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Abstract

Progress over the last two decades in positiverelde materials for Li-ion batteries
has generated a variety of novel materials. Thechi+tocksalt oxides LMO3; (M = 3d/4d/5d
transition metal) are especially promising, dispigycapacities exceeding 300 mAh/g thanks
to the participation of the oxygen non-bonding Q(2pbitals in the redox process.
Understanding the oxygen redox limitations andrtite of O/M ratio is therefore crucial for
the rational design of materials with improved &lechemical performances. Herein, we push
oxygen redox to its limits with the discovery ohaw LilrO, compound (O/M = 4) which
can reversibly uptake and release 3.5 e- per transimetal; the highest capacity ever
reported for any positive insertion electrode, tha cumulative activation of cationic and
anionic redox processes. By quantitatively monigrihe oxidation process, we demonstrate
the material instability against.Qelease upon removal of all Li. Accordingly; wadithe
fully-delithiated phase to undergoeversible amorphization producing a new azlfihase
with a local structure made of threefold connedt€l$ octahedra. Our results show that the
O/M parameter delineates the boundary between #erral’'s maximum capacity and its

stability, hence providing valuable insights forther high capacity materials developments.



The Li-ion battery technology, widely used in pbita electronics, is getting
increasing importance with respect to large voluagplications associated with the
development of electric vehicles and renewablegnsources. Such a wide interest justifies
the flourishing research activities focusing towgattle improvement of this technology in
terms of performances, sustainability and safekeyTenlist research in the various aspects of
the cell components including interfaces. Turniaghe positive electrode, great hopes are
being placed on the design of novel high capadigteode materials relying on the recent
discovery of anionic redox activity in layered li¢ht NMC! Taking advantage of cumulating
both cationic and anionic redox processes withengame compound, new materials (Li-Nb-
Mn-O, Li-Mn-O) with capacities exceeding 300 mAgre isolated:® However, the asset
provided by such staggering capacities is negajedapacity fade upon cycling, sluggish
kinetic for the anionic redox process, and/or ssgfaxygen depletion in Li-rich NMC. While
solving these issues is of major importance foctical applications, the aim of this paper is
more fundamental and focusses on pushing the éifranionic redox through the design of a
novel electrode material, in order to highlight thade-off that needs to be found between

large extra-capacity and structural stability.

Such a search is presently backed-up by theoretadallations, and the literature is
becoming rich in papers aiming at defining guidesiror indicators to conceptually identify
materials showing a Li-driven anionic activffy. They all agree on the fact that pure oxygen
O(2p) states are required at the Fermi level tohrextra-capacities, a situation that can be
triggered from the O/M stoichiometry (Figure lapwver, the role of the M-O covalence
and Li/M cationic disorder on the promotion of te&3(2p) non-bonding orbitals at the Fermi
level is still under debate. By experimentally ptegywith these parameters, we identified that
Li-rich phases, based on 4d fRuGs) or 5d (LiblrO3) metals, i.e. with high M-O bond
covalence, are more prone to a reversible aniadox process than 3d metal fUnOy3)
phase<:® Moreover, we showed that such 4d, 5d based conssoare more stable against
surface oxygen release than 3d-based Li-rich NM&ses. By exploring various polymorphs
of the LbMO3 series, we demonstrated that the anionic prosesstisolely linked to Li-rich
phases having a layered {bNio1MnosiCon140,)" or a disordered rock-salt structure
(Li1.3Nbg Mo 4O, with M = Mn, Fe¥, but can also occur in fully ordered 3D structsesh as
B-Li,IrOs.° Moreover, trying to achieve electrodes with higlapacities, researchers have
explored beyond the LiM£o Li,MO3 phases the ENbO,-LIMO, and LyM0oOs-NiO solid

solutions, with good capacity and cycling at 55%C Ifi, sNby 4Mng 40, but no capacity for



compounds with Li/M and O/M ratio higher than 2 aBdespectively, in particular for

LisNbO, and LiMoOs,%*°which are electronic insulators with no d-elecg¢NB>*, Mo®).

To further probe the effect of increasing the O@fia to reach higher anionic extra-
capacities, we embarked on a study afM®, compounds in which the transition metal M
contains a patrtially filled d-band. Searching farcls materials, we explored the Li-Ir-O
ternary phase diagram and discovered, besidesvthe andf3 Li.lrO3; polymorphs, a new Li-
rich LislrO4 phase crystallizing in a layered rocksalt struetiwsing complementariy situ
XRD and XAS experiments coupled witx situ EPR, pressure measurements and DFT
calculations, we here show that this phase canitbhereoxidized (“LilrO4 = 1rO4”) or
reduced (“LilrO4 = LislrO4”) and we provide evidence that this amphotericratizr is
nested in redox processes involving anions on d¢xidax < 3) and cations on reduction
(x> 3).

Results

LislrO4 was synthesized by a high temperature method &a@toichiometric mixture
of Ir and LbCO;s precursors. The obtained black powder was showreta single phase as
determined by synchrotron X-ray diffraction (XRO)he pattern (Figure 1b) was refined by
the Rietveld method using the hexagonal descripfspace groufR-3m) of layered LIMQ
phases. The cell parameters and atomic positi@ensegorted in Supplementary Table 1. This
new LilrO4 phase, which can also be written as Ligdli;2)O,, has a layered rocksalt oxide
structure with oxygen atoms in a cubic close-packeangement, and Li and Ir occupying all
octahedral sites (Figure 1b). The cations are azgdninto pure Li layers alternating with
mixed Ir/Li layers, in which Ir and Li are randomdistributed. This cationic arrangement is
also confirmed by the HAADF-STEM imaging (Figure).1k stands between the completely
disordered rocksalt oxides which show only a fevadsdy reflections, and the completely
ordered layered rocksalt oxides, such agRuD,** and LsNbO,,2 whose lower symmetry

allows the appearance of superstructure peaks.

The electrochemical performance o§lt©, was tested vs. Li in Swagelok cells using
a galvanostatic cycling mode. When the cell iststhon oxidation, the delithiation occurs
through a voltage plateau at an average potenfiaB.94.0V vs Li/Li (Figure 2a).
Strikingly, all three Li can be removed from kD, Bearing in mind that, in both
polymorphs of the parent material,ltO3; the electrochemical oxidation of Ir is limited to

Ir>* 39 this suggests a large participation of oxygerhia tedox activity of the material. On



the subsequent discharge, the voltage profile besastopping, with almost 3 Li reinserted
down to a lower cutoff of 2.0 V, and it remainssagh on the next charge/discharge cycles
with a fair reversibility. By lowering the voltaggown to 0V, we observe a continuous
voltage decrease till 0.7 V that corresponds tosegsion reaction [LdrOy + (2y-x) Li* + (2y-

x) € 2> Ir + y Li,O] (Supplementary Figure 1lx is followed by a continuous voltage decay
usually associated with the decomposition of etéyte into a polymeric geff Owing to the
presence of ¥ in the pristine material we also tested our eletgrstarting on reduction and
found that LilrO4 can also reversibly intercalate up to 1.7 extrgdHigure 2a). This occurs
through well-defined processes at 1.9V and 1.8V the dQ/dV derivative curve
(Supplementary Figure 2), whose shapes are prekemecycling, indicating a classical
insertion/deinsertion process involving th& 1 Ir** = Ir** reduction cascade as we will see
later. Overall, the redox activity of JlifO, spans over almost 5 electrons, but it seems
impossible to take advantage of the whole capamstythe oxidation process is partially
irreversible due to a large structural modificatidm contrast, the cell shows a reversible
capacity of nearly 3.5 ger transition metal by changing the cycling ctiods and limiting
the first delithiation to x =1 in kirO4 (Figure 2b) with a good cyclability over the 26sf
cycles, the maximum we have tied so far (SuppleargnFigure 3). Such a number of
electrons reversibly exchanged per transition mgtal3.5) stands as a record among all the
metallic oxides used as insertion cathode materitte rich electrochemistry of 4liO,4
therefore represents an excellent opportunity teestigate in depth the concomitant
cationic/anionic redox processes and underpinariarsenal of characterization techniques,

the science beyond them.

The lithiation-delithiation mechanism in JiO, was examined byn situ X-ray
diffraction. During the cell discharge (Figure 2d)e observed a continuous increase of all
cell parameters (Supplementary Figure 4) indicaséirsplid solution mechanism till 44IrO,,
accompanied with an increase of the unit cell vaunVv/V = +4.2%). For x between 3.5 and
4, the peaks do not shift any longer but theirneity decreases at the expense of a new phase
which becomes single phase at x = 4. Then a canimshift of the Bragg peaks up to x = 4.7
is observed, at the exception of the (001) peakwsiwp that the interlayer distance is
preserved. The XRD and neutron patterns of thg fedluced Lj ;IrO, phase (Figure 2f, 29)
were successfully refined by the Rietveld methothwai structural model alike the one used
for LioNiO,"* (Supplementary Table 2) with the extra Li lyingt@trahedral sites (Figure 2h)

to minimize cationic repulsion. Such sites arigarfrthe shift of the (Lj.lr1/2)O- layers which



transforms the cubic close-packed (ABCABC) into lsexagonal close-packed (ABAB)
oxygen stacking. This structural transition doulthesnumber of available sites in the pure Li
layers and should theoretically lead to TIH®,. Our inability to reach this value
experimentally (4.7 instead of 5) is most likelystesl in the limited Li diffusion as we are
approaching the full occupancy of the Li sites. Wiiee cell is subsequently charged, the
solid solution process is reversed with a shifalbfpeaks except (001) to higher angles at a
potential of 1.85 V vs. [iLi, consistent with the oxidation of Ir. It is folved by a biphasic
process at 2.05 V which directly leads to the oadiO3 structure without going through the
solid solution observed at the beginning of reductiOverall, the structural transition is
reversible, but proceeds via different paths orucédn and oxidation, a feature shared by

other insertion compound$.

In situ XRD diffraction patterns were similarly collected a LilrO4/Li cell that was
started on oxidation (Figure 2c). We initially obse a slight shift of all Bragg reflections
towards lower angles up to x = 2, caused by thighikgion of the material, which is followed
by a sudden shift toward larger angles and a drésts of peak intensity. After removal of 3
Li, the X-ray powder pattern of the fully delithéat phase “Ir@’ is featureless, indicative of
its amorphous nature. The large decrease of tlezlager distance at the end of charge
(Supplementary Figure 4) indicates that the corapligtithiation of the material leads to its
structural collapse. Electron diffraction patteonfirms the amorphization of the material, so
that only short-range interatomic correlations swgv(Supplementary Figure 5), hence
explaining the irreversible capacity of the materidnen delithiated deeper than x = 1. In
contrast, we note (Figure 2e) that when the calrgh is limited to x = 1, all Bragg peaks
shift back upon discharge to their initial posisomia the O3— T1 transformation, thus

unambiguously proving the reversibility of the irtg@n process over 3.5.e

In light of previous works, oxygen loss may occur aharge in these high capacity
electrodes. To check this point, gas pressure sisalyas carried out over the first two
charge/discharge cycles. As4ltO, is initially charged up to x =1, the pressure aem
constant, but increases rapidly as more Li is resdd¥igure 3a). From the pressure increase,
we can deduce that approximately 0.35 gas moleeukeseleased per JuiO4 unit formula.
Once the first charge is achieved, the pressure doechange any longer upon cycling. The
nature of the gases was assessed by DEMS analygil alearly shows (Figure 3b) that the
released gas at x = 1 is mainly @/z = 32) with however the detection of minor amisuof

CO, (m/z = 44) towards the end of the oxidation precda the hypothesis of a process



enlisting at most 4 &molecule of gas, as it is expected for th&/Q, transformation, this
would lead to an irreversible loss of 14 bence a stoichiometry for the charged product
closer to IrQ rather than Ir@ Obviously, caution has to be exercised as thisagmation

does not take into account the £S&@mponent.

Another indirect way to measure the oxygen lossthis highly oxidized sample
consists in further exploiting the discharge-drivcamversion reaction down to 0 V, with the
number of uptaken Li (u) in lirOy being related to the amount of oxygen y by u =x2¥his
is possible because we can assume similar 0 V stipts, i.e. Ir nanoparticles embedded
into an amorphous Li-based matrix, as confirmed HAADF-STEM (Supplementary
Figure 6). The discharge capacities of the pristire= 3) the partially charged (x =2 and 1)
and fully charged (x = 0) LirOy materials are shown in Figure 3c. No differencas be
observed between the pristine, x =1 and x = 2 &snpmplying that no oxygen is released
upon oxidation. In contrast, the capacity of thiyfaharged sample is 2 Li lower than that of
the pristine material, implying that, upon oxidatiothe amorphization of the material
proceeds with the release of one oxygen atom perui@ unit. To confirm the stoichiometry,
the discharge capacity down to 0 V of the amorpHdDgand the crystallin@-IrO; obtained
by delithiatingp-Li,IrOs were compared (Figure 3t)Both samples show exactly the same
capacity, confirming our hypothesis. This matewdl be designated as a-lg@rom now on,
where letter a refers to its amorphous nature. 8igguithe area difference between the two
voltage curves on conversion collected at nearlylbgium conditions (C/20), we can also
deduce the difference in Gibbs free energy and ghawtheB-IrO; polymorph is more stable
than the a-Ir@polymorph by 57 kJ/mol (Supplementary Figure Ayalie comparable to that
found by Delmeet al. for RuG.* Lastly, the lower number of oxygen released oletiby
gas measurement (0.35)@s compared to 0.5,@rom electrochemistry is most likely due to
partial reactivity of @ with the electrolyte and/or Csp.

Operando X-ray Absorption Spectroscopy (XAS) at If;Ledge was then carried out
on three cells (Figure 4a): one for the reductioncess (cell A), one undergoing full
oxidation (cell B) and the last one to test theersible 3.5 ecycle after activation to x =1
(cell C). Principal Component Analysis (PCA) and INMariate Curve Resolution (MCR)
methods were used to extract the individual comptné&om the three sets of data (see
Methods), as well as the evolution of their relatboncentrations during cyclif§’ Only 3
components (Figure 4b) are needed to describeethection cycle for cell A, each of them
corresponding to well-defined Ir local environmethst were characterized by fitting the
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EXAFS oscillations (Supplementary Table 3 and Semmgntary Figure 8). We could then
deduce the distortion of the lg@ctahedra during the Li insertion process by nowmg Ir-O
and Ir-Ir distances (Figures 4c and 4d): both dista increase from the pristine (Al) to the
intermediate (A2) and the reduced (A3) componentmgreement with the expected reduction
of Ir’* to I** and I*. Worth mentioning is the observed symmetry in discharge/charge
insertion process deduced from XAS data that cet#revith the asymmetric one obtained
from XRD data. Such a difference is most likely tedsin the sensitivity of the XAS
technique to detect the oxidation state of Ir timterns local structural changes, in contrast to
XRD which spots long range structural modificatiohgence enabling to spot O3 to T1

transition which is not reflected on the XAS data.

For the cell started on oxidation (cell B), 5 coments are needed (Figure 4b, center)
to satisfactorily describe the data because ofitteersibility of the oxidation process.
EXAFS analysis for B1 (pristine) and B2 (intermedi@n charge) is very straightforward
since the same structural model as for componehtsah be used (Supplementary Table 3).
In contrast, for the B3 (fully charged), B4 (intexdiate on discharge) and B5 (discharged)
components, new models that consider both thedbssygen and the amorphous nature of
the material were necessary. On that basis, settisfafits were obtained with the presence of
IrOg¢ octahedra having a connectivity increasing frono 23 (Supplementary Figure 9) as
expected in light of the new stoichiometry of a4dri@terestinglyby comparing the B1 to B2
components, we observe a slight decrease of tBedistances (Figure 4c) but an increase of
the Ir-Ir distances implying that Ir is not oxid&gFigure 4d). Such variations instead
correspond to an increased distortion of thegld@tahedra. The average Ir-O distance
eventually increases up to 2.06 A for B5, consisteith a significant reduction of Ir upon

discharge.

Lastly, 3 components were satisfactorily used both charge and discharge to
describe the cycling of cell C, hence indicating tieversibility of the process. The most
oxidized component (C1) is relatively close to fhistine spectra of the other cells (Al and
B1), whereas the intermediate (C2) and reduced ¢@3)ponents show an increase of both Ir-

O and Ir-Ir distances, that support the reductibin.o

The operando XANES data were used to get information on thedation state of Ir
during cycling via careful monitoring of the intenwhite line (WL) that overlaps with the Ir
L, -edge (Figure 5, inset). This WL probes dipolesafld 2p-5d transitions and its area is

proportional to the number of unoccupied d orbgtltes for nd materials, as previously
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reported'® Thus the WL area (Figure 5a) is a better parantetdollow the oxidation or
reduction of Ir, than the energy of the WL (Figlsk) which is more sensitive to local
distortion of the Ir@ octahedra. When starting on reduction (cell A,ebllboth the WL
energy and area decrease linearly with composittrB4 eV/eand ~0.15 %/aespectively)
and vice versa on the following oxidation, with baurves having similar slopes, indicative
of a reversible process. More quantitatively, theaaof the WL vary by approximately 24 %,
which is in good agreement with the 25% decreaséoile population expected from a
classical cationic process frontlIr(d®) to Ir*>* (d®°) and predicted from DFT Bader charge

analyses (Supplementary Figure 11).

We now focus on the cell started on oxidation (Bglted) which shows that both the
position in energy (Figure 5b) and the area (Figom@ of WL slightly increase, prior to
stabilize and slowly decrease once ~0.5 Li is rezdowverall this suggests that oxygen is
primarily oxidized instead of iridium during theaging process, although the shift observed
at the very early stage of charge cannot discahiheof I°*. Indeed, while such a high
oxidation state has never been achieved in thaded rocksalt oxides reported so®ar®it
has already been stabilized in more ionic peroeskit?® To address this question, electronic
structure DFT calculations, including full strualrelaxations were performed at x = 3, 2
and 1 (Supplementary Table 4 and Supplementaryr&idd). Results show (i) a major
contribution of the oxygen states below the Femwel in the electronic structure of3ltiO4
that confirms the dominant oxygen participatiorttie redox process below x = 3 and (ii) a
limited oxidation of IP* accompanied with a significant lg@bcal distortions below x = 3 that
may explain the WL shift in energy. Turning to thgbsequent discharge, it shows a non-
linear decrease of both the WL position and anedicating that both iridium and oxygen
participate in the reduction process while thefiees cannot be easily disentangled.

During the reversible cycling (cell C, black), bathe WL area and its position in
energy show a non-monotonous evolution, suggestiteyger degree of participation of Ir
and O in the lower and higher voltage region, respely. The extent of Ir
oxidation/reduction is definitely lower than obseavin cell A in agreement with the EXAFS

analysis.

Electron Paramagnetic Resonance (EPR) measuremerdgshen carried out to probe
unpaired spins regardless of whether they belongatimnic or anionic species. We should
recall here that ¥ (d*), Ir** (d°) and (Q)* are EPR silent species at X band in contrast‘to Ir

(@), Ir°* (6®) or (0,)* and (Q)” speciesEx situ samples were measured for different states of



charge/discharge (Figure 6a). As expected, thein@isnaterial, which contains®ir (EPR
silent) and & (diamagnetic), gives no signal (i). In contrase EPR spectrum of the fully
reduced sample (LilrO,) shows a broad and anisotropic signal (ii) assediavith I+,
which can nicely be visualized by plotting the dater the full (O to 800 mT) scale (Figure
6¢). From integration of the EPR signal, we coudttglate a density of ca. 0.2 spin/Ir. This
would correspond to 20%'frand 80% EPR-silent Ir, most likely*Tr a ratio close to that
expected from the electrochemical compositigylkO.,.

On oxidation, upon removal of 1 Li (x =2), an imse isotropic signal appears that
can be attributed to oxidized £ species (iii). This signal becomes approximatetjntes
less intense and more anisotropic (axial symmetith \g,=2.012 and g=2.00§ upon
removal of 2 Li (iv), suggesting an increasing pxon of more oxidized EPR silent ﬁ)ﬁ‘
peroxo species that are known to be highly unstalaled may recombine into.@as, hence
explaining why the EPR spectrum remains alike fnCg (v) as oxygen is releasethis is
corroborated by pressure measurements and DFT latdois both showing the
decomposition of LirO4 into LixlrOs + %2 G for x <1 (Supplementary Figure 12). The EPR
spectra for a LirO, sample fully charged and discharged (vi) having thmposition “a-
LislrO3” shows an intense “f signal, with an integrated spin density around €p&/Ir,
corresponding to 50%%t and 50% EPR silent Ir. The signal shape revealssatmopic
character more important than for the sample ihti@duced suggesting a more disordered Ir
coordination sphere, which is in line with the aptoration and the increased connectivity of
IrOg octahedra deduced from EXAFS measurement. Ldstlythe sample charged to x = 1
and then discharged to 2.6 and 1.8 V, we note isapdearance of the isotropicJ© signal
(vii) to the expense of a sharp signal characterist the carbon (viii), as previously

reported’* hence indicating the full reduction of peroxo-l#gecies as expected.

Discussion

In this work, we report the design and synthesis obvel LilrO4 phase, having an
enhanced amount of oxygen non-bonding orbitals evetpto LsMO3 structures due to less
M-O bonding interactions, and a lower weight pemtica. 30% due to a higher O/M ratio.
This new phase was shown to reversibly uptake eleése 3.5 Li per transition metal, hence
dethroning the record of 2.5 Li previously estdidid for p-Li,lrOs. This unusually high
capacity for insertion cathode materials in Li-logitteries gives us an opportunity to address
important questions about anionic redox. Among thema discuss (i) the possibility to
increase the capacity of materials relying on luattionic and anionic redox, (ii) the limit of

9



stability of these materials versus degassing arid&s of their structural integrity and (iii)
the strategies to be implemented in the searchdar high capacity Li-rich cathode materials
based on this knowledge.

It is worth emphasizing that the findings of thi®nkw were driven by challenging
theoretical predictions that we experimentally fred. Having identified the oxygen lone-
pairs in non-bonding O(2p) orbitals as the origirthe anionic redox process, Saubargre
al.* speculated that greater capacities could be aethiby increasing the number of such
O(2p) lone pairs through larger O/M ratio in theksalt structureBearing in mind that the
interaction of Li(1ls) with O(2p) orbitals is limdeto electrostatic stabilization (i.e. no
formation of a covalent bond) the interest in compmts with LgMO, formula became
obvious. Needless to say, that such a directioresomith the risk of increasing the instability
of these materials against oxygen recombinaticedisel, hence requiring a careful selection of
the transition metal. In that respedgaling with the network stability of layered roaksvs.

O, release, Xieet al.” theoretical paper was instructive by i) statingttM-O covalency is
required to stabilize the oxygen network and ii) blyowing that delithiated rocksalt
compounds with 3d metals are fully unstable oncés liemoved. Thus, the need to further
increase the covalence of our system by exploheg.iIrO4 phase which stands at the edge

in terms of stability.

The LislrO4 phase pushes the anionic redox to its limit. Threean indeed be
extracted from LglrO, upon oxidation without the participation of iridiuto the redox
process, but such an exacerbated capacity doeoma for free since it is accompanied with
a loss of oxygen and a complete amorphization efrtfaterial at the end of charge. This
overall oxidation is rationalized by the decompositenthalpies of LirO4 into LixlrOs; + %2
O, computed for different Li contents (x) and showthgt LilrO,4 starts to be unstable with
respect to @ release for values of x1, as experimentally observed. Interestingly, the
resulting a-IrQ material has the same stoichiometry and structu@y) connectivity as the
crystalline-IrOs, obtained from the oxidation @fLi2lrOs, which is perfectly stable versus
oxygen release. Pushing further the calculatioresfound that the decomposition ofltO,4
into LiklrOs3 + Y2 @ competes with a structural phase transition tlaiverts the Ir@
framework, made of condensed chains of edge-shHa@kdoctahedra, into a more opened
framework consisting in fully disconnected kr@trahedra (Supplementary Figures 12 and
13). Interestingly, this Oh to Td transition not honmodifies the Ir environment

(Supplementary Table 4) but also stabilizes the gery network, which opens new
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perspectives to make this transition the winningcma@ism over © release. These

predictions make the search of stabilizing deltéda_iiMO, structures worth pursuing.

Finally, the possibility to tune the cationic/aniomedox activity of a material by
changing the Li/M or O/M ratio represents a greppartunity to prepare new cathode
materials as it opens a field previously restrictedayered oxides to the entire family of
rocksalt oxides. Furthermore, the vast array aficstires existing for the (MO, family,
exemplified by the y ldRuQ, — (1-y) LisNbO, systent? opens up a new playground for
designing new materials with complex structuresitAgas observed for the 4liO; systent,
it can also be interesting to search for tridimenal frameworks in order to improve the
structural stability upon cycling. Thus, an inspoa from this work is rooted in the
investigation of ordered rocksaltsMO, structures with large capacities and based onlla we

defined combination of 3d/4d/5d transition metals.

As a whole, these findings once again highlight tichness of the anionic redox
chemistry together with its complexity when desmgnhigh capacity materials, as there is a
subtle balance between increasing the number ojexyon-bonding orbitals and ensuring
the stability of the peroxo-like species againsygen recombination. Fundamentally-wise,
the present findings are pleasant as they falinie With our cumulated understanding of the
anionic redox activity. Looking forward, by furtheombining this knowledge with chemical
considerations, there is also hope of generatigh bapacity and practical Li-based oxides
relying on cationic-anionic redox reactions. Designmaterials with increased O/M ratios
provides indeed an appealing direction, but we khowot get too ambitious since highly
oxidized MQ, materials are known to become as less thermodymédlsnistable as vy
increases. Obviously, a trade-off would have to foend between extra-capacity and
structural stability, both a blessing and a chaéefor further studies.
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M ethods

Material synthesis and characterization

LislrO4 was prepared by mixing metallic Ir (Alfa Aesar,53fhesh, 99.9%) and
Lio,COs (Sigma Aldrich, 99%) precursors in stoichiomefpioportions using a mortar and
pestle. The mix was heated in a covered alumineildeiusing a muffle furnace by slowly
heating in air at 1°C/min up to 950°C, left at tkesnperature for 24 h, and finally cooled
naturally to room temperature. Synchrotron X-rafjrdction measurements were performed
on the 11-BM beamline of the Advanced Photon Soatcé&rgonne National Laboratory,
with a wavelength of 0.414 A. Neutron DiffractioiN[}) pattern was measured for the
reduced material on the D1B powder diffractometsrstitut Laue-Langevin) with a
wavelengthi = 1.291 A. Diffraction data was refined by the fR&d method using the
hexagonal description of layered LiMPhases. The space group, cell parameters andcatomi
positions are reported in Supplementary Tabldd.prepare the large amount of powder
needed for neutron experiment, a large cell washdigied down to 1.3 V and the electrode
recovered after being washdd.situ XRD measurements were performed using an airtight
electrochemical cell equipped with a Be winddim a BRUKER D8 Advance diffractometer
with Cu Ka radiation fxq1 = 1.54056 A)k.= 1.54439 A). Structures of the pristine material
and structural transformations upon complete chidiggharge were also analyzed using
transmission electron microscopy (TEM). High angleular dark-field images scanning
TEM (HAADF-STEM) images and electron energy los€l(E) spectroscopy data were
acquired on a probe aberration corrected FEI T@@800 microscope. The samples were
prepared by dipping holey carbon TEM grids inteefynground powder. Specialized Gatan

vacuum transfer holder was used for the analysis.

Electrochemistry

Electrochemical characterization was performed wagelok-type cells. The active
material was used either as a powder mixed with 2@¥bon SP, or as a self-standing
electrode prepared by laminating a mixture compaddédwt% PTFE, 10 wt% carbon SP and
85 wt% active material. Unless otherwise specifiggbical loadings of 10 mg of active
materials were used. Metallic lithium was used les negative electrode and a Whatman
GF/D borosilicate glass fiber membrane as the s¢émarThe separator was soaked with
LP100 electrolyte (1M LiPEin EC:PC:DMC = 1:1:3). The cells were assemble@dnnAr-
filled glovebox and cycled in galvanostatic modeaies ranging from C/4 to C/20 (4 to 20
hours/Li").
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Gasanalysis

In situ measurements of pressure evolution in the celhdigalvanostatic cycling was
done using a Swagelok-derived electrochemicalemlipped with a pressure senSbAfter
assembling, the cell was left to equilibrate atromércuit voltage (OCV) for 15h at a
controlled temperature of 25°C prior to cyclingarder to stabilize the pressure. The cells
were then cycled at a rate of C/10 with active maltdoadings ranging from 5 to 20 mg.
Differential electrochemical mass spectrometry (CENheasurement were carried out using
the same cell, with two additional connectionsltishi Ar gas in and out to a Hiden Analytical
mass spectrometer. The current of all m/z fragmieats 1 to 100 were measured and used to
normalize individual contributions. For the DEMSpeximent, 1 M LiPEin PC was used as
an electrolyte and the cell was flushed with Ardeveral hours before cycling.

X-ray absorption spectroscopy

Operando XAS measurements at the ljjtedge were performed in transmission mode
at the ROCK beamlirfé of synchrotron SOLEIL (France). A Si (111) chanoet quick-XAS
monochromator with an energy resolution of 2 e\ htkeV was used. The intensity of the
monochromatic X-ray beam was measured by threeecatige ionization detectors. The
situ electrochemical céeff was placed between the first and the second iboizahambers.
Self-standing PTFE films of the active material &eised and cycled at C/4. One cell was
started on reduction to 1.4 V and charged agaith Age Another was started on oxidation to
4.8 V and discharged (cell B). For the last measerd, an electrode was precharged in a
swagelok cell until x = 1 and discharge to x =&adpe being transferred to thesitu cell and
cycled reversibly between 1.3 and 4V (cell C). acch cell, successive spectra were
collected at a rate of 2 Hz and averaged out oggogs of 5 minutes. The energy calibration
was established with simultaneous absorption measemts on an Ir metal foil placed
between the second and the third ionisation chaniler data was treated using the Demeter
package for energy calibration and normalizatforThe normalized spectra were then
globally analyzed with Principal Component Analy§CA)* in order to individuate the
orthogonal components able to describe the whatéugen during cycling. The number of
principal components was then used as basis fotiwubhte Curve Resolution-Alternating
Least Squares (MCR-ALS) analysis. Finally, the reconstructed componentsevfited
using the Artemis softwar8.Fourier transforms of EXAFS oscillations were @rout in k-
range from 3.5 A' to 16 and 14 A for crystalline and amorphous components, resyagti
Fitting was performed in R-range from 1.0 to 3.@iding K weight. EXAFS amplitudes and
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phase-shifts were calculated by FEFF7 with a sigimtnodel derived from the zig-zag chains
of LisRuQ, (Supplementary Table 3).Except the radial distance (R) and the Debye-Walle
factor @), all other parameters were kept constant @&, &°) in the conventional least
squares modelling using the phase and amplitud®riacalculated by the FEFF7. The
magnitude of the Fourier transform (FT) of EXAFSilations represents the local atomic
distribution around the Ir atom (Supplementary Fégu8, 9 and 10). The first peak of FT
corresponds to the nearest 6 O atoms sitting 23 (peak at~1.5 A), while the second peak
is due to the next nearest 2 Ir atoms (peak3ah). Note that the FTs shown are not corrected
for the phase shift. The XANES region close to Wikite Line (WL) was fitted by using an
arctangent function for the edge, with fixed widild height, and a single Gaussian function
to fit both the 4; and g components of the WL. The position and area ofGlaessian were
used to follow the changes in position and aredahef WL during cycling. The area was
alternatively calculated by subtracting the arcamdunction from the experimental data and
integrating the area of the peak, as described laycg et al.,?’ yielding to similar results
compared to those of the fitting procedure, wita #uvantage of being independent of the

function chosen to fit the WL.

Electron paramagnetic resonance spectroscopy

Ex situ samples for EPR analysis were recovered in theeplax after cycling,
washed several times with DMC and sealed in higitypquartz capillary. EPR samples were
collected at 5 K using a Bruker ELEXYS E580 spetieter operating at 9 GHz. The spectra
were recorded with an amplitude modulation of 2r@ aicrowave power of 5 mW. Spin
concentration of samples was calculated with cafést weak-pitch sample for organic
species and copper sulfate for inorganic ones.

First-Principles DFT calculations

Spin-polarized density functional theory (DFT) ed#tions were performed using the
plane-wave density functional theory VASP (Vientmiaitio simulation package) cotfe®
within the generalized gradient approximation ofdee—Burke—Ernzerhof (PBE) to describe
electron exchange and correlafibrrhe rotationally invariant Dudarev method (DFTU¥*
was used to correct the self-interaction errorafventional DFT for correlated d-electrons.
In the case of the disorderedlkD., the zigzag chain structure of;RuO,** was employed as
a model structure for the calculation and sevevafigurations were computed for delithiated
compounds. The crystal structures, electronic dadtrechemical properties of theylriO,
phases were performed for differentsd U —J =0, 2 and 4 eV for M (J =1 eV).
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Figure 1. Increasing the O/M ratio from LioM O3 to LisM O, in rocksalt oxides as
a strategy to activate anionic redox. (a) Extra capacity from oxygen redox in Li-rich
rocksalt oxides is linked to the presence of nondimg O(2p) orbitals at the Fermi level. By
reducing the number of transition metal coordirgtoxygen, it is possible to increase the
number of non-bonding O(2p) states at the expehberaling (MO) and antibonding (MO¥)
orbitals, thus activating oxygen redox at the espenf cationic redox. (b) #rO, has a
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layered structure with no long-range ordering oaihd Ir in the metallic layers. However, on
the local scale, it can be expected to be simddriRuO, which forms zig-zag chains of Li
and Ru. (c) Typical HAADF-STEM images of 3O, acquired along the <11Qx
directions of the rock-salt sublattice. The inderéshe directions are given with respect to
the hexagonaR3m lattice. The images on the left and in the midd@nfirm layered
organization of the structure with random catiostribbution in the Li/lr layers. Image on the
right demonstrates coherent intergrowth of striectdomains with different orientation and

the common plane confined to [24-61] plane (mankéd arrowheads).
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to form LiyArO4. A reversible capacity of 3.5 €340 mAh/g) can be achieved if the

delithiation on the first cycle is stopped at x €0). In situ XRD shows that the low voltage

process corresponds to a reversible intercalatomiercalation process, with the formation of

a new phase at x = 4.7 (c). The oxidation processes with an irreversible amorphization of
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the material, explaining the modification of theltage curve after the first charge (d). By
stopping the charge at x =ih,situ XRD shows that the structure of the material ssprved,
as well as the reversible structural transitioneobsd upon reduction to 1.3 V (e). Rietveld
refinement of synchrotron X-ray (f) and neutron dgfjraction ofex situ samples reveal a T1

stacking for L ArO4 which allows the insertion of extra Li in tetrahaidsites (h).
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Figure 3: Irreversible capacity loss for total delithiation of LislrOg4. In Situ

pressure measurement during the first two cyclds#fO, on delithiation (a). No significant

modification in pressure is observed until the lasis removed from the structure and the

pressure drastically increases. DEMS analysis®fyis formed shows an increased signal of

O; in the cell, as well as CQo a lesser extent, suggesting that the matesgdsl oxygen

below x = 1 (b). The reduction capacity (c) aftemplete conversion of the material t8 Ir

and LpO does not change for the pristine (blue) or aftenoving one Li or two Li (light
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reds). However, almost 2 are lost on reduction when the 3 Li are removeinfrthe
structure (red). The reduction capacity of the grthous phase after losing gas is similar to
that of 3-IrO3 (dashed line).
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Figure 4: Local structural evolution from operando EXAFS analysis at Ir
L edge. Quick-XAS measurements were acquired operandothioge cells cycled in
different conditions (a). Cell A was started onuetibn and cycled between x = 3 and x = 4.7
(left), cell B was fully oxidized to trigger the amphization before discharging to x = 3
(center) and cell C was charged to x = 1 and pirtdischarged to x = 2 before the
measurement of a full reversible cycle (right). Tmmcipal components present in each data
sets were extracted using PCA and MCR-ALS anabsiaell as their relative concentrations
during cycling (b), showing the reversibility (céll and C) or irreversibility (cell B) of the
processes. Fits of the Fourier transform of the ERAoscillations extracted at I kedge
(Supplementary Figures 8, 9 and 10) show that th&ine compound has a chain-like
ordering of Ir cations at the local scale, simitatLisRuQ,, and that during the amorphization

process, the connectivity of Igbctahedra increases from 2 to 3. The Ir-O and beind
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lengths obtained from the fits are reported witl thultiplicity of each distances indicated
next to it (c). Full lines are connecting the agerdr-O and Ir-Ir distances to highlight the
distortion of IrQ octahedra associated with Ir oxidation/reduction.
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Figure 5: Participation of cationic and anionic redox processes during cycling
studied by operando XANES. The oxidation state of iridium can be followed inyegrating
the white line area at the Irkedge which corresponds to the 2p-5d electroniastti@n
(inset). The relative evolution of the WL area i@fompared to the energy of the white line
(b) and reported vs. the composition (c) duringlingcfor the three cells A (blue circles), B
(red triangles) and C (black squares).
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Figure 6: Ex situ EPR spectroscopy study of paramagnetic species at different
states of charge. No signal is observed for the pristine sample The discharged sample
Li,7ArO, (ii) shows a very broad signal related t&".IlUpon charge (iii - v), an increasingly
anisotropic signal of (" species is observed. After 1 cycle of charge/disgh (vi), the
signal of If* is measured, with a more isotropic shape comparée signal obtained for the
reduced compound (ii). After charging to x = 1 atisicharging to 2.6 V (vii), an isotropic
signal is measured that still correspond te){Cand is replaced by the sharp and intense

signal of Csp (marked by an asterisk) on furthscltarge to 1.8 V (viii).
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