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Lithium excess/deficiency (%)
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Voltage vs. Li'/Li (V)
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Covalenoy ?

O-0 pairing in the oxygen lattice resulting from the
formation of O2 (n-) species predominantly occurs in
compounds that have highdpvalent M-O bonding that

ig. systems showing a high degree of M(d) §p@@nd overlap.

O .
Science 2016

E a redox active anion network E This can occur in a highly

covalent networkvhere the transition metal d band

penetrates the ligand p band, so that electrons from the O p
band are poured into the d-band

Nat Mat. 2016



Energy OregularO redox state
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Ceder et al. Nature, 392, 694-696 (1998).




Energy

There is still only one

/ electron here.

@ . Hybridization ( covalency ) does
) NOT increase the capacity
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0 get extra capacity one needs to extract
this electron. This is the true oxygen redox
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COVALENCY Is not the source of extra

capacity through anion redox




Layered structure : Each oxygen-p orbital is
strongly hybridized with a transition metal

M states
e -

O states

Q<24+ >4 S )>mSA+FGED
-%C">"#$A+IDS2E +#"0 ¢




Li-excess layered compounds: Some oxygen-
p orbitals are only coordinated with Li-ions

M states

: UL
Li-excess

layered Li-M oxides H/?$A+FGFD$
?&"$A+9GIA+

O states

Li in the TM layer creates a Li-O-Li configuration leading to an unhybridized
oxygen orbital that is higher in energy, and therefore can be oxidized




Cation disordered rocksalts : Some oxygen-
p orbital are only coordinated with Li-ions
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Calibrated quantum mechanics by
spectroscopic data from experiments

D.-H. Seo et al. Physical Review B, 92, 115118 (2015)
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We devised a methodology to obtain optimal HSE06 mixing parameters by calibrating with
experimental photoelectron spectroscopy (PES) and Bremsstrahlung isochromate spectroscopy
(BIS) or highly accurate GW calculations. Such optimized HSEOG6 calculations predict EELS and

voltage profiles with great accuracy  and are the basis for our investigation of oxygen redox
participation.




Li, ,eNb, ,:Mn, O, fully cation disordered
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Some O oxidation
takes place before

all Ni is oxidized
Ni* ()
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K. Luo and PG Bruce, Nat. Chem 2016

D.-H. Seo, J. Lee, A. Urban, R. Malik, S. Kang, G. Ceder, Nature Chem., online (2016)




In some cases oxygen oxidation occurs before
complete metal oxidation
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Peroxo-like O-O ?

In rocksalt-like materials O,, | -overlap only occurs when M-O
orbitals are " at 90° to each other bond can rotate

’,Q 0\ ’,. C\

3d-TM pP-group element

Whether these oxygen orbitals can rotate enough
to form (@eroxoO depends on what they bind to




Some O-O bonding in Ru-Sn compound, none in Ni-Mn

X
Li;RU, 5SN503 b"g Li; ,Nig ,MnNg 6O,

2.27

Sn allows the rotation Mn prevents the rotation.
to form O-O bond | Isolated Li-O-Li oxidation

D.-H. Seo, J. Lee, A. Urban, R. Malik, S. Kang, G. Ceder, Nature Chem., online (2016)




Now that we understand the origin of oxygen redox, we
can estimate the amount available

—
o

-
(=

(=
o,

éo
@0"‘
4
‘.

- Layered
- Cation-disordered

o
a
) -
8
3
Q
=
°
3
E
>
c
s
<

o
o

Just count number of

X in LitexM14O2 Li © O b Li configurations




Summary

¥ Allowing metal ions to OdisorderO with Li is extending significantly
our chemical options for cathodes.

I > 10% Li-excess guarantees percolation of 0O-TM channels and
reasonable Li transport through a cation-disordered structure

I Covalency/Hybridization between the TM and oxygen may mask as
oxygen redox but it does not create extra capacity

I Stoichiometric well-ordered layered oxides (e.g. LCO, NMC) do
NOT have reversible oxygen redox

I Only the Li © O D Li configurations, that occur inLi-excess or In
cation -disordered compounds lead to redox active oxygen

We have a real opportunity to create novel cathode materials
based on novel chemistries and true oxygen redox

This presentation is available at http://ceder.berkeley.edu/
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