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ABSTRACT

Harnessingpxygen redox reactions is an intriguing routénireasingcapacityin Li-ion batteries
(LIBs). Despite numerous experimental and theoretical attempts to unraveletianismof
oxygen redox behavior, tredectronic originof oxygenactivitiesin energy storage of tiich LIB
materials remains under intense debate. Inviloik, the onset of oxygen activityasexamined
using aLi-rich materialthat has been reported to exhilmkygen redox namelyLisFeQs. By
comparingexperimentameasurementandfirst-principles BetheSalpeterEquation calculations
of oxygen kedge Xray absorption spectr@XAS), it wasfound thatexperimentallyobserved
changes in XASoriginatefrom the nonbonding oxygen stateés cationdisordereddelithiated
LisFeQs, and the spectral featwef oxygen dimers were also determinékhis combined
experimental and theoretical studiffers an effectiveapproachto disentangle the intertwined
signalsin XAS, andcan be further utilizedh broader contexts for characterizintherenergy

storage and conversion materials.
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ConventionaLi-ion batteries (LIBs) rely on the electrochemical energy storage capacity from
transition metal (TM) redox reactions. In recent years, however, the reversible redox of oxygen
has been recognized asimportant source of the unusually high capacity efith materials®
A handful d studies have been devoted to understanding the underlying mechanisms that trigger
reversible oxygen redd®° beyond that associated with changes in hybridization, as well as the
rational design of novel kiich cathode materials that further exploit oxygen capagity.

Several atomidevel signatures associated with oxygen redox capacity have been proposed. Luo
et al.* and Seet al.*?identified a particular oxygen local bonding environment in layereatthi
TM oxide materials thatsienabled by the presence of Li atoms in the TM layer. This bonding
environment features a linear-O-Li bond (Figure &), along which the O [2state does not
hybridize with the TM, resulting in an isolated Abonding oxygen state that is able to revsysi
participate in charge compensation during Lideintercalation. Sathiyat al.! also attempted to
rationalize the reversible oxygen redoxLinrich layered materials using Hu 5Sry s03. From
X-ray photoelectron spectroscopic (XPS) measurements, an additional peak in stheo@ 1
spectrum emergeak Li was removed from the structure. This feature was attribu@gd fweroxo
species thas characterized by shortened@distance. Complementary density functionabity
(DFT) calculations showed change inthe O-O distance from 2.85 < in the pristine
LioRuwsSnsOs, to 2.42 « in the endof-charge product, bkizsRwsSns0s. Subsequent
transmission electron microscopy (TEM) and neutron diffraction experiments confirmed the
shrinkage of @0 distance in the charging process of another layered model systenyri@s.4.i
However,as in theli-Ru-Sn systemthe observed @ distancean delithated LilrO3 (~2.5 -,

Figure D) is substantially larger than that in peroxidel.51.6 ). 13 While the layered TM

oxides form an important family of materials investigated for oxygen activity, oxyakx



enhanced battery capacity was also suggem other oxides, including the defect dhtoride
LisFeQ>!* and catiordisordered roksalt Li.aNbosFen.402.° Recently, Zharet al.> performed
combined exprimental and theoretical studies of the charge compensation mechanisFeid; Li
and found that the remal of the first two Li per Fe wssaccompanied tslightirreversible oxygen
loss and phase transformation from dhtoride LisFeQ; to cationdisordeed rocksalLisFeQ s,

in whichaLi-rich Lis-O local environment (Figureciwas suggested by DFalculations Such
Lie-O units are an extreme case ofQiLi bonding shown in Figured The oxygen atoms
encompassed in these structural units ptssess nehonding 2 states and were thus postulated

to be the main source of reversible oxygen redox.
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Figure 1. Schematic representation of the structural units accounting for reversible oxygen

redox: (a) linear Li-O-Li bonds in Li-rich layered materials, (b) O-O peroxo-like species

formed at the end of charge in Lirich layered materials, (c) Lis-O units in charged LisFeQOa.

Having reviewed the structural and chemical models for rationalizing oxygen redox activity, we
note that, despite the fact that these models have been increasingly adopted as guidelines for the
interpretation of many electrochemicalsssms, the foundational experimental evidence is
ambiguous. Experimentaineasurementsncluding imaging and diffraction are efficient in
accessing the morphological or structural evolution of the LIB matebatsare insufficient to

discern the naturef the oxygen bonds. To achieve such a goal, one must etqabitiques that



areelement specific anable to probe subtle changes in the electronic interactions between oxygen
atoms and TMs such asX-ray corelevel spectroscopic techniques including XPS&ray
absorption neaedge spectroscopy (XANESyalenceto-core Xray emission spectroscopy
(XESY*7 and resonant inelastic-day scattering (RIXS)While the application of XPS is
intrinsically hindered by its surface sensitivity, fluorescemmele XANES XES and RIXSare
bulk-sensitive angncode a wealth of chemical information, which, if properly interpreted, can
provide fundamental insights into the oxidation states and local environments of oxygen atoms.
However, the oxygen €dge signals are inherently intricdiecaus it is sensitive tanyriad
physical andchemical processesnd identifying the exact process leading to specific spectral
features thus requires a thorough evaluation of the underlying readtioesent experimental
RIXS studies of Li.1MNio21C0o.0dMnos402 and Li2Nio2MnoeO2 cathode materials, a sharp
emission feature was observedtie chargedoroductsat the excitation energy of 530.8 é348.1°

The observation of this feature is pantarly intriguing as it signifies an oxygen state that is
remarkably distinct from the TMD hybridization stateso itmay be directly correlated to oxygen
redox. However, previous RIXS experimewois Li.CuQ; demonstrate that the change ithe
intensities of oxygen kedgeemission peaksanalsobe triggered byhe local spirfluctuations,

other than oxygen electron depletfSrit Therefore, although utilization of RIXS presents a new
route forstudying oxygen redox in LIB, the chemical nature of the observed sharp emission feature
needs further clarificatiol{ANES has been widely adopted to pinpoint oxygen redox ireasct

in charged Lirich cathodes,due to its high sensitively to electronicrusttures and local
coordination but other chemical processasch as enhanced T hybridizatiorf? andformation

of O-O bonds$? can alsaalter the spectroscopic signaifoxygen kedge XANES, rendering it

difficult to rigorouslydiscernthe signals caused by oxygen reddkerefore, it is imperative to



have a reliable scheme to decolreothe overall experimental signals into contributions from
individual oxygen atoms, which is made possible by the development of techniques to accurately
compute corgevel spectrd®® In the following, we use both experimental and-diégpendent
computed cordevel spectra to understand how oxygen participates in #wgelcompensation
processes ithe Li-rich cathode materidlisFeQ, and to identify how different oxygen electronic
states manifest themselves in the dexel| spectra.

LisFeQ: possesses orthorhombic symmetry and belongs fbitzespace group? The removal
of the first two lithium ions (per Fe) from dikeQyis concurrent with minor oxygen loss and
transformation to the catiedisordered phase 4feQs s.° Figures 2a and b show the Didlaxed
structures of pristine kiFeQ: and catiordisordered LiFeQs s, respectively Significant oxygen
evolution was observed upon further deltion of LkFeQ s, which mayinvolve the formation
of O-O dimers as the intermediate produéils-initio molecdar dynamics (AIMD) simulations
werethusperformed to investigate the feasibyilioef forming GO dimers in delithiated EFeQ
(the simulatiordetails are shown in tHgupporting Information)Within a simulation time of 15
ps, at both 300 K and 1000 #e oxygen atoms at the center of theQiunits plue polyhedral
in Figure 2b) formed®-O dimers with bond lengthess tharl.6 ¢ (Figure S1)Particulaty, three
O-O dimers were formed inisFeQG sat 7ps under 1000 K, andcdoser examination suggests that
these O-O dimerswereformed exclusivelyby the oxygen atoms originaliy the Lis-O units in
LisFeQ s (Figure S2. This is consistentvith previous work, which states that the irreversible
oxygen release upon further delithiation offeQs sis accompanied by the elimination of the-Li
O units® It is also worth noting that thieond length of the @ dimerchanged as the AIMD
simulation proceeded. Figures 2c and d present therBlaXed structures of tH&00 K AIMD

shapshoat 15 ps and 20 ps, respeetiz. One QO dimer was formed in each structure. At 15 ps,



the GO bond lengttof the dimer is 1.55 (Figure 2c), while at 20 ps, it decreases to 2.43
(Figure 2d). For comparison, the DFT calculate@®ond length of the peroxo dimer in kO»

and superoxo dimer in Lgare 1.56¢ and 1.38e , respectively(Figure S3) Therefore, the
evolution of the GO dimer bond length is likely to indicate the formation of peroxo and superoxo

species in liFeQss.

(a) Li,FeO, (b) Li,FeO,  with no dimers

(c) Li,FeO,  with peroxo dimer  (d) Li,FeO, ; with superoxo dimer

Figure 2. DFT-relaxed Structures of (a) LisFeOs, (b) LisFeOss without O-O dimers and
LisFeOss with a (c) peroxo GO dimer (AIMD snapshot at 15 ps under 300 K)and (d)
superoxo GO dimer (AIMD snapshot at 20 ps under 300 K)The bond lengths of the GO
dimers are indicated.Green, brown, red andpurple balls represent Li atoms, Fe atoms, O
atoms and O in dimers, respectively.Brown and blue polyhedra highlight the FeO

coordination in LisFeOs and Lis-O units in LisFeQOs s, respectively

The nature of the @ dimers can also be differentiatieg thechange in the partial density of
states (DOS) of LFeQs sat different AIMD simulatiorstagesin X-ray absorption process the

O Is core hole is relatively well screened by the valence electrons and thus the-gfate@i?p



DOS provides usefiihsights into assessing experimental XANES’ Accurate determination of
therelative absorption threshold$ multiple oxygen atomeequires knowledge of the level
shift once a core hole is creat@adthisis discussed in the following sectiofsgure3a displag
the2p DOS ofoxygenatomsin various chemical environments o6EeQ; s without O-O dimers
The 2p states obxygen atoms bound to Fe are hybridized witl8&astates (not shown)which
would cause Xay absorptiorinduced by electrotransitionfrom O Is to Fe 3-O 2p hybridized
states.The oxygen atoms in &40 unitsexhibit much smalleband widththanthose bound to Fe
andinduceelectronicstates within 1 eV above the Fermi level. This suggaddstional Xxray
absorption associated with the unoccupied statesxygenatomsin Lie-O. The O 20 DOS of
dimercontaining LiFeQs s was also examined using taéorementionedIMD snapshos. The
emergence othe 1.55¢« O-O dimers, as shown in Figu@b, inducesnarrow energy states
corresponihg to the bonding and antionding ! and " bonds between oxygen atoms ingbexo
03~ configuration with fully occupied! * band and empty * band?® Therefore,in XANES
measurementshe absorption associated with ©td" * transition is also expecte@n the other
hand, the 1.48 O-O dimer shown in Figure 3dearly exhibits superox®; feature, with the *
band being partially occupielin addition to the unoccupied band, the unoccupield* states
above the Fermi level may also induce an absorption feature in XANtSO-O dimerDOSin
Figures 2b and show close resemblance to fheroxo and superoxo oxygen i@ and LpO,

respectively, again confirming the nature of th€®©@imers, ashown in Figure S3
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Figure 3. Partial DOS of oxygen2p statesin LisFeOss (a) without O-O dimers, (b) with
peroxo O-O dimer and (c) superoxo QO dimer. Schematic of the occupation of oxygenp2
orbitals in peroxo and superoxo dimers are shown on the righthe DOS of oxygen atoms in
the same chemical environment were averaged, and different types of oxygen atoms are

distinguished by color.

Figure 4ashowsthe experimental, fluorescerosde oxygen Kedge XANES of LiFeQ and
LisFeGs 5, together withthe simulated spectra. The experimeritalFeQs s features after 532 eV
are likely to be partly induced by the surface phases formed during electrochenlingl?®ythe
simulations were performed using the OCEAN code that implements the -Bafeter
Equation® and the simulated spectra shown in Figure 4a were constructed by averaging all the
spectra from individual oxygen atoms in the systdfmperimentally, a shoulder peakar528
eV emerges durinthe removal of the first two lper Fe, and gradually dimiries withsubsequent

delithiation (Figure 8). The simulategpectaof both dimeffree anddimercontainingLizsFeQs s



also exhibitsuch & absorption featuréndicated by thgreenarrows in Figurela) that is absent
in the LsFeQ; spectrum To understanthe chemical origin afheexperimentapre-edge shoulder
around 528 eVand to differentiate the Xay absorption features associated with distinct oxygen
speciesthe simulated spectra of individual oxygen atomsagseshown in Figure 4 so that the

spectral features can be assigned to particular types of okpgeing
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Figure 4. (a) Experimental and calculated oxygen ¥dge XANES of LsFeOs and LisFeOss.
The green arrows indicate the pre-edge shoulder formed during LisFeOs delithiation.
Calculated XANES of LizsFeQss(b) without O-O dimers (c)with a peroxo dimerand (d) with
a superoxo dimer The averaged spectra are shown in black in (b) (c) and (dizreen, brown
and blue arrows indicate the peaks corresponding toon-bonding oxygen,oxygenbound to
Feand O-O dimers, respectively The calculated spectrare offset horizontally to alignwith

experiment
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In the XANES simulationshe corelevel shiftsof oxygen atoms within the same simulation
cell were calculated following th&rocedure presibed by Vhson et al.3! Accurate alculation of
the absoluteexcitation energys currently not feasible within our computational framewakd
anad hoc shift was applied to the simulated spectra to atlggspectrawith experimentFigure
4b presentthe simulated spectrum dimerfree LiFeQs s as well as spectra of individual ygen
atoms.The oxygen states contributing to the overall spectral signal can be dividetivinto
categories: the nebonding states due to oxygen atoms in theQ.iunits (green) anthe O 2
and Fe 8 hybridized states due to &2 coordination (bran). It is clear that the lovenergy
spectral signalaround 528 e\are induced byhe norbonding oxygen states the Li-O units.
DOS analysigFigure 3ayeveals that the unoccupied @ <tates near the Fermi level i@hdue
to nonbonding oxygen and OpZFe 3l hybridized states, which are anticipated to causayX
absorptiorat the same excitation enerdye fact thathe absorption associated with Aoonding
oxygen states occuet lowerenergy, leading to the expimental preedge shoulder peak, isiel
to the energy shift of the slcorelevels caused by theifferent local chemical environmés of
these two oxygen speci€Bhe effects of @D dimer formatioron the XANES signal were also
examined in Figures 4c and lsh Figure 4c, the peroxo dimer formation causes an additional
absorption feature at 5&84 eV, corresponding to the unoccupiédstate in Figure 3b. On the
other hand, two additionadubtle absorptios were identified in superoxdimercontaining
LisFeQss. The features in the energy range of 532 eV and 53%36 eV correspond to the
partially unoccupied * and fully unoccupied * states, respectively (Figure 3dhe absorption
peak of! * states is higher than that of rbonding oxygen, again due tioe core level shiftof

oxygen atoms.
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The emergence of the leanergy oxygen kKedge preedge peakin the charge process was
reportedin otherLi-TM oxides. For instancén Li12Nio2Mno Oz, an O K-edge XANESfeature
at527.8 eV was observed ttevelop at higholtagesduring chargé® Rather thathe norbonding
oxygen states as discussed in this study, the development of semtura finLi1.2Nio.2Mno 602
was assigned to the enhanced hybridization betweegndtates and Bstates of highly oxidized
Ni.1832The negativeenergyshift of oxygen kedge XANES concomitant with TM oxidation was
previously confirmed both theoretically and experimentdfiy* We note thatvhat makes the
spectral evolution of Lj2Nio.2Mno¢O2 fundamentally different from kFeQ; is that the ~52&V
pre-edge shouldedoes notappearuntil high chargevoltages #4.5 V), andcontinues to grow
throughoutthe rest ofchargeevenafter oxygen release was detect¥dhereador LisFeQ,, this
pre-edgefeaturedevelops in the early stage of chargedstarts tadiminishaftertwo Li extraction
as soon asubstantial @ releaseis initiated This implies the correlation between the peak
disappearance and oxygen evolutibhe gradual disappearance of the 528 eV peak after certain
degree of delithiation during charge was previously reported inNbp.sFe402, and was
attributed to the formation of superoxo species and subsequent oxygen ¥eRased on the
comparison between experimental and theoretical XANES, we show that the nedgpre
shoulder around 528 eV in delithiatedkeQ, is due to the nebonding oxygen atoms formed in
the catiordisordered phase, and the@ddimers are likely to induce absorption features at higher
excitation energies. AIMD simulation demonstrates the formation-6f @mers in LiFeQs s,
which is consistet with the experimental observation tlwi/gen evolution occurs upon further
delithiationof LisFeQ 5. The amounbf nonbonding oxygen atomis thusreduced in the system,
as the GO dimers are preferentially formed by oxygen atoms in th®Luinits.This explains the

gradualdisappearance of tHe28 eV preedgeshoulderconcurrent with oxygen evolutioafter

12



two Li removal in LiFeQ: (Figure S4), and also indicates that if the nevdgveloped predge
shoulder is due to nelmonding oxygen states, thdns likely to disappear as oxygen evolution
initiates which is different from the predges feature associated with Thybridization
Thesepreceding comparisons indicatieat similarpre-edgefeatures in the oxygen -Kdge
spectra can originate fromompletely distinct underlying processes.g. enhanced TND
hybridization, omonbonding oxygen stateblote thatall theabovementionedspectral features
were observed by oxygen-&dge XANES in which only the dipolallowed transitions were
recorded It is thus worthwhile t@xplore the feasibility of differentiating the peelge features
caused by TNIO hybridized states and ndmondingoxygenstates by probing the dipeferbidden
transitions, which can be achieved by tuning the momentum transfeg nonresonant inelastic
X-ray scattering (NIXS)We performed NIXSsimulationsfor dimercontaining LiFeGs s with
various momentum transfealuesg = 2 A=, 5 A=and9 A-, and the results are shown in Figure
S5.The simulatedNIXS spectra do not show substantthinge compared with oxygen 4€dge

XANES (g =~ 0 A~1). The 528 eV predge features are slightly enhanced dtighq value of

9 A-1, but the difference is almost indiscernibEneseresuls are consistent with previous
experimental and theoretical investigatiasfsoxygen kedge NIXS?® Furthermoreijt was found

that the absorption peaks corresporglito Fe 8-O 2p hybridization (529 ~ 530 eV) are also
insensitive to the momentum transfer.e$hindicak that the O Kedge features of both non
bonding states and hybridized states are strongly dominated by dipole transitions, and NIXS does
not appear togive additional information beyondANES. Using LisFeQ; asan examplewe
demonstraté¢hat, with the interplay between theoretical and experimentaly§pectroscopy, the
contribution of TMO hybridization and pure oxygen activitgn unambiguously dfferentiated

in specific XANES features$n X-ray absorptiomxperimentsthespectral features associated with
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peroxo and superoxo-O dimerscanbe buried by other absorption procesaed thus become
unobservable However with the sitespecific spectl signatures beingesolved one can
selectively probe targeted oxygen speaiesig resonantx-ray emission spectroscopy (XES)
which records the emission sigfiai particular incident photon energi€®r exampleby aligning
the resonant excitatioenergy withthe pre-edge featuresroughly at528 eV and 531 eV
respectivelyjnformation on the occupied electronic statéthe nonbonding oxygen atomasnd
O-O dimersin delithiated LiFeQ: can be obtainedn the subsequent emissi@pectra As
mentiored above in recentRIXS studies ofLi1.17Nio0.21Cm.0dMN0.5402 and Li.2Nio.2Mno.eO2, a
emission featurasignificantly distinct from the TMO hybridization statesvas observedh the
charged materials, at the excitation energy of 530.8é%°The excitatiorenergyandlocalized
natureof this sharpemissionare consistent with the formation of-O dimers described in this
study, however, more relevant theoretical studies areenbéalidentify its exact chemical origin.
Complicating the interpretation of oxygend€ige spectra is the fact that experimental spectra
contain integrated information from oxygen atoms under various chemical conditlershoved
that tirough theintegration of experimental and sitated cordevel spectroscopyoxygenkK-
edge spectral signals can be deconvolved into the contributions from particular atomic species,
and the chemical origins of the oxygen redox activity #rith cathode materialsan thus be
identified. It was found thah the earlystagedelithiation ofLisFeQ;, the nonbonding oxygen
states in thecationdisordered phasaduce new features at the onset of the oxygeedée
absorption The formation of peroxo and superoxo dimeese simulated and the corresponding
spectral features were identifieBly using resonant excitation energies inferred from simulated
absorption spectra, selective species can be excited and the resultant emission spectra can provide

site-specific informaibn on the occupied states of the excited species. This work demonstrates the
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effectiveness of combining experimental ctaeel spectroscopy with firgtrinciples simulations

to unambiguously identify the signature of oxygen reactivity, which is signtfioat only for Lt

ion battery systems, but also for catalystg.for oxygen reduction and evolution reactiéhghe
approach described in this work thus has profound implications in understanding and exploiting
the oxygen activity for the design and characterization of novel energy storage andioanver
materials.
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