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Energy storage applications are key technologies for a sustainable society in the near future. In
our modern society, each of us consumes energy of 200 MdJ/day/capita on average as of 2014. This energy
is consumed for heating (51%), transport (32%) and electricity (17%). Currently (as of 2019), 80 % of this
energy use depends on fossil fuels while only 11 % is produced by renewable energy sources. Fossil fuels
need to be replaced by renewable energy sources such as solar power and wind to construct a zero-emission
society, whereas the intermittent nature of renewable energy demands further technological development
in energy storage applications. In addition, advanced energy storage applications such as electric vehicles
contribute to the conservation and efficiency of the energy generated by fossil fuels.

Manganese dioxides are important materials for energy storage applications. The importance of
manganese dioxide is explained by the following three perspectives: natural abundance, historical
background, and intercalation properties of polymorphic crystal structures. Available manganese reserves
defined by the economic limit of mining amount to 40 kg/capita in contrast to 0.7 kg/capita of cobalt. This
means that if all the manganese reserves are used for energy storage using the reaction of Mg + MnOsz=
MgosMnOz+ 2.7 MJ/kgMn, energy of 108 MdJ/capita can be reversibly stored (c.f. world energy consumption
200 MJ/day/capita). Energy storage using manganese dioxide has a rich history from 1866 when Leclanch’e
invented the first primary battery by employing a mineral of manganese dioxide as a cathode. Manganese
dioxide is still used in commercial alkaline batteries and primary lithium coin cells. An interesting
physicochemical feature of manganese dioxide is the presence of polymorphic crystal structures such as a,
B, v, 6, and A, and these structures function as a host framework of ion insertion, which is called

intercalation reactions. In general, intercalation reactions are expected to suit energy storage due to their
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high reversibility. Since intercalation property highly depends on the crystal structure of the host
framework, the presence of polymorphic structure expands the applicability of manganese dioxide.

This study aims to pave the way for emerging energy storage applications, specifically for
rechargeable magnesium batteries and heat storage technology, by applying manganese dioxide at
intermediate temperatures. The excellent redox and intercalation properties seen in commercial primary
cells imply that manganese dioxide could be used in emerging applications. However, the absence of such
application implies certain difficulties. For instance, rechargeable magnesium batteries are based on a
simple concept that lithium in Li-ion batteries can be replaced by magnesium, but magnesium insertion
into cathode has proved difficult due to severely slow kinetics unlike lithium. This problem always prevents
one from validating the feasibility of materials of interest. We, therefore, employ an investigation at
intermediate temperatures around 150 °C. A similar approach can be seen in the early research of
rechargeable nonaqueous batteries, following the historical development of Li intercalation spinel oxides
whose first investigation was performed at 420°C.

Section 3 systematically clarifies the thermal stability of MnOs polymorphs prior to the
investigation into energy storage at elevated temperatures. a, B , y, 6 and A type polymorphs can be formed
through different synthetic route, but heating up to intermediate temperature can transform metastable
polymorphs into the most stable form. This study investigated the thermal stability of MnOz2 polymorphs
as an indicator of structural resilience at intermediate temperatures. In-situ X-ray diffraction analysis and
differential scanning calorimetry determined that the polymorphs are thermally stable in the following
order: B> a >y > § = X based on the temperature (200-500 °C) at which transformation into B or oxygen
liberation occurs. The thermal stability of MnOsz polymorphs was found to be correlated with bonding
environment of oxide ions. The details of Section 3 are also available in [Hatakeyama et al., Thermal
stability of MnOs polymorphs, Journal of Solid State Chemistry, 305, 122683 (2022)]

Section 4 provides the findings of MnO2 polymorphs as rechargeable magnesium battery cathodes.
This study demonstrated that a and A-type structures are feasible in Mg-poor compositional range (0 < x
<~ 0.3) and in in Mg-rich compositional range (0.5 > x > ~0.3), respectively. Magnesiation at 150 °C
revealed the strong tendency in Mg-Mn-O system to form a spinel structure and a rocksalt structure by
magnesiation regardless of original MnOg structure. Theoretical thermodynamic calculation confirmed that
the ground state structure after magnesiation is A-type MgosMnO2. However, the feasible composition range
of A-type MgxMnOsz was limited to 0.5 > x > ~0.3 at 150 °C due to the high instability of non-magnesiated
A-MnO:zframework. In contrast, magnesiated a-Mg<MnQ2 (0 < x < ~0.3) is relatively stable even at 150 °C
even though magnesiated a-type structure is metastable against the A-type structure. Based on this picture
of the energetics of magnesiated MnOz polymorphs, this study proposes kinetic stabilization of a and A as
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a viable strategy to further extend the capacity of MnOz cathodes. The details of Section 3 are also available
in [Hatakeyama et al., Electrochemical phase transformation accompanied with Mg extraction and
insertion in a spinel MgMn2O4 cathode material, Physical Chemistry Chemical Physics, 21, 23749 (2019)]
and [Accelerated Kinetics Revealing Metastable Pathways of Magnesiation-Induced Transformations in
MnOz Polymorphs, Chemistry of Materials 33, 6983—6996 (2021)]. The feasibility of topotactic magnesium
insertion can be explained by being correlated with the thermal stability of the original MnOg framework
reported in Section 3. B-MnOz that is thermally the most stable among MnOz polymorphs does not allow

topotactic Mg insertion due to its dense crystal structure. On the other hand, thermally unstable structures

such as 6 and A do not show topotactic Mg insertion at 150 °C despite their high driving force for magnesium

insertion due to phase decomposition at the elevated temperature. Topotactic Mg insertion was observed

only for a and y polymorphs at 150 °C because a and y have an optimal balance of intermediate thermal

stability of original framework structures and driving force for magnesiuminsertion.

Section 5 describes heat storage application of layered 6-MnQOz2 via water intercalation reaction.
The investigation in Section 3 led to a hypothesis that layered 6-MnOz reversibly absorbs/desorbs water
molecules in the atmosphere accompanied by large heat release/absorption. A recent study by Hatada et
al. [Adv. Mater. (2017), 29, 1606569] also proposed a similar concept that lanthanum sulfate exhibits
prominent heat storage property via water vapor insertion via single-phase (solid-solution) mechanism. Our
study aims to demonstrate the concept of water vapor “intercalation” that is a narrow sense of “insertion”
by targeting layered 6-MnOs. The concept of water vapor intercalation was demonstrated by thermal
analyses and structure analyses coupled with a theoretical calculation. This study suggests that water
vapor intercalation is a viable mechanism for heat storage due to its fast reaction rate, high energy density
and cyclability.

In summary, this study presents phase transformation behaviors of MnO2 polymorphs as host
frameworks for magnesium and water insertion combining electrochemical and thermochemical analysis
and theoretical calculations. The knowledge offered by this study will contribute to the establishment of
future energy storage applications using the insertion mechanism of such challenging carrier ions and

molecules.
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