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ABSTRACT: In order to exploit electrochemical capacity beyond the traditionally-utilized transition metal redox reactions in lith-
ium-metal-oxide cathode materials, it is necessary to understand the role that oxygen ions play in the charge compensation mecha-
nisms, i.e., to know the conditions triggering electron transfer on the oxygen ions and whether this transfer is correlated with battery
capacity. Theoretical and experimental investigations of a model cathode material, Li-rich layered Li,IrOs, have been performed to
study the structural and electronic changes induced by electrochemical delithiation in a lithium-ion cell. First-principles density func-
tional theory (DFT) calculations were used to compute the voltage profile of a Li/Li>IrO; cell at various states of charge, and the
results were in good agreement with electrochemical data. Electron energy loss spectroscopy (EELS), X-ray absorption near-edge
spectroscopy (XANES), resonant/non-resonant X-ray emission spectroscopy (XES), and first-principles core-level spectra simula-
tions using the Bethe Salpeter Equation (BSE) approach were used to probe the change in oxygen electronic states over the x =0 to
1.5 range. The correlated Ir M3-edge XANES and O K-edge XANES data provided evidence that oxygen hole states form during the
early stage of delithiation at ~3.5 V due to the interaction between O p and Ir d states, with Ir oxidation being the dominant source of
electrochemical capacity. At higher potentials, the charge capacity was predominantly attributed to oxidation of the O* ions. It is
argued that the emergence of oxygen holes alone is not necessarily indicative of electrochemical capacity beyond transition metal
oxidation, since oxygen hole states can appear as a result of enhanced mixing of O p and Ir d states. Prevailing mechanisms accounting
for the oxygen redox mechanism in Li-rich materials were examined by theoretical and experimental X-ray spectroscopy; however,
no unambiguous spectroscopic signatures of oxygen dimer interaction or non-bonding oxygen states were identified.

1. INTRODUCTION that have been explored, layered Li-rich TM oxides have been rec-
ognized as promising candidates to meet the above-stated needs.>
10 The Li-rich character of these materials, designated generally as
Li1+xTM; O3, necessitates the existence of excess Li cations in the
TM layer, which results in higher Li/TM ratio than in an ideal lay-
ered LiTMO, (x=0) structure such as LiCoO,. Beyond multivalent
TM ions that are oxidized and reduced during the charge and dis-
charge processes, respectively, when lithium is removed from, and

The widespread use of Li-ion batteries (LIBs) in portable de-
vices is largely enabled by transition-metal (TM)-oxide cathode
materials, such as LiCoO,.'? A growing demand for energy storage
requires further performance improvement of LIBs; in this respect,
considerable effort has been devoted to designing advanced cath-
ode materials that will provide cells with higher energy density and
superior cycling stability. Among the numerous cathode materials




reinserted into, the host electrode structure, oxygen ions are also
believed to contribute substantially to the anomalously high capac-
ity of layered Li-rich materials.

Lithium-TM-oxide cathodes containing Ni, Mn, and Co ions,
known collectively as “NMC” materials, are attractive for Li-ion
battery applications because they offer higher energy storage ca-
pacities and are less expensive than LiCoO,, which is currently the
predominant cathode material for consumer electronic devices.
Luo et al.! recently investigated charge compensation mechanisms
in Li; 2[Nig 13Mng 54C09.13]O; electrodes during electrochemical cy-
cling using spectroscopic techniques such as X-ray absorption
near-edge structure (XANES) and resonant inelastic X-ray scatter-
ing (RIXS). They found that, besides TM oxidation, the removal of
Li* is also charge-compensated by both irreversible oxygen evolu-
tion and the formation of holes on oxygen sites; the latter phenom-
enon being the dominant source of extra capacity beyond TM oxi-
dation. A theoretical explanation of the structural and electronic
origin of such an oxygen-redox-induced capacity in Li-rich and cat-
ion-disordered cathode materials has recently been proposed by
Seo et al.,'> which states that the linear Li-O-Li bonding enabled
by the existence of Li atoms in the TM layers causes isolated O 2p
states that are not hybridized with TM, and electrons are preferen-
tially removed from these states once oxygen redox is activated.

Harnessing the capacity stored in the anion matrix of Li-rich
metal oxide electrodes provides an intriguing route to designing
novel cathode materials with extremely high capacity relative to
LiCoO;. In addition, a deep understanding of the structural and
electrochemical phenomena that occur during Li extraction/inser-
tion reactions in these materials may enable advances in their struc-
tural design.'3-'® Making such advances is challenging because, ul-
timately, the oxidation of a close-packed oxygen ion array is likely
to be accompanied by oxygen loss and a destabilization of the
structure. For instance, it has been demonstrated that the concomi-
tant release of O, during the delithiation of layered Li;MnOs® in-
duces interlayer Mn migration'” and a layered-to-“spinel-like”
transformation,'®?° making it difficult to differentiate the signal
changes related to cationic/anionic redox reactions from those
caused by electrochemically-induced structural degradation in
spectroscopic measurements. In a combined electrochemical and
theoretical study, McCalla et al.® demonstrated that a Li,IrO; elec-
trode, which contains a 54 TM ion and is isostructural with
Li,MnO;3, cycles more than one Li per formula unit with reasonably
good stability. Surface-sensitive X-ray photoelectron spectroscopy
(XPS) was used to examine the oxygen ls core-level state during
charge, and a “peroxo-like” O-O bond was inferred from XPS peak
fitting. Despite the lateral gliding of the TM layers during Li ex-
traction, no interlayer TM cation migration was observed, and only
a slight amount of released O, was detected above 4.3 V. Li,IrO;
is, therefore, a good model system to compare and understand the
oxygen redox chemistry in lithium-rich TM-oxide electrode mate-
rials, due to its low structural degradation upon cycling. However,
the detailed atomic-scale structural changes during the charge pro-
cess are unclear, making the link between structural and electronic
evolution elusive. Moreover, changes in the electronic properties
of oxygen in the bulk of this material have not been rigorously
probed, and therefore it is difficult to determine the role — or lack
thereof — of oxygen redox during electrochemical cycling. Under-
standing the structural and electronic properties of Li,IrOs at dif-
ferent states of change is thus important, and has broad implications
for the family of layered TM oxide cathodes.

In this study, the structures of Li>«IrO; (0<x<2) and the electro-
chemical profile of the initial charge were investigated using a
combined charge equilibration and DFT scheme. Both the pre-
dicted structures and voltage profile show good agreements with
transmission electron microscopy (TEM) and electrochemical ex-

periments. Core-level spectroscopy was used to study the elec-
tronic structure at oxygen sites. To preclude the influence of elec-
trolyte side reactions and measurements of solid-electrolyte inter-
phase (SEI) compounds, electron energy loss spectroscopy
(EELS), X-ray emission spectroscopy (XES), and partial- and to-
tal-fluorescence-yield (PFY/TFY) mode X-ray absorption near-
edge spectroscopy (XANES) were used; these techniques are at-
tractive because of their ability to detect bulk properties and to ob-
serve directly the electronic response of oxygen to Li extraction.
Previous studies proposed several mechanisms to elucidate the un-
derlying chemical processes that trigger oxygen redox activities,
based on experimental XPS,*¢ RIXS,?'-?? and theoretical studies.'?
In this work, experimental and theoretical XANES and XES linked
the spectroscopic signals with specific chemical processes and
therefore were able to examine spectroscopic signatures corre-
sponding to the previously-proposed mechanisms. The analysis re-
vealed significant changes in electronic structure and emergence of
oxygen hole states during the initial delithiation step. The degree
of covalency between the oxygen and TM ions was found to play
an important role in inducing oxygen hole states and determining
the extent to which capacity is introduced by oxygen redox reac-
tions.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Synthesis. Li;IrO; powder was prepared by solid-state synthe-
sis. Stoichiometric amounts of lithium carbonate (Li,CO3, 99%,
Sigma Aldrich) and iridium oxide (IrO,, 99%, Alfa Aesar) were
thoroughly mixed with a mortar and pestle.?* The precursor mix-
ture was pressed into a pellet and fired in air at 950 °C for 2 days.
The heating rate was 2 °C /min; the cooling rate was not controlled.

Electrochemistry. Electrochemical characterization was con-
ducted with coin cells (2032 type, Hohsen) assembled in an Ar-
filled box (O, <1 ppm, H,O <1 ppm). A homogeneous slurry con-
taining Li>IrO; powder (84 wt %), carbon black (8 wt %, Super P-
Li, Cabot Co.), and polyvinylidene difluoride binder (8 wt %, Sol-
vay) was prepared with an N-methyl-2-pyrrolidone solvent and
coated on aluminum foil. The electrode laminate was dried in a
vacuum oven overnight, and electrode discs (12.7 mm diameter)
were punched out for coin cell tests. The typical active materials
loading was 3 mg/cm?. A lithium metal disc was used as the anode,
and the electrolyte was 1.2 M lithium hexafluorophosphate (LiPFs)
dissolved in a 3:7 mixture solvent of ethylene carbonate (EC) and
ethyl methyl carbonate (EMC). The electrochemical charge-dis-
charge tests were conducted at 25 °C in a temperature-controlled
chamber.

First-principles density functional theory (DFT) calcula-
tions. DFT calculations using the plane-wave code VASP? with
projector augmented wave (PAW) potentials for core electrons
were performed to model the structural and thermodynamic prop-
erties of Li>IrOs. Due to the large computational load in sampling
the configurational spaces of LirIrOs, the soft version of the oxy-
gen PAW atom potential supplied by VASP was used, in conjunc-
tion with a kinetic energy cutoff of 353 eV. To ensure the validity
of utilizing soft oxygen pseudopotentials, we also computed the
voltages of Li>IrO3 delithiation using regular oxygen pseudopoten-
tials along with 500 eV cutoff energy, and the comparison between
the soft and regular oxygen pseudopotentials results is presented in
Section 3. Various types of exchange-correlation functionals and
corrections were evaluated, including the standard generalized-gra-
dient approximation (GGA) with the parametrization of
Perdew—Burke—Ernzerhof (PBE),”” and modified functionals with
dispersion (van der Waals) corrections. The on-site Coulomb inter-
action was accounted for by adding a Hubbard-U term,’® with a U
value of 1.0 eV adopted from a previous study.?® All calculations
were spin-polarized. The Brillouin-zone integration was performed
using a T-centered grid with a k-point spacing less than 0.35 A~1



in the reciprocal space. The electronic energies near the Fermi level
were smoothed using the Gaussian smearing technique with a
smearing width of 0.05 eV. The lattice parameters and positions of
all atoms were allowed to relax until the total-energy difference be-
tween two consecutive self-consistent iterations was less than 10
4eV. All structures were relaxed twice, with the final structure
from the first relaxation being used as the starting configuration for
the second relaxation. All the atomic models were visualized with
the VESTA package.’® To obtain more accurate results on the elec-
tronic structures, the structures of Li» x<IrO; on the constructed con-
vex hull (x=0, 1 and 1.5) obtained with PBE+U were further re-
laxed using the Heyd-Scuseria-Ernzerhof (HSE) screened hybrid
functional,’ including spin-orbit coupling (SOC). The density of
states (DOS) of these three structures were computed accordingly.

Charge equilibration (QEq) method. The QEq approach was
adopted to calculate the electrostatic energies of Lir«IrOs. The
methodology of QEq was introduced by Rappé and Goddard.*? In
this technique, the electrostatic energy of an atom is described by
its electronegativity (), atomic hardness (J) and covalent radius
(R). The charge of an individual atom was obtained by minimizing
the overall electrostatic energy of the system. It is worth noting that
the electronegativity and atomic hardness of an atomic species are
specific to its bonding environment and need to be explicitly deter-
mined for the Li-Ir-O system. Sen et al.? determined the QEq pa-
rameters for Ir and O by fitting to DFT-calculated energetic and
structural properties of IrO, polymorphs. The chemical environ-
ments of Ir and O in IrO, and Li>IrO; are similar in several ways:
the valence states of Ir** and O* are identical in both compounds,
and Ir atoms are octahedrally coordinated by O atoms. We thus em-
ployed the Ir and O QEq parameters from Ref. 29. The covalent
radius of Li was also adopted from previous work,>> and the values
of y and J for Li were determined by performing an extensive
search of physically reasonable values to fit the Bader charge®* of
Li atoms. Details of QEq parameterization and the comparison be-
tween QEq charges and Bader charges are presented in Section S4
in the Supporting Information (SI).

Transmission electron microscopy (TEM). TEM analyses
were done using a JEOL 2100 FasTEM, equipped with a Schottky
field-emission electron gun operating at 200 kV. This TEM is
equipped with a Gatan GIF camera system for high-resolution
TEM imaging. The JEOL 2100 was also operated in scanning
transmission electron microscopy (STEM) mode to conduct high-
angle annular dark-field (HAADF) imaging, energy-dispersive X-
ray spectroscopy (EDS), and EELS. Specifically, EDS analysis was
collected using an Oxford Inca EDS system with a Si-Li detector.
EELS were collected using a Gatan Enfina EELS spectrometer.
The energy resolution for the EELS was 1.0 ¢V, based on the full-
width half-maximum value of the EELS zero-loss peak. Further-
more, a convergence angle of 8.4 mrad and collection angle of
14 mrad were typically used in spectra acquisition. After electro-
chemical cycling, the cells were disassembled in a glovebox, and
the active material was rinsed of electrolyte. TEM samples were
prepared by scraping Li»«IrO; off the current collector and onto a
copper-mesh TEM grid with a lacey carbon support film.

X-ray absorption and emission spectroscopies. Ir M3-edge
and O K-edge X-ray absorption near edge structure (XANES) were
performed for pristine and cycled samples in the electron (surface)
and fluorescence yield (bulk) modes at beamline 4-ID-C of the Ad-
vanced Photon Source. Samples were transferred from a glovebox
into a transfer container and then an X-ray absorption chamber via
an argon environment. This was done in order to maintain a clean
sample. During the measurements, the oxygen K edge was energy
calibrated using a SroRuOs reference measured simultaneously
with the sample XAS. For the Ir M3 edge, the energy reference was
the Mo L edge. Iridium L3 spectra were measured on cycled lami-
nates using transmission-mode x-ray absorption spectroscopy at

sector 10BM of the Advanced Photon Source. Samples were sealed
using aluminized mylar to minimize oxygen and moisture expo-
sure.

The first-charge X-ray emission spectroscopy (XES) measure-
ments were taken on the REIXS beamline at the Canadian Light
Source (Saskatoon, Canada). The O K-edge XES spectra were col-
lected using a Rowland circle type spectrometer with an effective
resolving power of approximately 1400. The REIXS beamline re-
solving power for these measurements is typically 5000. The sam-
ples were mounted on carbon tape inside an argon filled glovebag
before being transferred into the endstation which has a typical base
pressure of 3 X 10 Torr. The spectra were calibrated using boro-
silicate glass as a reference sample. The spectra were all normal-
ized using the drain current from a gold mesh placed upstream of
the sample.

XANES simulations. The XANES simulations were performed
using the OCEAN package?>® that implements the Bethe-Salpeter
equation (BSE), which is built upon a DFT ground-state calcula-
tion. The ground-state charge density, and the wave functions used
in core-hole screening and BSE calculations were obtained using
the Quantum Espresso®’ package. The local-density approximation
(LDA) was used as the exchange-correlation functional. Norm-
conserving pseudopotentials from the ABINIT?® distribution were
used, in conjunction with a cutoff energy of 952 eV.

The size of the k-point grid used to solve the Kohn-Sham states
was 6x4x6 for pristine (24-atom cell) Li,IrOs, and was adjusted
according to the size of other simulation cells. A 12x9%12 k-point
grid yields essentially the same result for pristine Li>IrOs;. The
screening calculations for all the structures used a 2x2x2 k-point
grid. The number of unoccupied bands used for the BSE calculation
was 500, and the screened core-hole potential calculation included
800 bands. It should be noted that the number of bands influences
the range of energies in which the spectra are reliably simulated.
When 800 and 1200 bands were used for the BSE and screening
calculation, respectively, no obvious differences in the spectra
were found in the energy range up to 40 eV above the edge. Only
dipole-allowed transitions were considered. The photon polariza-
tion vectors were set at [100], [010] and [001], and the final spec-
trum of each structure was obtained by averaging the spectra gen-
erated from using each of the polarization vectors.

3. RESULTS AND DISCUSSION

Structural and electrochemical properties of Li»IrOs. Figure
1a shows the initial voltage profiles of the Li,IrOs electrode cycled
between 2.0 V and 4.6 V at a C/20 rate (1C = 200 mA/g). The ini-
tial charge and discharge capacities are 163 mA h/g and 160
mA h/g, respectively, corresponding to the (de)intercalation of
~1.5 Li ions per formula unit of Li,IrOs. The voltage profiles ex-
hibit two voltage plateaus at approximately 3.5V and 4.1 V. The
electrochemical charge/discharge process is highly reversible, such
that 83% of the initial discharge capacity was retained after 50 cy-
cles (Figure 1b and Figure S1). The observed electrochemical be-
havior of Li,IrO; is consistent with that reported by McCalla et al.,
who also identified the electrochemically induced structural transi-
tion between the O3-type LiIrOs and O1-type LigsIrOs structures.
Structural models of Li>IrO; and LigsIrOs are shown in Figure 1c.
Pristine Li»IrOs has monoclinic symmetry that belongs to the C2/m
space group,*®*® with oxygen atoms arranged in a close-packed
ABC stacking sequence (O3-type), as confirmed by the Rietveld
refinement of the X-ray diffraction (XRD) pattern (Figure S2). The
Li atoms in the pure Li layer reside in the 2d and 44 Wyckoff po-
sitions, while in the TM layer, Li atoms are located at the 2a posi-
tion. The product at the end of charge, LiosIrO;, differs from the
pristine structure in several ways: the oxygen atoms are arranged
in an AB sequence (O1-type) in a structure that has orthorhombic
symmetry. All Li atoms initially in the TM layers are removed,



while the remaining Li atoms in the pure Li layer are accommo-
dated in the 2c Wyckoff sites, indicating intra-layer migration of Li
concomitant with electrochemical extraction. Such a phase transi-
tion between O3- and O1-type structures is reversible, as shown in
the high-energy XRD pattern in Figure S3.
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Figure 1. (a) Voltage profile of the first cycle of Li»IrOs at C/20.
(b) Charge/discharge capacity as a function of cycle number (first
50 cycles). (c¢) Structural models of Li;IrOs and Lig 5sIrOs. O stack-
ing sequences of these two phases are labeled; Wyckoff positions
of Li atoms are represented by different colors.

DFT-predicted Li,..IrOj3 structures. Recent theoretical studies
have revealed the indispensable role of an appropriate dispersion
correction when describing the structural response of layered cath-
ode materials to Li extraction,*'*? with one important example be-
ing the experimentally observed inter-layer spacing change of
LiCoO, upon delithiation.** This spacing cannot be correctly repro-
duced by DFT calculations if van der Waals (vdW) interactions are
not considered.*' Therefore, DFT studies were initiated by first de-
termining the appropriate vdW treatment on layered Li>IrOs sys-
tems, through a thorough evaluation of the vdW-inclusive ex-
change-correlation functionals, in which non-local electron corre-
lation effects are explicitly taken into account. As Li atoms are ex-
tracted from the system, the electrostatic interaction between layers
is weakened such that dispersion effects become more dominant.
Therefore, we compared the structures of Li-deficient Lig sIrOs ob-
tained using various functionals with experimental observation.
The results are presented in Section S2. The structures obtained us-
ing the optPBE-vdW** functional show the best overall agreement
with previous experiments in terms of inter-layer distance and cell
volume,® and therefore, this functional was adopted in the follow-
ing DFT calculations.

Understanding the structural evolution induced by electrochem-
ical Li extraction is important when elucidating the phase transi-
tions and voltage change. We consider two theoretical approaches

for predicting the stable structures during (de)intercalation. In the
first, a “history-dependent” method, the Li atoms are removed in a
sequential manner. The removal of each geometrically unique Li
atom is performed separately, and the configuration with the lowest
energy is selected as the starting configuration for the following Li
removal.*#7 The second approach involves the enumeration of all
possible Li/vacancy arrangements at each (de)lithiation stage for a
given supercell size, and evaluating the energy of each configura-
tion using an effective Hamiltonian such as electrostatic en-
ergy, % classical interatomic potentials* or cluster expan-
sions.>*! Both approaches have proven effective for predicting the
structures and voltages for different Li (de)intercalation processes.
The latter, designed for on-site configurational sampling problems,
was found to be more effective than history-dependent sampling
(Section S3) in determining low-energy structures during the deli-
thiation of LixIrOs.

To accelerate the configurational sampling, classical pairwise
potentials*?> or electrostatics®® can be used to perform an initial
screening of the energies of possible cationic orderings before the
lowest-energy configurations are further screened by DFT calcula-
tions. To our knowledge, no classical potential parameters are
available for the Li-Ir-O systems. Considering that atomic charges
vary with local chemical environments, a modified electrostatics
screening scheme was used in this work in which the electrostatic
energies are calculated using a variable-charge approach based on
QEq charge equilibration,* before more accurate DFT calculations
are performed using the lowest-energy structures selected by elec-
trostatic energy ranking. This approach is similar to that adopted in
the previous computational work to sample non-equilibrium phases
in electrochemical systems,”> but instead of using pre-assigned
atomic charge states, the QEq method allows self-adaptive charge
assignment that is responsive to the changing chemical environ-
ment.

A detailed description of the QEq parameterization and the ro-
bustness of these parameters is given in Section S4. The atomic
charges calculated by QEq approach closely match the values ob-
tained from Bader charge analysis, and the charges of the oxygen
atoms were observed to vary according to the stage of delithiation
(Figure S6). All Li>«IrOs structures were generated using the de-
rivative structures enumeration algorithm proposed by Hart et al >3,
and the cell used in the enumeration was the conventional Li,IrOs
cell containing 8 Li atoms. Both O3 and Ol stacking sequences
were considered for each Li content. All 2c¢ (0.5, 0.5, 0.5),
2d (0, 0.5, 0.5), 4h (0, 0.84, 0.5) and equivalent sites in the Li
layer, as well as 2a (0, 0, 0) and equivalent sites in the TM layer
were considered for Li occupation. During the enumeration, a cer-
tain portion of the possible Li occupation sites were populated ac-
cording to the Li concentration (value of x), with all unique com-
binations of occupied and unoccupied sites for the simulation cell
being considered. All O3 and O1 Lix«IrO; structures were ranked
by the electrostatic energy calculated using the QEq scheme. The
fifteen lowest-energy configurations at each x for both O3 and Ol
stacking were subsequently evaluated by DFT calculations, and the
most stable structure for each x was thus obtained. Accordingly,
the delithiation reaction energy AE,. at various delithiation stages
can be calculated as

AE,(Liy_yIr03) = E(Liy_,Ir03) + xE(Li) — E(Li,Ir03)
where E (Li,_,Ir03), E(Li) and E (Li,Ir03) represent the DFT
energies of Liy«IrOs, metallic Li and pristine Li>IrO3, respectively.
Considering the delithiation/lithiation reaction between Liy IrO;
and Li,, IrOz, where x; and x, represent adjacent stable phases on
the convex hull, the equilibrium voltage (V) relative to Li/Li* can
be computed as>*

V = —{[E(Liy,Ir03) — E(Liy, Ir05)]/(x; — x,) — E(Li)}
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Figure 2. (a) Delithiation reaction energies of Li»IrO3 calculated
using various Li-removal schemes. The reaction energies were nor-
malized by the number of atoms in Li>IrO; unit cell. The convex
hull was obtained using the lowest energies for each x. (b) Com-
parison between experimental OCV and calculated voltage pro-
files. The vertical dashed lines highlight the correspondence be-
tween the steps in the calculated voltage profile and the kinks in the
reaction energy convex hull. Insets show the lowest-energy config-
urations sampled at x=1.0 and 1.5. Green spheres and polyhedra
represent Li, yellow spheres represent Ir, and red spheres represent
oxygen.

The convex hull was constructed from the formation energies
obtained by both history-dependent and enumeration approaches,
as shown in Figure 2a. A low-energy phase at x=1 can be observed
on the convex hull, which divides the calculated voltage profile into
two plateaus in the 0<x<1.5 interval (Figure 2b). This finding is in
excellent agreement with previous measurements.®>* The calcu-
lated voltages at the first and second plateaus are 3.22 V and 3.85
V, respectively, which also agree reasonably well with the experi-
mental open-circuit voltage (OCV), as shown in Figure 2b. For
comparison, the corresponding voltages calculated using regular
oxygen pseudopotentials are 3.23 V and 3.76 V, respectively. The
voltages calculated using HSE functionals and different U values
for PBE+U functionals are shown in Figure S7. The structures of
lowest-energy phases at x=1.0 and 1.5 obtained using DFT are pre-
sented in the insets of Figure 2. In LilrOs all Li atoms reside in
tetrahedral sites after DFT relaxation, rather than the original octa-
hedral sites, while the O3 stacking is retained. In contrast, upon
further Li extraction to LigsIrO;, the remaining Li atoms are more
energetically likely to be in the octahedral sites, and O1 stacking
becomes more stable than O3. The computed Lig sIrOs structure is
identical to the experimental structure recently reported by
McCalla et al.® The origin of the two plateaus in the range 0<x<1.5
can tentatively be attributed to the variation of the Li site energy at
different delithiation stages.>® Figure S8 shows all the intermediate
lowest-energy LirIrOs structures in the 0<x<2 range from DFT
calculations. For 0<x<1, the Li atoms are extracted exclusively
from the octahedral sites, yielding a first plateau at ~3.5 V. For
1<x<1.5, Li atoms are extracted from the tetrahedral sites, which
have different site energies from the octahedral sites, resulting in a
second, higher voltage plateau. It is worth noting that another

LilrOs polymorphic structure was identified, in which all Li atoms
exclusively reside in the octahedral sites between the TM layers
(Figure S9a). DFT calculation shows that this structure is margin-
ally less stable than the one with Li atoms in tetrahedral sites (Fig-
ure 2), by 56 meV/atom. Therefore, it is possible for these two
structures to co-exist at elevated temperatures. Overall, DFT calcu-
lations successfully captured the phase transition of Li,IrO; after 1
Li removal, and the atomic-scale morphology of the end produce
LigsIrO3, as observed in experiments.

Morphological changes observed by TEM. The phase evolu-
tion of Li>«IrO; at the nanoscale is probed through a combination
of TEM imaging and diffraction. Figures 3a-f show representative
TEM images of Li,«IrOj; particulates from regions I, 111, and IV of
the voltage profile in Figure 1a, during the first delithiation cycle.
Most particles are several hundred nanometers in size, but have
edges that are thin enough for imaging and STEM-EELS analysis.
Comparison of the Li».«IrO3 images at higher magnifications (Fig-
ures 3d-f) shows no significant variation in sample morphology at
the nanometer scale. This is consistent with expectations for a Li-
intercalation based material as no major changes in lattice spacings
of the structure occur during delithiation.
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Figure 3. (a-c) Medium-magnification and (d-f) high-magnifica-
tion TEM images of Lir«IrO; for (a,d) x=0, (b,e) x=1, and (c,f)
x=1.5. The Lir«IrO; samples were cycled ex-situ and examined
during the first delithiation cycle. Medium-magnification images
have boxed regions where the high-magnification images were
taken. Scale bars are 100 nm for (a-c) and 10 nm for (d-f). (g-1)
Selected-area electron diffraction patterns for (g) LirIrOs, (h)
LilrO3, and (i) Lig 5sIrOs. The indexed zone axes are marked in (g,h).
Theoretical diffraction rings are plotted in (i) for LilrOs, in red, and
LigsIrOs, in green, to show the two phases. The LilrOs [101] and
[103] rings are marked with red asterisks.

The LirIrO; samples were also examined with selected area
electron diffraction (SAED) in the TEM to determine the structural
phase composition. Figures 3g-i exhibits representative SAED pat-
terns of Lip«IrOs collected from regions shown in Figures 3a-c.
Pristine Li,IrO3 was found to consist of a single phase, as expected.
The SAED pattern shown in Figure 3g was indexed to the [001]
zone axis. The SAED pattern was collected from two grains that
were rotated with respect to each other, resulting in two sets of



spots with the same zone axis but slightly different rotational ori-
entations. LilrOs, seen in Figure 3h, also demonstrated single-
phase behavior and the SAED pattern could be indexed to the [0-
1-1] orientation. Differentiating between Lig sIrO3 and LilrOs can
be difficult because many of the diffraction rings for both phases
have very similar d-spacings. This condition is shown in Figure 3i,
which was derived with the calculated diffraction ring spacings for
Lio sIrO; (green) and LilrO; (red), and with the indices for all rings
listed in Table S4. Some diffraction spots could not be attributed to
LigsIrO;, but had d-spacings that matched with the LilrO; [101]
and [103] diffraction ring spacings (marked with red asterisks). It
is reasonable that some residual LilrO; may be present in the
LisIrO; sample at the nanometer scale, as extraction of 1.5 Li/Ir is
reached at the upper cutoff voltage for electrochemical cycling, and
the delithiation reaction may not have been fully completed across
the entire sample. However, the EELS data discussed later in the
SI showed clear differences in both low-loss and core-loss features,
and the sample could be identified as primarily Lig sIrOs.

Ir-site electronic structure changes via XANES. Oxygen re-
dox is closely intertwined with TM redox during electrochemical
processes. Changes in the Ir oxidation state were probed by
XANES of'the Ir M3 edge. Figure 4a shows the experimental Ir M-
edge spectra at different stages of charge, as labeled in Figure 1a;
the centroid energies of the Ir M3 edge were computed to demon-
strate the change in Ir oxidation state (Figure 4b). On the first plat-
cau of charge (stage I to III), the centroid energy of Ir M3 edge
increases monotonically, indicating continuous oxidation of Ir,
whereas the centroid energy drops at the end of the second plateau
(stage IV), which implies the reduction of Ir between stages I1I and
IV, where the equivalent of 1.0-1.5 Li has been removed. The Ir L3
edge shows essentially the same trend as the M3 edge (Figure S10).
A reductive coupling mechanism was proposed in previous theo-
retical studies,*!'> which states that the formation of peroxo-like O-
O dimers at high voltages causes charge transfer from oxygen to
highly oxidized TM, given that the peroxo-like species is cova-
lently bound to the TM, and this would ultimately allow the TM to
be reduced. However, as discussed in the following sections, the
theoretical or experimental O K-edge spectroscopy did not recover
any spectral signatures of peroxo-like species in charged Li,IrOs,
so the evidence confirming oxygen dimer to TM charge transfer is
lacking. Alternatively, it is possible that the decrease in the overall
Ir oxidation state between stages III and IV is due primarily to ox-
ygen loss from the lattice. However, considering the good cycling

stability during the first 50 cycles (Figure 1b), the loss of oxygen
during each cycle appears to be minor. This was verified by the
differential electrochemical mass spectrometry (DEMS) measure-
ments previously reported by McCalla et al.,* which showed that
oxygen evolution does not occur until the voltage reaches 4.3 eV,
and the amount of oxygen release above 4.3 V is small. Therefore,
it is unclear if such a minor oxygen loss is adequate to cause the
observed Ir reduction. Further studies are needed to fully under-
stand why Ir is reduced in the second charge plateau. In the first
discharge, Ir is reduced, and a reversal from the first charge can be
seen, as well as substantial deviations from the charge product at
x=0.5 and 1.0. The oxidation state of Ir at the end of the first dis-
charge differs slightly from that in the starting Li>IrO; compound.

Oxygen-site electronic structure changes via XANES and
XES. A bulk-sensitive and direct probe of the electronic structure
changes in oxygen is essential for developing a comprehensive un-
derstanding of the redox reaction. Such a probe of oxygen-site elec-
tronic structure was provided by STEM-EELS and XANES during
the first charge-discharge cycle. Presented in Figure 4c¢ are the O
K-edge XANES of Li)«IrO; (x=0, 1 and 1.5) collected in the par-
tial-fluorescence-yield (PFY) mode. The BSE-simulated spectra,
shown alongside the experimental results, were calculated using
the DFT-derived lowest-energy structures (Figure S8). In all three
structures, the broad features after 535 eV are due to the electron
transition from the occupied O 1s state to the unoccupied O 2p hy-
bridized with Ir 6sp. On the other hand, two pre-edge peaks labeled
o and B correspond to the transitions to O 2p states hybridized with
Ir 2, and e, d states, respectively. The computed spectra corre-
sponding to the two different LilrO; polymorphic structures (Fig-
ure S9a) were compared in Figure S9b. The two polymorphic struc-
tures result in similar spectral features in the simulated XANES,
whereas the LilrOs structure with Li atoms exclusively at octahe-
dral sites exhibits a relatively smaller splitting between o and 3
peaks. Experimentally, the O K-edge spectra were also collected in
a surface-sensitive total-electron-yield (TEY) mode, but some of
the pre-edge features are substantially different from those ob-
tained in the fluorescence-yield mode (Figure S11). Since electron-
and fluorescence-yield modes of soft X-ray absorption probe
depths of a few nm*’ and ~100 nm*® respectively, such difference
can be attributed to the formation of surface phases on the electrode
during electrochemical cycling,® highlighting the importance of
using bulk-sensitive probes for determining oxygen electronic
structure.
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Figure 4. (a) Stack plot of experimental Ir M3-edge XANES and (b) Ir M3-edge centroid energies. (¢) Experimental bulk (partial fluorescence
yield) (solid black) and calculated (dashed red) O K-edge spectra. The simulated spectra are offset horizontally to align with experimental
spectra, and offset vertically for presentation. Spectra are collected at different stages of charge, as labeled in Figure 1a. (d) Schematic band

structures of Ir 54 and O 2p of LixIrO; and LilrOs.

A focal aspect of the oxygen XANES data is the evolution of
the aforementioned o and 3 peaks during electrochemical cy-
cling, due to their sensitivity to the electronic structure of oxygen.
The simulated spectra (Figure 4c) show excellent agreement with
experimental measurements in terms of the changes in peak
shapes and peak separations, which again corroborates the DFT-
predicted structures. For the pristine Li>IrO; at stage I, peaks o
and [ are found at 529.6 eV and 532.4 eV, respectively. The en-
ergy separation of 2.8 eV agrees with previously reported split-
ting between Ir £, and e, states.*%" Across the first charge plat-
cau (stages II and III), peak a shifts toward lower energy, sug-
gesting a larger splitting between Ir ¢, and e, states, which, to-
gether with the increased intensity of peak a, is typically corre-
lated with the loss of d electrons.®"-% Pristine Li>IrOs is known to
be a Mott insulator,* with the energy cost for moving electrons
from occupied 5d to unoccupied 5d states (U) smaller than from
O 2p to Ir 5d (4), as illustrated in Figure 4d. As the number of
electrons in Ir 5d decreases during delithiation and the Fermi level
(EF) shifts down, the charge transfer energy A4 is reduced, which
leads to a negative charge-transfer system with electrons in occu-
pied O 2p transferred to unoccupied Ir 5d, leaving self-doped
holes in the O 2p band.®>% Therefore, during the first Li removal,
instead of pure TM oxidation Ir 5d° — 5d*, this process can be
described as 5d° — 5d**YLY (y > 0), where L denotes holes in
the O 2p band (Figure 4d). In other words, the oxygen holes arise

due to enhanced mixing between O 2p and Ir d, thus the local
formal charge state of Ir in LilrOs is likely to be slightly lower
than +5.

These results demonstrate that the oxygen holes may form by
charge redistribution between O p and Ir d states at a relatively
low voltage (3.5 V) and manifest themselves in the larger peaking
splitting and higher peak intensity in XANES measurements.
However, extra capacity beyond what can be delivered by Ir** to
Ir™> oxidation should not be anticipated at this stage. Across the
second plateau of charge (stage III to IV, starting at 4.1 V), the
shape of O K-edge spectra and splitting between the two pre-edge
structures are almost unchanged, indicating relatively invariant
energies of the O-Ir hybridized states upon the next 0.5 Li re-
moval. Notably, the analysis of Ir M3 edge shows minor Ir reduc-
tion on the second charge plateau, which means that the charge
capacity is not due to Ir oxidation, and the only source of capacity
at this stage is the oxidation of the oxygen lattice. To examine if
this oxygen redox behavior revealed by the core-level spectra is
reversible upon electrochemical cycling, oxygen K-edge XANES
measurements were also performed on cycled LiIrO; and
Lig sIrO;. The positions and relative intensities of o and 3 peaks
were recovered at each cycle (Figure S12), confirming the revers-
ibility of the oxygen electronic structure evolution.

In EELS measurements, both the low-loss and core-loss re-
gions were examined for pristine Li;IrO3 in addition to LilrOz and



LiosIrO; samples during the first charge, and the results are
shown in Section S11. By integrating the intensity of the O K-
edge features in the pre-edge region, it was found that the number
of unoccupied states in O 2p band increases as the delithiation
proceeds (Figure S13), and the same trend was found in inte-
grated XANES (not shown). The reasons for such an increase, as
stated in the aforementioned discussion, are different at various
delithiation stages. During the first Li removal, Ir is oxidized, and
the unoccupied states on oxygen sites are due to the charge redis-
tribution between oxygen and Ir; during the next 0.5 Li removal
on the second charge plateau, considering that Ir is reduced (Ir
XANES), the increase in unoccupied states in oxygen is most
likely due to oxygen electron depletion that provides battery ca-
pacity.

Having concluded that the Li,IrOs charge capacity above 4 eV
is due to the oxidation of oxygen atoms, it is imperative to iden-
tify the chemical and electronic processes that underpin the oxy-
gen redox activity. Sathiya et al.* and McCalla et al.® reported
that the oxygen redox in 4d and 54 TM oxides is evidenced by
the shrinkage of the O-O distance form originally 2.8 A in the
pristine materials to approximately 2.5 A at the end of charge.
Such a change in the O-O distance was also observed in our DFT
calculations. The interatomic distance of two oxygen atoms in the
same Wyckoff position (8/ and 4i) is ~2.5 A in LiosIrO; (Figure
5a). The formation of ~2.5 A oxygen bonds was corroborated by
crystal orbital overlap populations (COOPs) analysis in a previ-
ous theoretical study.!> To examine if such a distance is suffi-
ciently short to activate considerable electronic interactions be-
tween two oxygen atoms and induce O-O peroxo character that
can be detected by spectroscopic experiments, the site-dependent
simulated XANES are presented in Figure 5b (right). However,
for all of the three compositions, both 8 and 4i oxygen atoms
exhibit two absorption peaks corresponding to electron transi-
tions from O 1s to O 2p hybridized with Ir t;, and e, states, with
no additional absorption features that can be related to O-O
peroxo interaction. Therefore, based on XANES calculations, the
~2.5 A bond length does not seem to induce O-O interaction.

Recently studies have shown that some X-ray absorptions as-
sociated with particular oxygen species do not lead to distinct
peaks in XANES, due to the energy overlap of various absorption
processes. RIXS provides an effective tool to differentiate these
species by probing the occupied states of oxygen atoms.?'? It is
known that the O-O peroxo species is characterized by narrow
energy bands below the Fermi level,> which is expected to be
different from the broad energy band due to TM-O hybridization.
Therefore, to investigate the occupied states of oxygen atoms, we
also performed resonant XES (RXES) experiments at specific
photon energies, to examine the electronic structure of different
oxygen species. In the simulated XANES of Li,IrOs; and LilrOs
shown in Figure 5b, two pre-edge absorption peaks (correspond-
ing to peaks o and 3 in Figure 4c) show contrasts between the
non-equivalent oxygen sites (8 and 47), while the spectral fea-
tures of both §j and 4/ oxygen atoms are practically identical in
LigsIrOs. Since resultant RXES depends on the relative absorp-
tion cross sections of each oxygen species, by aligning the reso-
nant excitation energies with the two absorption peaks, the result-
ant Li>IrO; and LilrOs; RXES spectra can be used to differentiate
0-8j and O-4i. The left panel of Figure 5b presents the experi-
mental results of RXES (blue and green spectra), with the reso-
nant excitation energies indicated by the arrows in the simulated
XANES on the right. Figure S14 present the complete set of
RXES results under various excitation energies, which all exhibit
qualitatively the same feature as those in Figure 5b. The non-res-
onant XES results, with an excitation energy (560 eV) far above
the resonant absorption, are also shown in Figure 5b. All the
emission spectra show a peak around 525 eV, which is a universal

character of TM-O hybridization that has been extensively re-
ported.?'?3 Several RIXS studies have reported the observation
of a sharp emission feature at 523~524 eV in Li-rich layered ma-
terials at the end of charge, with an excitation energy around 531
eV.21"2366 This emission peak is indicative of an oxygen elec-
tronic state that is clearly distinct from those hybridized with TM.
However, such an emission feature is absent in Li><IrO3 resonant
and non-resonant XES measurements (Figures 5b and S14), in
which the spectra show typical TM-O hybridization characteris-
tics throughout the first charge. Therefore, based on the site-de-
pendent XANES and experimental XES results, we note that even
though the ~2.5 A O-O interaction was suggested by COOP anal-
ysis, the corresponding spectroscopic features are absent; and un-
like what has been reported in Lij 17Nig21Cop.0sMng 5402 and
Li; 2Nip2Mnyg 602,223 no sharp emission features were observed
around 523~524 ¢V at the end of charge in Li,IrOs. These anal-
yses indicate the absence of oxygen spectroscopic features arising
outside of TM-O hybridized states in Liy«IrO3.
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Figure 5. (a) Schematic of the 2.5 A O-O distance in LipsIrO;.
Oxygen atoms at different Wyckoff positions are represented by
different colors. (b) Experimental resonant (blue and green) and
non-resonant (magenta) XES (left), and simulated site-dependent
oxygen K-edge XANES (right). The excitation energies of emis-
sion spectra are indicated by the arrows with corresponding col-
ors on the right.

First-principles Electronic Analysis. DFT-derived electronic
structure data were analyzed to further elucidate oxygen elec-
tronic state changes during the first charge. Figure 6a shows the
projected Ir d and O p DOS for Li,«IrOs, obtained using the HSE
hybrid functional with SOC included. In pristine Li,IrOs, the con-
tribution of the O p states to the DOS immediately below the
Fermi level is considerable, but still smaller than that of the Ir d
states. The integration of DOS gives 2.32 electrons from the Ir d
states, and 1.74 electrons form O p states in the region of -1.5 - 0
eV (0 eV indicates the Fermi level). As the delithiation proceeds,



the O p contribution increases steadily and surpasses that of Ir d.
In LilrOs3, the electron occupation in the Ir d states down to -1.5
eV below the Fermi level is 1.30, while in the same energy region,
1.71 electrons occupy O p states. It is worth noting that the sepa-
ration between the two unoccupied bands between 0 eV and 6 eV
above the Fermi level increases with decreasing Li content, a
finding that agrees well with the increased splitting between the
o and B peaks upon delithiation in Figure 4c.

The values of the Bader charge of Ir and O as a function of Li
content are presented in Figure 6b. It is worth noting that even
though the values of formal charges and Bader charges are differ-
ent, they are generally linearly related, so that the changes in the
formal charges can be reflected by Bader charge values. The for-
mal charge state of Ir cation is +4 in pristine Li>IrOs. As Li is
gradually removed, Ir is oxidized and its charge state is close to
+5 at x=1, as mentioned in the preceding section. A kink is visible
in the Ir Bader charge plot at x=1, and the slope of the Bader
charge vs. x curve decreases at this point, which indicates the rate
of Ir oxidation per Li removed is much smaller afterwards. The Ir
charge state only shows a minimal change from x=1.0 to x=1.5
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(second plateau of charge). Note that experimentally, minor oxy-
gen loss is expected on the second plateau. The corresponding
change in Ir charge states was also investigated by introducing
one oxygen vacancy in a 2X2X2 Lig sIrOs supercell, which trans-
lates to ~1% oxygen loss (for reference, the measured irreversible
capacity loss per cycle is ~0.34%). As indicated by the green
crosses in Figure 6b, the presence of oxygen vacancy results in
less oxidized Ir and, thus, a lower overall charge state than that of
stoichiometric structures, which seems to be consistent with
XANES results (Figures 4a and b). However, to achieve the Ir
reduction as shown in stages III and IV in Figure 4b, much larger
amount of oxygen loss is expected, which may compromise the
structural reversibility. Therefore, it is unclear whether the Ir re-
duction on the second charge plateau can be solely attributed to
oxygen loss. In contrast, oxygen deficiency causes negligible
change in the average Bader charge value of oxygen in LigsIrO3
(bottom panel, Figure 6b). It is anticipated that little to no capac-
ity can be extracted from Ir oxidation on the second plateau of
charge. Oxygen oxidation is thus responsible for most of the ca-
pacity on the second plateau. In fact, the slope of the O Bader
charge plot slightly steepens after x=1, which also confirms the
increased contribution from oxygen.
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Figure 6. (a) DOS of Li>«IrOs (x=0, 0.5, 1 and 1.5), calculated from DFT with the HSE functional and including SOC. Black and red lines
represent the DOS of Ir d and O p states, respectively. The Fermi level is set to zero and indicated by the vertical dashed line. (b) Bader
charges of Ir and O in Li».IrO3, which are computed as the difference between the valence electron numbers of neutral atoms (9 and 6 for Ir
and O, respectively) and Bader population. Different points correspond to different Ir and O atoms in each structure. The green crosses
indicate the Bader charges of Ir and O in 1% oxygen-deficient Lig sIrOs. The lines are constructed by connecting the average Bader charges
at each x. The red dashed lines indicate the Bader charges of Ir in IrO, and LizIrOs, and of O in Li,O,, respectively. (c) Partial charge density
in the energy range of -1.5 - 0 eV (blue isosurfaces) calculated for Li>IrOs, LilrO; and LiosIrOs. The iso-value for the isofurfaces is 0.45

electron A=,



Lir«IrOs (x=0, 1, and 1.5) partial charge densities within -1.5
- 0 eV are plotted in Figure 6c, in order to differentiate the elec-
tron charge densities associated with Ir and O below the Fermi
level. In Li>IrOs3, this energy range includes both Ir and O states,
as suggested by the blue isosurfaces surrounding Ir and O atoms.
Particularly, a non-bonding O 2p state due to the Li-O-Li bonds
in Li-rich materials was suggested as the source of reversible ox-
ygen capacity,''>7 and the visualized charge density of oxygen
also has a directional distribution that aligns with the Li-O-Li di-
rection. After one Li removal, in LilrOs, Ir charge density is tre-
mendously reduced, while oxygen charge density does not show
much change compared with Li,IrOs. After the subsequent 0.5 Li
removal, in LigsIrOs, the partial charge density around oxygen is
greatly decreased, which implies that electrons are depleted from
oxygen on the second charge plateau. Figure 6¢ indicates that the
oxygen electron depletion during LilrO; to Lig sIrOs transition ex-
clusively occurs in the states along the Li-O-Li direction. This
seems to be consistent with the description of the non-bonding O
2p state in the previous theoretical study.'? Electron removal from
such a non-bonding state is expected to lead to unoccupied states
right above the Fermi level, which causes a X-ray absorption fea-
ture that are likely to be found at the onset of absorption. How-
ever, this feature may be weak or partly overlap with peak a. The
absorption associated with the non-bonding O 2p states along Li-
O-Li direction is therefore not conclusive based on the current
core-level spectroscopic measurements, and it needs to be vali-
dated by further experimental and theoretical investigations.

4. CONCLUSIONS

Low-energy Lir«IrO; (0<x<2) structures have been predicted
by DFT calculations in combination with electrostatic prescreen-
ing using QEq, an approach that can be applied to other electro-
chemical systems. The experimental voltage profile of a Li/Li,-
«IrOs cell and XANES spectra of the Li>.«IrOs electrode validated,
respectively, the predicted profile and structures. EELS and
XANES measurements, in conjunction with first-principles spec-
tra simulations and DFT calculations, indicated that in the early
stage of charge (first charge plateau, 0<x<1), the generation of
oxygen hole states is associated with the oxidation of the Ir ions
concurrent with an increased hybridization between O p and Ir d
states. In the later stage of charge (second charge plateau,
1<x<1.5), formation of oxygen hole states independent of TM-O
hybridization accounts for the increase in Li,IrOs specific capac-
ity beyond the oxidation of Ir** to Ir>*. Although the O K-edge
XANES spectra show drastic changes during the early stage of
delithiation, additional capacity beyond Ir oxidation is not antic-
ipated at this stage. At higher voltages (above 4 V), oxygen is
oxidized without significant O; release, contributing 0.5 e at each
cycle, which accounts for 1/3 of the total capacity. Prevailing
mechanisms accounting for the oxygen redox mechanism in Li-
rich materials were examined by theoretical and experimental
XANES and RXES; however, no unambiguous spectroscopic
signatures of O-O interaction or non-bonding oxygen states were
identified. The results of this study show that the combination of
first-principles computation and core-level spectroscopy pro-
vides an effective tool to identify the electronic details of chemi-
cal reactions, and have implications for understanding and char-
acterizing alternative materials in the search for high-capacity
cathode systems that operate by reversible cationic/anionic redox
reactions.
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