are

significantly influential on the structure and 03-

characteristics of the formed NiOyfilms. In the Q ozs] —50 Mo, /

case of the film (SOs-NiO,) prepared from the =IO,

NiSO, precursor, an amorphous Ni'"'O, nanosheet R P

film was formed in contrast to face-centered cubic § 0154 ¢

Ni"O crystalline nanoparticle films formed using < 01

the other precursors, under the same conditions. ™ 0.5

The special characteristics of the SO4-NiOx film .

are caused by the inhibition effect of the Z_.4 9

SO4?"ions on the thermochemical formation of -0.054 . : . . :
12 14 1.6 1.8 2

Ni''O from the precursor complex, leading to the
formation of a Ni"'Oyintermediate. The SO
NiOW/NF electrode demonstrated superior OER performance with an overpotential, n'°= 228 mV at a
current density of 10 mA cm 2 in alkaline KOH solutions, which islower by 145~165 mV than those (3% =
373~393 mV) of the other NiO./NF electrodes. The OER performance of the SOs-NiO,/NF electrode
compares advantageously with that of state-of-the-art Ni-based anodes reported to date. These results were
published in ACS Appl. Energy Mater. 2022, 5, 2, 1894-1904, https://doi.org/10.1021/acsaem.1c03379.

E/ V vs RHE

5) A photovoltaic (PV) device of double-junction GaAs/GaAs was customized to match up with
the current density—voltage property of an efficient electrolyzer with a FeNiWO,/nickel foam (NF) anode
and a Pt/NF cathode. The customization of the PV device resulted in a perfect matching factor (MF = 99%)
in performances between the PV device and the electrolyzer for solar water splitting in a PV-electrolyzer
(PVE) system. Efficient and stable (one-month) solar water splitting with a high solar-to-hydrogen
efficiency (STH) of 13.9% was demonstrated under 1 sun irradiation conditions. The STH value is
comparable with the top values (14.2-16%) in the state-of-art PV E systems. The high STH is based on an
obvious progeny of the highest electricity-to-hydrogen efficiency (ETH = 85%) for the electrolyzers among
the PVE systems with the non-precious metal-based anode in the electrolyzer and the perfect MF value
(99%). This demonstrates that the perfect matching between the PV devices and the electrolyzers, as well



as the development of the efficient electrolyzer successfully contribute to substantial improvement of STH
and stability. These results were published in ACS Appl. Energy Mater. 2022, 5, 7, 8241-8253,
https.//doi.org/10.1021/acsaem.2c00768.
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