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Abstract

Lithium-ion battery cathode materials have reliedcationic redox reactions until the recent
discovery of anionic redox activity in Li-rich laygd compounds which enables capacities as high as
300 mAh ¢ In the quest for new high-capacity electrodeshveinionic redox, a still unanswered
guestion was remaining regarding the importancethef structural dimensionality. The present
manuscript provides an answer. We herein repo# [&hi,IrO; phase which, in spite of having the Ir
arranged in a tridimensional (3D) framework inste&dhe typical two-dimensional (2D) layers seen
in other Li-rich oxides, can reversibly exchanggé &.per Ir, the highest value ever reported for any
insertion reaction involving d-metals. We show thath a large activity results from joint reversibl
cationic (M™) and anionic (§" redox processes, the latter being visualized dmptementary
transmission electron microscopy and neutron diffom experiments, and confirmed by density
functional theory calculations. MoreovéFLi.IrO; presents a good cycling behaviour while showing
neither cationic migration nor shearing of atomaydrs as seen in 2D-layered Li-rich materials.
Remarkably, the anionic redox process occurs joinith the oxidation of " at potentials as low as
3.4 V versus LVLi° as equivalently observed in the layered.i,IrO; polymorph. Theoretical
calculations elucidate the electrochemical sintilssiand differences of the 3D versus 2D polymorphs
in terms of structural, electronic and mechanicabatiptors. Our findings free the structural
dimensionality constraint and broaden the poss#slin designing high-energy-density electrodes fo

the next generation of Li-ion batteries.



Renewable energy sources and electric automotamsportation are popular topics in today’s
energy conscious society, hence placing electroddamtorage as one of the major technological
challenges in this new century. Rechargeable Lilatteries are the technology of choice for
powering electric vehicles and stand as a possibletion for grid applications provided that new
advances can be made for improving the performaasefatio and lifetimé’. Today’s research on
positive electrodes is divided into two streamse@eals with polyanionic compounds that favour
safety and cost at the expense of energy démsiyd the other with chemical substitutions witthia
layered oxides which prioritize energy denXitffhe layered oxides are based on LiGo@here Co
and Li are each in 2D hexagonal arrays and Li catletes/deintercalates via 2D migration along these
sheets. Research in layered oxides has led, wétp#ntial substitution of Co by Ni and Mn in the
transition metal layer, to the presently commeizial layered oxide LiC@NiisMnyz0, phase
(referred to as Li-NMC) that delivers capacitieagiag from 160 to 190 mAh§ (ref. 6). Greater
capacities (>280 mAh™§) were obtained by further substituting the trdosimetals by Li so as to
produce the Li[LiNiyMn,Co,_,,-]O; layered phases denoted as Li-rich NMC

The staggering increase in capacity was demondira&a complementary electron
paramagnetic resonance (EPR) and X-ray photoemissipectroscopy (XPS) measurements
performed on ruthenates ,Ru-,SnO; (refs 9,10), to be rooted in the anionic activityth the
reversible formation of (§" peroxo-like species accompanied by a massiventatinigration to the
depleted Li layers. An increase in the covalencthefM—O bond, via the replacement of a 4d metal
(Ru™) by a 5d metal (ff) so as to formu-Li,IrOs, was shown to prevent this migrattrHowever a-
LiolrOs, which enlists a structural transition on charffenj cubic close-packed O3 to hexagonal
close-packed O1), presents lower cycling perforreanthan LiRUy75Snh2£0s. Whether such a
difference is nested in the existence of a stratttmansition or the simultaneous, rather than
successive cationic and anionic redox processesu-AdrlrO; as opposed to pRuQG; remains
unanswered. To address these questions, we dewdpwbbe further the effect of modifying the

crystal structure on the anionic redox reactivity.

Searching for Li-rich ordered rocksalt structureshwenhanced 3D character, we became
aware of thep-Li,IrO; polymorpH>*3 Its structure exhibits an unusual topology thas hecently
attracted a lot of interest for magneti$nf. This hyperhoneycomb structure, which consista BD
long-range ordered framework of the Ir-O bonddedsf drastically from that of layered honeycomb
a-Li,lrO3; (Supplementary Fig. 1). It is now imperative tdedmine whether or not the 3D edge-
sharing connectivity of the IgQoctahedra inB-Li,IrO; can accommodate anionic distortions and

thereby show the enhanced capacity associatedngwavith 2D-layered Li-rich oxides

Purep-Li,IrO; powders were prepared by a high-temperature cerpracess from a mixture

of IrO, and LbCOs, as described in the Methods. The synchrotron yXaad neutron powder



diffraction patterns were fitted using the Rietvete@thod, confirming the previously reporteddd
hyperhoneycomb structurfe(Fig. 1a,b and Supplementary Table 1 and Supplamerrig. 2).p-
Li,lrO3 is built on edge-sharing lgoctahedra that form a 3D matrix in which Li ionscopy all
available octahedral sites. The structure can thereaccommodate Li migration via corrugated

interconnected paths, as shown in Supplementar\3Fig

Figure 2a shows the electrochemical performancgslLofirO; cycled versus Li in Swagelok
cells between 2 and 4.8 V at a C/10 rate. Remaykalll Li can be removed, leading to an ‘}#O
phase which can then uptake nearly 1.8 Li in tHeveng discharge. More specifically, the first
charge shows a staircase profile, with the presehéeur successive plateaux at 3.45, 3.50, 4.4D an
4.55 V versus Li/Li° that can be visualized by four peaks in the dxfdiMs (Fig. 2b). Such peaks
remain well defined on the subsequent discharges. ddntrasts with the typical behaviour of Li-rich
oxides: a staircase voltage profile on the firsarge that converts to an S-shaped profile on the
following discharge, which is associated with ifitéra layer cationic migratiofis’. It also differs
from the electrochemical behaviour of the.i,IrO; polymorph, which shows only two oxidation
plateaux that progressively transform upon cyclinp S-shaped profilés Fig. 2b also shows a
minor downshift in voltage of the anodic and cafbgdeaks with continued cycling up to 4.8 V,

which can be avoided by limiting the cutoff voltage4.5 V (see Supplementary Fig. 4).

To better understand Li-driven structural changespiLi,lrOs, in situ X-ray powder
diffraction (XRD) was performed (Fig. 2c). We obsefour successive biphasic regions, each of them
corresponding to a well-defined plateau in the agdgtcomposition curve (Fig. 2c). Each inflexion
point, at x = 1.5, x = 1, x = 0.35 and x = OftLiLIrO3, corresponds to a single phase. The TEM
analysis of these single phases reveals that theagament of the Ir atoms is preserved even when al
Li is extracted (Supplementary Fig. 5). Refined XRBtterns (shown in Supplementary Fig. 6)
demonstrate that when charging from x = 2 to x th&Fddd space group is preserved with only a
change in the lattice parameters (Fig. 2c¢,d). Wheraches 0.35, the symmetry of the material is
lowered to the monoclinicC2/c space group (note the corresponding reflectionttisgl in the
18.5-19.5 20 region in Fig. 2d and in Supplementary Fig. 6¢c S8agplementary Table 2). The fully
oxidized phase LirOs; (4.8 V, x ~0) shows a significant broadening of the peaks, tnfisly
associated with increasing strain in the structane, can also be indexed in {@2/c space group with
a smallerf angle as compared toglkirO; (Supplementary Fig. 6d). The feasibility of renmayiall
Li* ions fromp-Li,IrOs, while preserving the structural framework, is swhat spectacular as this is
normally seen only in polyanionic and spinel conpas) with the main difference that two atoms out
of six (that is, 33%) can be extracted fr@rhi,lrOs;, whereas it is only one out of seven (that is, 15%
for LiFePQ, or LiMn,O,4. Upon discharge, the XRD pattern of the fully et sample converts back

to that of the pristine phase via the same sequehsiucture transformations. This demonstrates th



reversibility of the charge/discharge process lmgsdnot provide clues on the nature of the involved

redox species.

To grasp further insights into the mechanisms ef thredox processes iprLiIrOs, XPS
measurements were carried out on the pristine gsafrpt2), on ex situ oxidized samples at x =1.5, 1,
0.35, 0, and on the compound that was chargedty 4nd discharged to 2 V versus Lii°. Figure
3a,b shows a shift of the Ir 4f peak towards loaeergies together with the appearance of an extra O
1s peak (red peak in Fig. 3a) associated with dhedtion of peroxo-like (§" species during the
charging process. During the subsequent dischdingeppposite variations are seen, indicating a
reversible oxidation/reduction of both metal anggen upon cycling, as reported for the previously
investigated Ru- and Ir-based layered Li-rich comms9-11. Moreover, Fig. 3d shows that the
portion of redox that can be attributed to perdke-kpecies increases monotonously until the end of
charge at 4.8 V (x = 0), where it reach€s5%. Similarly, the evolution of the Ir 5d poputatibased
on the Ir valence bands (Fig. 3c) indicates thattietal oxidation takes place preferentially dutimg
first part of charge. Overall, these results inglicthat Li-deinsertion-driven cationic and anionic
oxidation processes pitLi,lrOs; occur conjointly, as seen éaLi,lrO; (ref. 11).

At this stage, to explore the synergy between remfoxesses and structural transformations,
we exploit complementary neutron powder diffractibigh-resolution scanning transmission electron
microscopy (STEM) and density functional theory {PFealculations. An ex situ neutron powder
diffraction (NPD) pattern was recorded on the samgblarged to 4 V (LirO; with x = 1). The NPD
pattern can be indexed with tifreldd orthorhombic space group (Fig. 1d), with latticargoneters
reported in Table 1. Moreover, Rietveld refinementficate that the remaining Li occupies a new
tetrahedral position (Fig. 1d,e), denoted Li3 inblEal. The structure refinement also reveals
significant changes in the geometry of theg¢ligtahedra (Fig. 1¢ and f). First, the average Ir—O
distance reduces from 2.028 A in the pristine $tmecto 1.972 A in the charged sample,
concomitantly with the decrease of the ionic radifithe Ir cations from 0.625 A {fj) to 0.57 A (IF")

18. Moreover, the shortest O-O bond in thegId@tahedra is significantly shorter in the charged
material (2.53 A, Fig. 1f) than in the pristine W&l (2.75 A, Fig. 1c), which is indicative of the
formation of peroxo-like species on charge.

To track the deformation of the lgwctahedra, we used [110] annular bright-field STEM
(ABF-STEM) images of the pristine and mid-chargeds 1, samples (Fig. 4), where cationic and
anionic species form individual atomic columns (fementary Figs 7 and 8). In the image of the
pristine material, the O1 and O2 atomic columnsvee# resolved; the image also contains a weak
signal from the Li columns in the octahedral positi (see the intensity profiles). In the charged. x
material, the signal from Li in the octahedral site drastically reduced in line with the NPD résul
The O1 positions remain clearly visible while th@ @ositions become closely projected to the Ir

columns. The shortening of the Ir-O2 projectedadises due to the shortening of O2-02 distances



can be seen in the [110] projection as ‘flatteniafjthe IrQQ octahedra. Together, the experimental
STEM images and the NPD data unambiguously prozddtmation of peroxolike species in the x =
1 sample, in good agreement with XPS measurem&hts. ABF-STEM analysis of more oxidized
materials is hindered by the increasing beam geigibf the structures (for x =0.35 image, see
Supplementary Fig. 9). Nevertheless, DFT calcubaticeveal that the removal of one more lithium
from LilrO; leads to a monoclinic distortion of the structwrieich is in perfect agreement with the
experimental data (see Supplementary Table 3) ande explained by a significant shortening of the
01-01 distances to reach equivalent 01-O1 and O2di€ances around 2.4 A in the fully
delithiated IrQ phase (see Supplementary Table 4).

Turning back to the cycling performances offtlii,IrO; cells (Fig. 5a), we observed 15%
capacity decay over the first 30 cycles when tHis @@e cycled between 2 V and 4.8 V versus Li
/Li° together with a 98.5% coulombic efficiency andextellent rate capability since 80% of the
initial capacity is accessible at a 4C discharge (8upplementary Fig. 10). To understand the origi
of the capacity decay, IfifLi,IrO; cells were cycled over different potential windoWkere is only a
minor decay when the cycling voltage is maintairedow 4.45 V. In contrast, capacity loss is
observed when the cells are cycled in the 4.45 & Myoltage domain. Electrolyte decomposition,
which is enhanced at high voltage, and the pooergibility of the structural transformation that
yields ‘IrOs’" above 4.45 V, are most likely at the origin oistldecay, but we cannot at present
determine which one predominates.

Finally, for sake of completion, we checked thesiusty of reducing further the material
and, surprisinglyp-Li,IrO; can reversibly uptake in a sustained way (Fig.®b)Li per formula unit
at a potential o~1.45 V versus Li/Li° via two biphasic processes (Supplementary Figantl12).
Overall, thep polymorph can therefore reversibly exchange 2.5 his is, to our knowledge, the first
compound ever reported that cycles more thang&etransition metal via reversible (de)interdalat
reactions.

The feasibility of preparing Li-free ‘Ir@ electrochemically (confirmed by atomic absorption
spectroscopy) fully validates our anionic redox aapt. Bearing in mind the presence of land
(O,)" species in this compound, we can estimate theevafla to be 3.3. Thus ‘IDcan be written as
‘Ir°*(05)°™ to maintain charge neutrality. Such a final stageld be obtained neither with layered
Li,lrO3 nor with layered Li-rich NMC materials, mostly lzerse they both lack the rigidity provided
by the 3D hyperhoneycomb network. Similarly, th@ymorph differs from Lj sNby Mg 40, (M =
Mn, Fe) and LisNbg M0, (M = Co, Ni)lg, which are described as cation-disordered rocksalt
phases and for which the Li, Nb and M disorder lm@®s a long-range ordered 3D network of the
metal-oxygen bonds. Moreover, because of sluggrsttiks, temperatures of 6C are necessary to
remove one out of the 1.3"Lin these phases, while all Li can be removed fflam,IrO; at room

temperature. Lastly, within this context of higlpaaity materials, it is worth mentioning the re¢gnt



reported rocksalttype nanostructured,NMn,Os' phase20, whose composition and structure argetot
determined.

We have previously shown, via the studyoefi,IrO; ™, that it is possible to suppress the
typical electrochemical behaviour of Li-rich laydrexides, where a staircase voltage profile on
charge is followed by an S-type profile on discleatyy increasing the covalence of the M—O bond via
the use of heavier 5d metals. This finding is m@ioéd with thep-Li,lrO; polymorph which, in
contrast to thex polymorph, does not show the resurgence of theaPes after several cycles, and
remains stable after full Li removal. The elastanstants of both the- andp-Li«IrO; polymorphs
were computed from DFT as a function of the Li eontx (Supplementary Fig. 13). The results show
that thep-phase displays a more isotropic mechanical regptmstress than thephase, as expected
from its 3D structure. Moreover, the-Li,IrO; phase at low Li content is predicted to be
thermodynamically unstable with respect to shesrsst while thel-phase remains mechanically
stable down to x =0.

The oxidation path foB-Li,IrOs; counts several steps that we could ascribe totanal phase
transformations. The electronic structures compied-Li.IrO; at different Li content (x =2, 1, 0)
confirm the synergetic cationic and anionic redoscpsses at each step of the delithiation, with an
equivalent contribution of Ir and O in the bandntyibelow the Fermi level for krOs; and LilrO,
(Fig. 6a, left). Focusing on the oxygen networkoiffir now on, Ol and O2 refer to the Fddd
description), the progressive formation of peroke-l species is clearly visible through the
discretization of the O(2p)-band when going fromid; to IrO; (see the O(2p)-band in Fig. 6a,
right). The evolution of the band lying just abdire Fermi level shows that O2 is mostly involved in
the oxidation process from JiO3 to LilrO3, while O1 is mostly involved in the oxidation pess
from LilrO3 to IrO;. Moreover by monitoring the oxidation degree of @d O2 via the variation of
01-01 and 02-02 distances for each voltage-compiogtateau (Supplementary Table 4) we could
confirm, as depicted by histograms in Fig. 6b, thath oxygens are equivalently oxidized during the
first (3.45 V) and the fourth processes (4.55 V)lavl®w2 and O1 are mostly involved in the second
(3.50 V) and third (4.40 V) oxidation processespextively. Such minor local structural changes
could be at the origin of the small potential splg in the low- and high-voltage plateaux.

In contrast, the one volt step increase at x =ulccbe due to the redistribution of the' lions
from the octahedral to the tetrahedral site, agmiesl by neutron diffraction, since a step of samil
amplitude was for instance observed in spingMbibO, upon the de-insertion of one Li when the
remaining L ions move from octahedral to tetrahedral sitesfufther support this hypothesis, the
electronic band structure was calculated forpthe,IrO; and for theu-Li,IrOs; polymorph for sake of
comparison (Supplementary Fig. 14 and Supplemerftable 5). They are nearly identical despite
different crystal structures, suggesting that thyology of IrQ—IrQs interactions is similar in both
systems, and that equivalent electrochemical resgsoshould be expected. This is clearly the case fo

the low-voltage processes, for which both phaselergo a joint cationic/anionic redox at very close

6



average voltages~@3.45 V). On the other hand, for the high-voltagecess, the two polymorphs
show different voltages~@4.45 V forp and~4.2 V for a %), suggesting also the importance of the
differing structural changes, namely the modificatof Li sites from octahedral to tetrahedral ie th

B-phase and the phase transition involving a glidihlyOg layers in thex-Li,IrO3; polymorph.

The band structures of both polymorphs are comgistéth the formation of peroxo-like
species at the early stage of the oxidation procEsss, it is tempting to see the existence of a
distorted IrQ octahedron in the pristine material as an indic&o anionic redox activity at low
potential, therefore opening new directions for eldvigh-energy-density materials. This is certainly
the case for botf- anda-Li,lrOs, but further examples are needed to ensure thestodss of such a
correlation. This structural feature in the pristmaterial could imply the presence of ligand hates
the pristine compound, not spotted by XPS, whichulekdoe neutralized by the addition of extra
electrons, via classical electrochemical reductiprgvided that the structure has extra sites to
accommodate Liions. Along that line, the possibility to furtherducef-Li,IrOs is not surprising, and

fully complies with the ligand hole chemistry pi@med by J. Rouxel for chalcogeni&fes’

In this report, we have demonstrated the feasibdit triggering anionic redox activity in
ordered 3D compounds. Moreover, we show that atBiztsire can present some advantages such as
the feasibility to remove all Li, owing to a greatgability of the structure and to achieve better
capacity retention than its layered counterpamkiao the absence of shear stresses associated wit
the gliding of the planes during cycling. Severgkresting findings are worth mentioning. Firstly,
there is a concomitant occurrence of cationic amdrac redox processes while such processes are
decoupled in LIRuUG; (ref. 9), with the anionic redox activity beinggtyered at potentials as low as
3.4 V versus Li/Li°. Secondly, the anionic redox mechanism progreseatinuously on charge,
irrespective of the structural transitions obsensejgesting that the voltage needed for aniomioxe
phenomena is closely linked to the M—O bonding eawd therefore be tuned. Thirdly, we show that
these redox processes do not trigger transitionalmetigrations as in the Ru-based layered
compound¥. Lastly, the 30B-Li,IrO; compound can be both fully oxidized and reducddature not
present with Li-rich NMC layered oxides. These fings offer additional clues to theorists to further

investigate the physics at work in these Li-riclides.

Overall, with the reversible uptake of 2.5 Li peansition metal, thg-Li,IrO; polymorph
nearly sets a record. Another unique featur@-bf,IrO; is its ability to lose all of its Li atoms, that
represents 33% of the atoms in the formula unitevkéeping its structural integrity. This situation
has never been seen in any layered oxides. Congguey increasing the structural dimensionality
in oxides, we now have access to a rich crystainitey, thereby opening wide the research field for

new high-capacity electrodes relying on reversamimnic redox activity.



METHODS:

Synthesis

B-LiolrOzwas prepared from I Sigma Aldrich, 99.9%) and L O; (Sigma Aldrich, 99.0%)
with 20 % excess. The reactants where mixed byrbidihg 30 min, pelletized and fired at 1000°C

for 86 hours under £atmosphere.
Electrochemical characterization

B-Li,lrO; was cycled versus 1/Li in Swagelok-type cells. The pristine materiahsvmixed
with 20 wt% carbon SP by ball-milling for 20 miniqr to cycling. A Whatman GF/D borosilicate
glass fiber membrane was used as a separator akddsavith LP100 electrolyte. The cells were
assembled in an Ar-filled glovebox and were cy@déd C/10 rate (1 Li removed in 10h) between 2
and 4.8 V versus [iLi if not otherwise specified. Samples #®rsitu characterization were recovered

inside the glovebox, washed thoroughly with anhydrbMC and dried under vacuum.
Diffraction measurements

X-ray powder diffraction (XRD) forin situ measurements were done using an airtight
electrochemical cell equipped with a Be window iBRUKER D8 Advance diffractometer with Cu
Ka radiation fxg = 1.54056 Ak, = 1.54439 A). Synchrotron X-ray diffraction measusmts were
performed on the 11-BM beamline of the Advancedi®m&ource at Argonne National Laboratory,
with a wavelength of 0.41417 A. The powder was mixéth an appropriate amount of amorphous
silica to limit absorption, and placed in a seatgdartz capillary (@ 0.7 mm). Neutron powder
diffraction (NPD) patterns for the pristine and 4d¥mples were measured on HRPT high-resolution
neutron powder diffractometer of the Swiss SpallatNeutron Source SINQ at the Paul Scherrer

Institute, with a wavelength of 1.494 A.
Electron microscopy

Samples for the transmission electron microscopgMJ investigation were prepared by
grinding samples in a mortar and dipping holey earfEM grids into the powder. To prevent
exposure of the samples to air they were storedpaegared for TEM in an Ar filled glovebox. A
special Gatan vacuum transfer holder was usedhfoahalyses. High-resolution high angle annular
dark field scanning transmission electron microgc@gAADF-STEM) and annular bright field
STEM (ABF-STEM) images were acquired on a proberakien corrected FEI Titan 80-300 electron
microscope at 300 kV.

X-ray photoemission spectroscopy (XPS)



XPS measurements were carried out with a Kratos Alltra spectrometer, using focused
monochromatic Al K radiation (v = 1486.6 eV). The XPS spectrometer was directiynected
through a transfer chamber to an argon dry boxorofer to avoid moisture/air exposure of the
samples. The analyzed area of the samples was 30D pm”. Peaks were recorded with constant
pass energy of 20 eV. For the Ags3dine the full width at half-maximum (FWHM) was @%V
under the recording conditions. The pressure iratiaysis chamber was around 5 % fitbar. Short
acquisition time spectra were recorded before dtet @aach normal experiment to check that the
samples did not suffer from degradation during i@asurements. The binding energy scale was
calibrated using the C 1s peak at 285.0 eV fromhtftzocarbon contamination invariably present. To
avoid any error on the calibration choice and farenprecision, binding energy difference between
the O1ls lattice and metal core peaks was also eesinCore peaks were analyzed using a nonlinear
Shirley-type backgrountf. The peak positions and areas were optimized bgighted least-squares
fitting method using 70% Gaussian, 30% Lorentziae shapes. Quantification was performed on the
basis of Scofield’s relative sensitivity factfsThe curves fit for core peaks were obtained using
minimum number of components in order to fit theperimental curves. For the valence band
intensity analyses, a baseline (Shirley-type bamlgd) was chosen between 0 and 12eV
approximately according to the experimental shdjwe. area of the band just below the Fermi level
attributed to Ir5d (taking into account the diffietial photoionization cross sections) was normdlize

to the area of Ir5p, to evaluate the modificatibelectronic population of that band during cycling
DFT calculations

Spin-polarized density functional theory (DFT) ed#tions were performed with the plane-wave
density functional theory VASP (Vienna Ab initionSiilation Package) cotf¢’ using the generalized
gradient approximation of Perdew—Burke—ErnzerhoBE)P to describe electron exchange and
correlation?® The rotationally invariant Dudarev metfddDFT+U) was used to correct the self-
interaction error of conventional DFT for correldig-electrons and dispersion corrections of Grimme
(D3)***!were also added to better describe weak van datsfifeteractions. All atom coordinates and
lattice parameters were fully relaxed using confeiggradient energy minimization until the forces
acting on each atom were less than 8.40 A. A plane-wave cutoff of 600 eV was used tfirdethe
basis set, with well-converged k-point sampling &ach compound. The elastic properties of the
studied phases were investigated through the catipatof the Hessian matrix of fully converged
structures and we used a home-made program to tiot3D representation of the C-matrix
components, following Marnier et .
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Table 1: Crystallographic data and atomic positionsof the 4 V-charged B-LilrO ; determined from
Rietveld refinement of neutron powder diffraction pattern. A bond valence sum analysis (BVS) (using,d
from Ir *) is included.

B'Ll 1IrO3

Space group Fd dd Rerage = 2.64 % )(2 =1.44
a=5.62149(6) A b =8.88673(10) A c=17.8518(2) A V=2891.815(17) A’

Wyckoff 2
Atom position x/a y/b z/c Occupancy B (A%) BVS
Ir 16g 1/8 1/8 0.70899(11) 1 1.54(4) 4.555(13)
Li3 16f 1/8 0.9732(8) 1/8 1 1.84(13) 0.974(6)
o1 16e 0.8566(6) 1/8 1/8 1 1.09(5) 1.906(9)
02 32h 0.6288(7) 0.34651(17) 0.03538(10) 1 1.42(4) 1.812(
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Figure 1: Structure of BLixIrO 3. Rietveld refinement of the neutron patterns andltieg
structures fo3-LiolrO3 structure (a, b, ¢) and 4 V-chargpd.ilrO3 (d, e, f). In red are the
experimental points, in black are the calculatettepas and in green are the differences
between the experimental and calculated pattefms.vé&rtical blue lines beneath the patterns
indicate the positions of the Bragg reflections(di the broad peaks a®25°, 42°, 80° are
from carbon. For the structural models, Li is omnly is blue, O is red. Note that Li is in
octahedral position iB-Li,lrOs (b) and in tetrahedral positions in 4 V-chardgedilrO3
(e).Also shown is the evolution of the pOctahedron from the pristirf2Li,IrO; state (c) to
the 4 V LilrO; compound (f). The average Ir-O distance is giviewi¢ative of the It

_ 2
oxidation), and we estimate the O-O distortion vitih formula:A = % 12 [%] ith

di the individual O-O distances. The shortest O-@adises in the octahedral are highlighted
in red with their distance (A) reported.
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Figure 2: Electrochemical data forp-Li«IrO ;. (a) The voltage profiles for the first 3 cycles
of B-Li»lrOs versus Li/Li° at C/10 rate. (b) The corresponding derivativesptix/dV for the
cycles 1 to 10. (c) Then situ XRD patterns ofp-Li,lrOs3 shown on the right and the
corresponding charge profile on the left. The mexlan the charge profile indicate the points
where intermediate phases were isolated and the d@&® were refined. Space group, lattice
parameters and unit cell volumes of key composstime indicated.
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(a) O 1s (b) Ir 4f (c) Vvalence band spectra
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Figure 3: XPS analysis(a) and (b) O 1s and Ir 4f XPS core spectra catbet situ
for B-LixIrOz at various states of charge and discharge. (cValence band spectra at various
points in the electrochemical cycle with the hattharea representing the spectral
participation of Ir 5d in this band. (d) The x dadence of the fraction of lattice oxygen
attributed to peroxo-like species and the integrat¢ensity of the Ir 5d band, normalized to
the area of Ir 5p peak.

17



[ pnstme x=2.0 charged, x=1.0 [ | charged, x=0.35 |

||
Hiz ‘ '.0, RN 10] \.\ \‘ 0]
:. b_'“‘ hH h“&&ﬂﬂ@g .v‘ A .’c'.' “k \‘ . @
LA b HQF . 0.0 od v~ .\
h *H'*'hﬂ !-h*'*hﬂri- v 1'..0 u‘t". od"‘i e " ‘\.
w1 hﬂ SOLN vers. W \.\.:I‘k

MM- ¥ t. A
& PG (RS ‘ _nu, e 'y
*h :‘:“hﬂ "q.“l:‘ e . ﬂt:':. ":0 .1 'l‘ :‘!.\‘ ‘
DN 4 -4 '::.!—.“.Q vu'v. X e \ \,.\‘\ .\

. . ‘ '.
t"‘““: n\:"”‘ mé’.ﬂ%.m By ol W 0 -'._' v OJ%. ‘ \‘.': 5 '@

.;“.ED:;::::hH;“ o ,s.
S e e e e 4

-

;

ABF intensity
ABF intensity
ABF intensity

e \ataata e b\t Aty

00 02 04 06 08 1.0 1.2 14 16 1.8 nm 0.0 02 04 06 0.8 10 1.2 1.4 1.6 1.8 hm 0.0 02 04 06 08 1.0 1.2 14 16 1.8 hmM

Figure 4: Local structure of B-LixIrO 3. [110] ABF-STEM images of the pristirf&Li,lrO3
and two charged LirOs; materials with x = 1.0 and x = 0.35. The corresjmnte between the
images and the projected structure of the mateisatlemonstrated on the magnified ABF-
STEM in the middle X 2). Intensity profiles highlight the structure olgas in the material
upon charging, i.e. the vanishing of the Li sigaatl formation of shortened projected Ir-O2
distances. The profiles are measured in the regtangegions indicated in the images and
integrated over the width. The arrows indicate #pproximate position of the atomic
columns in the profiles.
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Figure 5: Cycling behavior of B-LixIrO 3. (a) Voltage-composition curves f@@-LilrOg/Li
cells cycled over different voltage ranges togethigh their corresponding capacity retention
in the upper inset. The lower inset shows the dapestention over the full 2 V - 4.8 V range
compared to the one of the layer@golymorph cycled in the same voltage range. (g Th
voltage composition profile for a similar cell g&d on discharge (reduction down to 1.35 V,
red part of the curve together with a zoom of the Voltage region as an inset) and then
cycled from 1.35 to 4.8 V (only 2 cycles are shawlif)e capacity retention of the low voltage
plateau is shown in the upper inset.
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Figure 6: Electronic structures and computed voltags. (a) Density of states (DOS)
projected over the Ir and O atoms (left) and ovéra@d O2 atoms (right) at Li compositions
Li,lrOg, LilrO3 and IrQ. The Fermi level is indicated by the vertical dagHines. Upon
delithiation, the large oxygen band at x=2 progketg split into narrower bands
corresponding to the discretization of O(2p) levats ,0*, 7, n* levels of the O-O peroxo-
like species. The evolution of the contribution@f and O2 in the band lying just above the
Fermi level indicates the degree of oxidation & dhifferent oxygens and it shows that O2 is
mainly involved in the first process @liO3 / LilrO3) while O1 is mainly involved in the
second process, in full agreement with the evatutid the O1-O1 and O2-O2 shortest
distances listed in Supplementary Information, €aB#. (b) The histogram of the relative
contributions of O1, O2 and Ir in each electroclehprocess shown on a composition-
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voltage curve where the computed average voltdgask( horizontal lines) are compared to
the experimental data (grey). The jump in poterit@in the low- to the high-voltage process
is highlighted in green. The local structures & trO; dimers are given to illustrate the main
distortions occurring during the first process framlrO; to LilrO3; (02-O2 shortening) and
the second process from Lils@ IrO; (O1-O1 shortening).
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