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Abstract

Transformational increases in the storage capacity of battery cathodes could be achieved by
tapping into the redox activity at oxide ligands in addition to conventional transition metal couples.
Yet the key signatures that govern such lattice oxygen redox (LOR) have not been ascertained.
LizIrO4 has the largest reversible LOR, rendering it a unique model system. Here, X-ray
spectroscopy and computational simulations reveal that LOR in Liz3IrOs is selectively compensated
via O sites with 3 lone pairs, which are activated by Li/Ir disorder. The 2-electron LOR can be
reversed to regenerate the initial state without unlocking competing bulk reactions observed in
many other compounds. We uncover an intricate interplay between stoichiometry, O coordination
and non-bonding states in LOR and pinpoint spectroscopic signatures. This interplay is
indispensable to design materials with 3d metals that fulfill the promise of LOR to overcome the

bottlenecks of current cathodes for future implementation in practical batteries.



The manipulation of the redox chemistry of the transition metal (7M) — oxide bond in solids
enabled the advent and dominance of Li-ion batteries as storage devices in the wireless revolution
and as rapidly expanding alternative in transportation and the grid,' propelling our push away from
the fossil fuel paradigm. Ironically, the redox processes of layered Li[7M]O> (TM = Co, Ni, Mn,
among others) cathodes, concurrent with Li (de)intercalation, also determine the current
roadblocks to transformational energy density that could lead them to rule these mass markets as
well.? Full delithiation cannot be achieved without severely compromising stability,* because the
covalent 7TM-O bond, conventionally labeled as the formal oxidation state of 7M, becomes too
oxidized. To disrupt the constraints of such “cationic redox” (CR, involving TM nd-O 2p mixed
states), researchers have sought to tap into the redox activity of oxide anions. In particular, layered
oxides with an over-stoichiometry of Li, Li[Lix7M1«]O>, have attracted considerable excitement
because their capacities approach 300 mAhg™.”!! This vertical step in performance is proposed to
stem from combining CR and participation of non-bonding states of O (termed as “lattice O redox”,
LOR).!% Despite their enhanced electrochemical activity, these cathode materials suffer from
unacceptable energy efficiency and degradation.'*!” The most reversible cases involve heavy

metals, such as Ir'8-2°

which are not economically viable for use in a battery.

It is imperative to achieve a holistic understanding of LOR to design materials containing base
metals with high storage capacity that is efficient and reversible. In terms of electronic structure,
a key descriptor is an O/TM ratio greater than 2,2 2> which generates O 2p states that are only
connected to Li through electrostatic interactions, rendering them essentially non-bonding. Hong
et al. proposed that additional active non-bonding states must be generated in Li>7MO3

(Li[Li13TM>23]02) by the creation of in-plane defects®* through out-of-plane cationic migration®*

Xie et al. further predicted that the greatest enhancement could be achieved in Liz7MOs4



(Li[Li12TM12]02).?> Indeed, the most striking activity was accomplished with LisIrO4
(Li[Li12Ir12]O2), with reversible cycling of 2 mol Li to form a very highly oxidized phase which
does not fit conventional CR,' the highest extent of LOR per mol 7M of any known compound.
Prior evidence indicates that no out-of-plane migration of Ir occurs'® because it faces a high barrier
in a layered structure.’* Consequently, the reasons that make Liz;7MO4 in general, and Ir in
particular, so special remain to be elucidated. Since the number of holes per O site is critical to
define reactivity,?¢ it is important to experimentally ascertain whether key O states underpin the
unique ability of Li3IrO4 to undergo LOR.

Having established the redox inactivity of Ir earlier,!” here, we follow the changes of O in the
highly oxidized states reached via deintercalation of Li3IrO4. A combination of X-ray spectroscopy
(Figure 1) and computational modeling uncovered the existence of two non-equivalent O sites
showing different involvement in the reaction, with a critical role of the site with 3 lone pairs.
Reintercalation reproduces the initial electronic structure, contributing to low voltage hysteresis.
Li3IrO4 reacts through LOR without producing the RIXS signatures commonly associated with
it, 2> 24 27. 28 suggesting that multiple possible pathways of LOR may exist. The findings solidify
our understanding of unconventional, yet chemically reversible ligand reactivity transcending
classical CR paths.

Electrochemistry and spectroscopy of the pristine state. Li3IrO4 can be oxidized to, nominally,
LiiIrOs through a long plateau at 3.9-4.0 V vs Li"/Li® (Figure la), a process with high
electrochemical reversibility.!” Further oxidation to 4.5 V induces amorphization to “a-IrO3”, an
irreversible step inducing notable voltage hysteresis and capacity loss upon subsequent
reduction.!” Perez et al. reported a minor shift of the Ir Li-edge XAS to high energy in the initial

stages of deintercalation, with the position staying largely constant thereafter,! indicating the



involvement of O in the charge compensation. To evaluate this hypothesis, electrodes were
harvested at representative states (Figure 1a).

The O K-edge X-ray absorption spectroscopy (XAS) of LizIrO4 (Figure Ic) exhibits three
features at 527.9, 529.1, and 531.7 eV, corresponding to transitions to unoccupied O 2p-Ir 5d
hybridized states (Supplementary Note 1). The broad features above 535 eV arise from O 2p-Ir 6s,
p states and the multiple scattering events upon photoionization. The spectrum was measured in
partial fluorescence yield (PFY) to maximize signals from the interior of the electrode because the
surface signals (total electron yield, TEY) were dominated by a peak at ~533.7 eV (Figure S2)
ascribed to Li>COs impurities.? The surface showed a notable sensitivity to air, with batches where
contamination was enough to produce these signals, albeit at much lower relative intensity, even
in fluorescence yield measurements (Figure S2).

The O pre-edge (< 535 eV) signals reflect a splitting of the O 2p-Ir 5d states in a distorted
octahedral ligand field, with w and ¢ interactions appearing below and above 530 eV, respectively.
These interactions would give rise to t2g and eg states, respectively, in an undistorted octahedral
field; they will be labelled as such for brevity. The qualitatively lower pre-edge intensity below
than above 530 eV reflects the ratio of unoccupied states in the low-spin d* configuration of Ir(V)
and differences in the extent of overlap between Ir 54 and O 2p states. Measurements of zero-field
cooled magnetization between 25 and 300 K showed weak paramagnetism with perr = 0.84 pp/Ir
(Figure S1b), similar to other Ir(V) phases (Supplementary Note S4)*% 3! and consistent with
previous EPR measurements. !’

The additional splitting observed in the O pre-edge, around 1.2 eV, appeared to be beyond the
range expected from spin-orbit coupling, which has been reported as frustrated in other Ir(V)

oxides.’! Its origin was probed by X-ray emission spectroscopy (XES) through selective



excitations at 527.85 and 529.05 eV (Figure 1b). XES probes transitions from occupied O 2p states
to fill the 1s core-hole (Supplementary Note 2). Excitation at 529.05 eV induced a blueshift of 0.6
eV on the main emission peak compared to 527.85 eV excitation, accompanied by a broadening
of the shoulder at higher energy (Figures 1b and S3). This behavior indicates the existence of two
different non-equivalent sites for O in the crystal structure, connected to two and one distorted
IrOs octahedra.!” The blueshift was much smaller than the splitting of the two corresponding pre-
edge peaks, reflecting a different core-hole screening for the two sites. Excitations at higher energy
only induced subtle shifts reflecting the balance between exciting the two O sites with different
binding energy.

Two and three localized electron lone pairs, respectively, were revealed by the computed
Electron Localization Functions (ELF) of the two O sites (Oxrp and Osrp, hereafter, where LP =
electron lone pairs, Figure 2a), in line with the octet rule (Figure S4).2¢ The lone pairs of OsLp lie
higher than Oxrp in the computed density of states of Li3IrO4 (Figure 2b), in agreement with their
computed Madelung potentials (M, ). The simulated XAS, assuming a structure with Li/Ir
ordering in the transition metal layers, qualitatively reproduced the three main regions observed
experimentally (Figure 2¢). The significant splitting of the hybridized tz; states could only be
obtained when the core-level shift was included in the calculations, and became even more
pronounced when Li/Ir intralayer disorder was introduced, according to the experimentally
observed structure.!” Such disorder affects the distribution of Ozp and Osrp in each IrOg
octahedron (Table S1), which splits the bands and shrinks the band gap (Figure 2b). All in all, the
XAS spectrum can be viewed as the sum of the individual spectra of OzLp and O21p, with the former
being responsible for the features at lower energy, in perfect agreement with its higher electronic

charge (i.e. less covalent bonds to Ir).



Changes at O states upon delithiation. Deintercalation of the first 2 mol of Li from LizIrO4
induced minor changes in per, to 0.595 and 1.178 pp/Ir at x =2 and 1 (in Li,IrO4, Figures S1c and
S1d), reflecting a relatively weak paramagnetism that does not quite reach values expected even
for S = 1/2. The fine structure of the O K-edge XAS above 535 eV was modified, with the centroid
shifting toward high energy compared to the pristine state (Figures 1c¢ and S5). The centroid of the
XES showed also blueshifted at all excitations except 528.55 eV. The changes were most
pronounced with the first Li removal. All these changes were assigned to the lowering of the
energy of the O 1s states due to an increase in average Z.s (effective nuclear charge) resulting from
depletion of electron density of O.

The most drastic changes in the O K-edge XAS took place below 530 eV. There was a
dominant peak at 528.5 eV showing a shoulder at 527.7 eV in both x =2 and x = 1 (Figure 1c¢), a
change in both position and, especially, relative intensity of the maxima compared to the pristine
state. Their increased overlap prevented selective excitation of O2rp and Osrp in the XES (Figure
1b). Overall, the integrated intensity under the pre-edge XAS signals below 530 eV significantly
increased from pristine to x = 2 (Figure 1e), but remained comparatively unchanged between x =
2 and x = 1 (Figure 1e). Above 530 eV, the onset of the third pre-edge peak was static (Figures Ic
and 1d), but its area progressively increased through a significant broadening toward higher energy
(Figure Ic). The net result was a rather proportional increase in its integrated intensity with
delithiation (Figure 1f). These observations indicate an increase in unoccupied states with O
character upon oxidation.

Computational analysis of the changes in O K-edge XAS (Figure 3) revealed that, upon
oxidation from pristine to x = 2, the existence of Li/Ir intralayer disorder shifts the charge

compensation from only depleting O 2p-Ir 5d states (i.e., classical formal oxidation of cations, CR)



in the ideal lattice to also significant involving one of the three lone pairs of OsLp (Figure S6). This
prediction is consistent with CR only being observed up to LizsIrOs via Ir Lin-edge XAS.! This
effect can be visualized in the ELFs of one of the possible disordered structures of Li2IrO4 (Figure
3). Similar results were obtained for other patterns of Li/Ir disorder, with O2rp systematically
participating to a much lesser extent than OsLp (Figure S6), consistent with the relative positioning
of their lone-pair states in the pDOS (Figure 2). This change in electronic structure perfectly
reproduces the change in the ratio of intensity below 530 eV in the XAS spectrum of LixIrO4
(Figure 3), as the newly depleted Osrp2rp states (orange O connected to 1 Ir) showed similar
energy to Ozrp (red O connected to 2 Ir). Upon further oxidation to x = 1, the initial Oyrp states in
LizIrO4 became more involved, yet still to a lower extent than Osrp. The computations revealed
that the oxidation of the two Oarp between two IrOs octahedra (red oxygens in Figures 2 and 3)
decreased their bond length toward 2.4 A. In contrast, Os.p tended to shorten their Ir-O length
upon lone-pair depletion, to below 1.9 A, most likely leading to a higher bond order, as
previously proposed for Liz-«Iri.ySnyO3.2* The collapse of the two signals below 530 eV is ascribed
to all O becoming electronically equivalent (Figure 3). The remaining shoulder at low energy in
the experimental spectra could arise from the incomplete oxidation of the electrode to x = 1, since
the experimental cut-off was set assuming a faradaic efficiency of 100%.

The O K-edge XAS of the electrode oxidized to 4.5 V, associated with the irreversible
transition to amorphous IrOs,!” possessed a single peak at 528.6 eV, with no shoulders at lower
energy and a significant asymmetry spanning toward 530 eV (Figure 1¢). The integrated (relative)
area under this single signal was slightly greater than x = 1 (~2.4%, Figure le). Similarly, the
centroid of the feature between 530 and 535 eV blue shifted by 0.3 eV with an increase in the

integrated area that qualitatively followed the trend starting from x = 3 (Figure 1f). Blueshifts with



respect to x = 1 were also observed in both the inflection point in the main absorption edge (Figure
S5) and all O Ko emission spectra (Figure 1b). These changes indicate a shift of the O 1s level to

lower energy, signifying an increased Zeg;,** %

consistent with the strong participation of the anions
in the compensation of the process of oxidation. Overall, all spectra became broader at this high
state of charge, as expected from amorphization.'”

Chemical reversibility of LOR. While other oxides have conclusively been shown to display
unconventional LOR activity upon delithiation, many display chemical hysteresis, whereby
subsequent reduction does not return the compound to its original crystal and/or electronic
structure.'® - 3437 Since the final step of Oz loss is irreversible,!” we will only elaborate on the
reduction of an electrode charged to x = 1, or LilrO4. Its reduction to 2.6 V produced a capacity
equivalent to 1.5 mol of Li, and almost completely restored the O K-edge XAS and O Ka XES to
the pristine state (Figure 1). A shoulder at high energy in the XES, which vanished gradually upon
delithiation, became prominent again after, suggesting that it is correlated to the (de)intercalation
process. All in all, the O p states before and after a full cycle were almost identical.

Implications for the existence and mechanism of LOR. The evolution of the O spectra clearly
demonstrates the participation of ligand states in the charge compensation of the delithiation of
LizIrO4. In particular, the results reveal the shifting contribution from Osrp, which are at higher
energy in the pristine state, to Orp as the delithiation progressed beyond 1 mol of Li. In the
preceding study by Perez et al., Ir Lin-edge XAS of the same states revealed only a minor change
in the early stages of the reaction, which was essentially arrested after about 0.5 mol of Li were
removed from LizIrO4.!” Our DFT calculations show that this effect is related to the statistical Li/Ir

disorder within the transition metal layer of the oxide. Since O> loss does not occur when the

oxidation is limited to x = 1,'” we can indisputably ascribe the behavior of Li3IrO4-Li;IrOs to LOR,



beyond the bounds of CR.*® Interestingly, although evolution of O» accompanied by amorphization
is induced when the last 1/3 of Li are removed, the O spectra indicate that ligands in a-IrO3
remained highly oxidized despite the evolution of O,."

In other Li-rich transition metal oxides, LOR is most often associated with the onset of a sharp
feature in resonant inelastic X-ray scattering (RIXS) maps, located at ~523 eV emission when the
excitation was at ~531 eV.?* 242728 RIXS maps were also measured for LixIrO4 (Figure 4), with
an estimated flux (5 x 10'° — 1 x 10! photons/s), below the reported threshold of sample damage
reported in the literature.® There was an increase in the dispersion of emitted states (x axis in
Figure 4), as well as the relative intensity of the elastic peak for all oxidized phases. This
enhancement has been associated in very recent work to 1'-Oz units.>**’ Furthermore, delithiation
from Li3IrO4 did not produce any features at ~523 eV emission for a ~531 eV excitation. This
feature was concurrent with the existence of out-of-plane Sn migration in layered Li>.Iri.,Sn,O3,
which only displays LOR at y > 0.2* 4! It has recently been specifically ascribed to the formation
of short O-O bridges between Ir atoms when these defects are introduced.*> Most importantly, it

is also observed in conventional layered oxides,*> 44

where the charge compensation could
formally be accounted by conventional CR. In that case, the appearance of the loss feature at 523
eV correlates with the collapse of the interlayer distance, concurrent with a deformation of the
octahedral coordination of the transition metals.* No evidence of Ir migration exists for LixIrOx
before amorphization,' consistent with a predicted low driving force.?* Formation of short peroxo
(0-0) bridges between Ir** is also not predicted by our models. Lastly, the change in the interlayer
distance is very small up to x = 1.!” Therefore, our work indicates that: i) LOR is not uniquely

associated with specific loss features in the RIXS maps, ii) spectroscopic evaluation of both metals

and ligands is required to determine its existence, and iii) different processes may fall under the
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umbrella of LOR with subtle differences in structural and electronic features.

The DFT calculations presented here indicate that delithiation is compensated by O 2p states
that are initially non-bonding. The IrOs octahedra are predicted to distort to form short Ir-O
bonds,?* and introduce O-O distances at ~2.4 A, characteristic of the so-called reductive coupling
mechanism.?>* The principle by which LOR occurs in LizIrOs4 is consistent with Liz-Iri.,Sn,03:%*
it involves a high density of uncoordinated O 2p states, or lone pairs. However, unlike Liy.Iri-
»Sn, 03, the high O/Ir ratio of LisIrO4 generates sufficient non-bonding states in its pristine state,

as originally predicted by Xie et al.?

Therefore, it does not require out-of-plane migration of heavy
cations like Sn(IV),?* a prominent driver of voltage hysteresis and irreversibility.** *¢ The LOR is
extremely reversible if delithiation is stopped at LijIrO4, with the material returning to its initial
state. This behavior distinguishes Li3IrOs from other lithiated oxides where LOR unlocks a
different pathway involving conventional CR,!”-3% 3% 3747 including parent LisRuQ4.3% 48

This report clearly pinpoints the O states that enable the shift of the redox centers to the ligands.
While a-Li2IrO3 also possesses two non-equivalent O sites, similar measurements did not find any
significant difference in their contribution to charge compensation.*!. This fact convincingly
reinforces that LOR requires O sites like Osrp, namely with connectivity to only one transition
metal, to avoid cation migration, which is not favorable for Ir. These sites are present in Liz[rOs,
but not a-Li»IrOs,* or similar honeycomb oxides. At the same time, comparison with other
Li3TMO4 (TM = Nb or V) emphasizes that connectivity to a d" (n > 0) transition metal is crucial,
as it allows hybridization that stabilizes the structure and renders it reversible. We have also
proposed?? 2> 26 that oxides having no empty d-orbitals to enable rehybridization should undergo

irreversible reactions with O release. Further disentangling the role of Ir, in contrast to other "

metals such as Ru,*® as enabling effective rehybridization?® and/or preventing the formation of
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defects*? is indispensable if this reversible reactivity is to be mimicked with base metals, a required

step for this concept to have technological impact in high-energy Li-ion batteries.
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Figure 1. (a) Voltage-composition profile of Li3IrO4. The states of interest for ex situ analysis are

marked, with dotted lines indicating the compositions Li2IrO4 and LiiIrOs4. (b) Ex situ O Ka XES

at specific excitation energies displayed on the left. (¢) Ex situ O K-edge XAS measured in PFY

mode, with arrows indicating energies selected for XES. (d) Differential XAS between the states

indicated. Integrated intensity under the pre-edge region (e) between 525 and 530 eV (t2gregion in

an undistorted ligand field) and (f) between 530 and 535 eV (eg), measured from (c).
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Figure 2. (a) Electron localization Function (ELF), computed by DFT, for Li3IrO4, showing 2 and
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3 lone-pairs around Oarp (red) and Osrp (orange), respectively, in agreement with their different
local environments. The Lewis structures of the two different oxygen bonding environments obey
the octet rule stating that O* is stable with four electron-pairs distributed into n bonding-pairs
(involved in Ir-O) and 4 — n lone-pairs (un-hybridized to Ir). (b) Atom-projected density of states
(pDOS) showing a shift in energy of OsLp lone-pair states with respect to OaLp due to a lower
Madelung potential (M},). A Mott insulator electronic ground-state is obtained for LizIrO4, with a
small energy gap for the Li/Ir ordered structure that cancels out when disorder is introduced in the
model. (c¢) Simulated XAS spectra of the ordered and disordered LizlrO4 structures (see
Supplementary Information for details) with or without including core-level shift in the
calculations. The XAS projected on the OsLp and OzLp absorbing species showing that the splitting
of the first excitation peak arises from the different oxygen electronic structures, the Osrp 1s core-

level having a lower binding energy than Oarp 1s.
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Figure 3. (left) Simulated vs. experimental XAS spectra for LixIrO4 (x = 3, 2, 1), showing that the
evolution is due to the progressive participation of the two O sites in the oxidation. (right) Electron
localization functions computed for each structure and confirming the main oxidation of Osrp, to
produce OszLp—2rp, (orange) from x=3 to x=2 and a mixed oxidation of O3rp-s21p (orange) and Oorp,

to produce Ozrp—1rp, (red) from x=2 to x=1. Other results with different Li/Ir disorder are shown

in Figure S8.
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Figure 4. Ex situ O K-edge RIXS maps of Li3IrO4 at the different electrochemical states indicated.

The white rectangular regions identify the elastic peak.
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Methods

See the Supplementary Information for details of the materials and methods.
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