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I discovered how the bottom-up assembly of Mn-redox reactions can realize
catalytic systems which are resistant to environmental fluctuations. Mn has a wide range of
oxidation states ranging from 2+ to 7+, including incrementally change the oxidation state, as well
as charge comproportionation and disproportionation reactions, which connect discrete redox states
of Mn species. The main catalytic cycle of water oxidation on Mn oxides is the sequential redox
cycle of 2+, 3+, and 4+, which proceeds when a positive potential is applied. However, when the
potential is too positive, dissolution of Mn oxide in the form of Mn7+ occurs. The Guyard reaction
is a charge comproportionation reaction promoted by phosphoric acid, which recombines Mn2+ and Mn7+
to form Mn3+. The newly formed Mn species with valence states below 7+ might be re-engaged in the
OER redox cycles, and thus contribute to the stability of the catalyst.
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A particularly promising setup for hydrogen production is the proton-exchange membrane (PEM)
water electrolyzer, which is known for their high current densities, portability, and the usage of
noncorrosive electrolytes (Akihiro, N. et al. Appl. Phys. Express 2015, 8, 107101.). However, as the
proton-exchange membrane creates an acidic environment near the electrode, the only well-
established electrocatalysts which exhibit sufficient activity and stability for the oxygen evolution
reaction (OER) are oxides derived from iridium (Ir), which is one of the scarcest elements in Earth's
crust. It has been estimated that 130 years’ worth of annual Ir production would be necessary to cover
the 1 TW scale H, production using state-of-the-art PEM systems (Ir loading: 1.54 mglr/cm?)
(Kibsgaard, J. et al. Nat. Energy 2019, 4, 430). The price of the Iridium ($47 Million per metric ton)
is over 23000 times higher than that of the manganese for example. Therefore, the development of
acid-stable non-noble OER catalystsis one of the most critical challengestowards promoting hydrogen
production using PEM (1-2), which would lead to industrial scale solar-to-hydrogen conversion.
Although extensive research has been carried out to devel op 3d transition metal (Fe, Co, Ni, Mn) based
OER catalysts, it has been shown over many studies that these materials easily dissolve and deactivate
in acidic media, and is the one of the most acute challengesin thisfield.

The goal of this research is to develop the autocatalytic feedback mechanisms on manganese oxides
during water splitting reaction and provide aroadmap to realize earth-abundant catal ysts which can robustly
catalyze the OER at ~ 1 A/cm?. To thisend, | will:

(1) Experimentally identify new strategies to regulate the balance between water splitting reaction and
deactivation by optimizing the material and reaction conditions to expand the stable potential window for
y-MnO; (> 100 mA/cm?).

(2) Specifically provide the scientific insight, e.g. autocatalytic mechanism, necessary to achieve
catalysts operable at 1 A/cm? and above, using in-situ techniques such as Raman, and UV -vis spectroscopy
(robustly catalyze the OER at ~ 1 A/lcm?).

The significance of this research is that autocatalysis is a phenomenon which has been known for
more than 50 years, but has never been applied for the design of electrocatalyst. My previous study
which has identified both the catalytic pathway and the dissolution pathway is critical to finaly
achieve this goal, because knowledge of both the activation and regeneration pathways are necessary
to induce the positive feedback necessary for autocatalysis.

In order to realize sustainable water oxidation under fluctuations, we have focused on the rich redox
chemistry of manganese oxide. Manganese has a wide range of oxidation states ranging from 2+ to
7+, and is capable of not only redox reactions which incrementally change the oxidation state, but also
charge comproportionation and disproportionation reactions, which connect discrete (faraway) redox
states of Mn species (Figure 1). The main catalytic cycle of water oxidation on Mn oxides is the
sequential redox cycle of 2+, 3+, and 4+, which proceeds when a positive potential is applied (Figure
13, blue reactions, OER on-cycle reactions). However, when the potential is too positive (> 1.8 V),
dissolution of Mn oxide in the form of MnO, (Mn"™) occurs (Figure 1b, brown reaction, OER off-
cycle reactions). Mn™ is the terminal-end valence state of Mn, representing the degradation of the
catalyst onceformed. Thisdissolution occurs even when the excessvoltageisin the order of millivalts,
and therefore, the catalyst corrodes irreversibly in the presence of voltage fluctuation unless another
redox reaction is added to the network (Figure 1c, green reaction). This reaction, known asthe Guyard
reaction, is a charge comproportionation reaction promoted by phosphoric acid, which recombines
Mn?* and Mn™ to form Mn3*. As one key redox state of Mn for OER, Mn?* could be oxidized into
Mn* or disproportionate into Mn* and Mn?* in the subsequent OER cycles. In either way, the newly
formed Mn species with valence states below 7+ might be re-engaged in the OER redox cycles, and
thus contribute to the stability of the catalyst sustainability of the OER reaction.



Figure 1. Schematic diagram of the chemical reaction network of water oxidation on MnO; for its
catalytic reaction redox (A), dissolution reaction (B), and repair processes (C).

Asaresult, | have discovered that adding phosphoric acid into the electrolyte can suppress MnOs
generation until 1.87 V, thus suppressing the corrosion. A stable OER performance with a current
density of 200 mA/cm? for more than 1000 h (>1 month) was achieved. Further optimization by using
the platinum-coated titanium mesh as the substrate, with a geometric surface area 10 times higher than
that of aflat FTO substrate, a current of 1000 mA/cm? was achieved. A lifetime of over 500 hours at
1 A cm? was further performed. Both results are under preparation for publication.
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