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Electrical storage at the scale of the power
grid is needed to achieve widespread
societal use of renewable energy. These
next-generation, large-scale energy storage
systems will need to be composed of lowcost, easily acquired materials, which will
also be safe when used at scale. Grid scale
electrical storage encompasses a range of
application types, from short-duration
power regulation to long-duration energy
storage, requiring high capacity discharge
over many hours. The well-known Li-ion
battery is well-suited to power
applications, but may not find widespread
for high-capacity storage due to cost
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and safety issues. Aqueous batteries based
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on MnO2 have the benefit of being both
safe and extremely cost-competitive, but
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introduce the complexity of MnO2, which
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is difficult to cycle in a electrochemically
reversible manner. Our work has
demonstrated that reversibility can be
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below the cost of lead-acid batteries. In
addition, a new chemical modification to
stabilize the MnO2 structure holds promise
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This talk focuses on original findings on
the complex electrochemistry of MnO2. In
some regimes of operation, MnO2 stores
energy as an H+ intercalation compound,
while in others it undergoes complete
chemical transformation during the cycling
process. Each of these can be exploited in
rechargeable battery designs. Our work
gives important new insight into the
transition between these two regimes,

revealing phase transformations normally
hidden within sealed batteries, and also
pinpointing intermediate phases. We
accomplish this using a suite of highly
penetrating X-ray operando techniques,
which operate in real time at realistic
battery discharge rates. MnO2 has
traditionally been considered a nonrechargeable material due to its propensity
to form insulating spinel compounds, such
as ZnMn2O4 and Mn3O4. We
demonstrate, for the first time, the reaction
pathway leading to these spinels, as well as
a chemical modification to render these
materials reversible, and thus amenable to
rechargeable batteries.
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