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Oxygen participation, arising from increased transition metal—
oxygen covalency during delithiation, is considered essential for
the description of charge compensation in conventional layered
oxides. The advent of high-resolution mapping of the O K-edge
resonant inelastic X-ray scattering (RIXS) provides an opportunity to
revisit the onset and extent of oxygen participation. Combining
RIXS with an array of structural and electronic probes for the family
of Ni-rich LiNiggCog._,Al,0, cathodes, we identify common
charge compensation regimes that are assigned to formal transition
metal redox (<4.25 V) and oxygen participation through covalency
(>4.25 V). From O K-edge RIXS maps, we find the emergence of a
sharp RIXS feature in these systems when approaching full delithia-
tion, which has previously been associated with lattice oxidized
oxygen in alkali-rich systems. The lack of transition metal redox
signatures and strong covalency at these high degrees of delithia-
tion suggest this RIXS feature is similarly attributed to lattice
oxygen charge compensation as in the alkali-rich systems. The RIXS
feature's evolution with state of charge in conventional layered
oxides is evidence that this feature reflects the depopulation of
occupied O 2p states associated with oxygen participation.

1 Introduction

Conventional Ni-rich layered oxide cathodes remain in focus
due to their high reversible capacities, low polarization, and
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New concepts

Conventional Nirich layered oxides remain at the forefront of research on
practical high-energy density Li-ion battery cathodes with a continued focus
on increasing the operating voltage window. When accessing higher degrees
of delithiation, the abrupt c-lattice contraction gives rise to a large anisotropic
volume change. This contraction has long been considered a consequence of
oxygen participation in charge compensation arising from strong transition
metal (TM)-oxygen covalency. The advent of alkali-rich cathodes has renewed
discussion of oxygen charge compensation, where excess capacity beyond
traditional TM redox couples has been debated in terms of various localized
oxidized oxygen configurations. Novel resonant inelastic X-ray scattering
(RIXS) mapping of the O K-edge studies have identified unique signatures
attributed to the oxidized lattice oxygen in alkali-rich cathodes that correlate
with excess capacity. Extending the RIXS technique to the conventional
layered oxides, we find the surprising emergence of the same RIXS
signatures at the onset of c-lattice contraction despite no excess
capacity. Any universal mechanism of oxygen redox must reconcile the
emergence of oxidized oxygen RIXS signatures in both alkali-rich and
conventional layered oxides.

rate performance during long-term cycling for commercial
Li-ion batteries." In pursuit of further closing the gap between
practical and theoretical capacities, there has been extensive
work investigating performance issues beyond 4.3 V*™ arising
primarily from surface phase transformations® and particle
cracking.> Engineering solutions have demonstrated success
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in mitigating these issues through the use of cathode and electro-
lyte modifications to improve high voltage performance.®**" From
a fundamental perspective, the structure®>'* and stability™* of the
layered oxides at high voltages can be directly related to oxygen
participation in charge compensation. Although the 3d transition
metal (TM) redox couples can fully account for the extractable
lithium in the textbook electrochemical definition of conventional
layered oxides (LiMO, systems), this assumes a purely ionic
description. In reality, strong TM-O covalency will facilitate oxygen
participation.'>*>”

Extensive theoretical and experimental work on LiCoO, has
revealed the importance of Co-O covalency in facilitating
oxygen charge compensation.'®'®2° Over the past 20 years,
this mechanism has been extended across various Co- and
Ni-rich LiMO, systems.>">*! The advent of alkali-rich oxides,
which have demonstrated reversible capacities beyond tradi-
tional TM-redox couples, has renewed discussions on oxygen
charge compensation.>”® In alkali-rich systems, lowering the
metal coordination around oxygen atoms lifts non-bonding
O 2p states towards the top of the valence band and is considered
to give rise to accessible oxygen orbitals along Li-O-Li chains.”?
This oxygen redox mechanism, deriving from weakly hybridized
oxygen orbitals along these Li-O-Li chains, is often highlighted
in direct contrast to oxygen participation through covalency in
conventional layered oxides.***>%¢

Evaluation of these two distinct mechanisms has been
challenging as there are few direct oxygen environment probes
and, in comparison to TM probes, their interpretation is not as
straightforward. While O K-edge soft X-ray absorption spectro-
scopy (sXAS) has been extensively used to consider oxygen
participation,'®?”*° the oxygen absorption lineshape can be
directly affected by TM redox through hybridization, even when
the TM is the main redox center, e.g. Fe***" in LiFeP0,.** When
evaluating the origins of spectral changes, this technique alone
has clear limitations in its ability to conclusively confirm
oxygen charge compensation. Resonant inelastic X-ray scatter-
ing (RIXS) at the O K-edge has emerged as a prime technique to
directly probe oxidized oxygen states*>™” and has been power-
ful in driving discussions on the oxygen redox mechanism in
alkali-rich systems.*"*”*° A sharp RIXS feature has been found
to emerge when there is limited further TM redox activity*>*
and has recently been reported in both Li-rich and heavily Mg
doped Na-ion systems.’” Extending the RIXS technique to
LiMO, systems is important for understanding oxygen partici-
pation through covalency and its similarities and differences
from the oxygen redox mechanism considered in alkali-rich
systems.

Here, we primarily focus on the first charge of the state-of-
the-art LiNig gC0q.15Alg.050, (NCA)*”*™** cathode, along with
other Ni-rich LiNi §C0¢,_,AlL, O, compounds, to examine the
evolution of the TM and oxygen environments throughout
delithiation.?”**™** In contrast to the ubiquitous first charge
activation plateau in alkali-rich oxides,>® the first cycle of NCA
is representative of subsequent cycles, following a similar
electrochemical and structural evolution when surface Li,CO;
is suppressed.*? Despite the widespread practical interest in the
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NCA system,'™ there has been limited discussion or direct
investigation of oxygen participation in this system.>”**

From our joint hard and soft X-ray spectroscopy studies, we
split the electrochemical processes for the Ni-rich systems into
two regimes: an ionic (formal TM redox) regime below 4.25 V
and covalency regime at higher voltages. The ionic regime is
marked by nickel and cobalt redox signatures with concurrent
changes in O K-edge spectra linked to the changing T™M 3d
states and increasing TM-O covalency. Upon further delithia-
tion (>4.25 V), we find the emergence of a RIXS feature in
several LIMO, systems that matches the oxidized oxygen feature
reported in alkali-rich oxides. This feature increases in strength
with delithiation and becomes pronounced at the highest
degrees of delithiation. This sharp RIXS feature is considered
to be a direct indication of the lattice oxygen participation in
charge compensation in LiMO, systems given the strong TM-O
covalency and lack of further TM redox in this regime.

2 Experimental section

2.1 Material preparation

Commercial LiNij gC0g 1541050, (NAT1050, TODA America)
was used as received in all characterization and electrochem-
istry experiments. All other materials were synthesized in-house
according to previously published procedures.” Of the range of
LiNi, _,_,Co,Al,O, compositions studied in this previous work,
we selected four compositions synthesized in-house to focus on:
LiNig gAly,0, (LNA), LiNipgC0015Alp.0s0> (NCA), LiNijgC0¢.2005
(LNC), and LiCoO, (LCO). The LNA sample presented throughout
this study has a high phase segregation and cation mixing and was
referred to as disordered (DO) in the previous work.” Induc-
tively Coupled plasma-optical emission spectroscopy (ICP-OES)
and inductively coupled plasma atomic emission spectroscopy
(ICP-AES) were used to confirm the metal stoichiometry for
in-house synthesized and commercial compounds, respectively.”*°
Results on ordered LNA material for an electrode charged to 4.75 V
with the same composition (LiNig gAly,0,)” are given in ESL{ The
commercial and in-house synthesized NCA are referred to as NCA
1 and NCA 2, respectively. The in-house synthesized compounds
have smaller primary particles of around 200 nm compared to the
commercial NCA compound with particles between 300 nm to
1 pum.*® Scanning electron microscopy images of the NCA 1
(commercial NCA) and NCA 2 can be found in ref. 7. Limited
Li,CO; was present at the surface of all of the compounds used in
this study.

2.2 Electrochemical testing

Dried LiMO, powder was mixed in an argon-filled glovebox with
2.5 wt% carbon black (SuperP (SP), MMM) using a mortar and
pestle. Powder cells (2032, Hohsen Corp.) were assembled
using a lithium metal (FMC Lithium) negative electrode with
a combination of glass fiber (Whatman GF/D), polyolefin
(Celgard) and poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP, Kynar 2801, Elf Atochem) depending on the test
temperature with 1 M LiPF, ethylene carbonate : dimethyl carbonate
(EC:DMC) (1:1 volume ratio) electrolyte (BASF, <20 ppm H,0).

Mater. Horiz., 2019, 6, 2112-2123 | 2113
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All samples were galvanostatically charged and discharged at
10 mA g~ (of active material), except for the electrodes tested at
60 °C and used for operando XRD. The electrodes tested at 60 °C
were charged to 4.75 V at 25 mA g * and then potentiostatically
held at 4.75 V for 10 hours. Electrochemical characterization was
performed with either a VMP3 (Bio-Logic Science Instruments),
or Series 4000 (Maccor) battery cycling system. Electrochemical
curves were highly reproducible for the powder cells with the
highest variation in delithiation of ~5% Li.

2.3 Characterization techniques

2.3.1 XRD’. Measurements were performed for pristine
LiMO, powders and in situ using a Bruker D8 Advanced
diffractometer (Cu Ky, 4 = 1.5406 A). Lattice parameters, cation
mixing, and impurity phase % for the pristine compounds are
given in Table S1 (ESIt). For the XRD measurements performed
in situ, electrodes were composed of 79.9 wt% active material,
7.0 wt% SP, and 13.1 wt% PVDF-HFP. The in situ measurements
were performed using a custom-made cell with a Be window
and a carbon coated Al mesh positive electrode current
collector.”” During the in situ experiments, the cell was charged
galvanostatically at C/50 to 4.75 V, and then held potentio-
statically. Based on the slow charge rate, the change of the
lithium content in the positive electrode during each 1 h-scan
at the rate of ~1° 20 min~" was x < 0.02 in Li,MO,. TOPAS
software was used for all Rietveld refinement using the location
of the (003) and (101) peaks. All lattice parameters were
calculated assuming an R3m crystal structure. Additional infor-
mation regarding the XRD measurements performed in situ
including the determination of Li,MO, phase transformations
can be found in ref. 7.

2.3.2 Synchrotron XRD/ND*°. Rietveld refinement was per-
formed with TOPAS 5 software package. The low-symmetry (P1)
structure was generated by the ISODISTORT software package®’
as a symmetry-mode distortion from the conventional R3m
structure. The ISODISTORT software package was also used to
express the lattice parameters and the oxygen atomic coordi-
nates as linear functions of the symmetry-mode amplitudes
and to export those symbolic relationships in TOPAS.str format.
The strain and displacive symmetry-mode amplitudes, instead
of the lattice constants and the oxygen atomic coordinates, were
refined directly. The symmetry-mode refinement constrains the
lattice of the triclinic cell to conform to the geometry of the
hexagonal lattice of the R3m structure.

Details of sample preparation and synchrotron X-ray and
neutron powder diffraction measurement for the samples
charged to x = 0.16 (4.3 V) and x = 0.06 (4.7 V) against a
graphite electrode used for the joint X-ray and neutron powder
diffraction measurement have been published elsewhere.*®

2.3.3 XANES. X-ray absorption near edge structure mea-
surements were carried out at beamline 9-BM-B of Advanced
Photon Source in USA. Data were acquired in the transmission
mode at the Ni and Co K-edges of electrochemically charged
samples for NCA 1, NCA 2, LNA, and LNC. The measurements
were carried out using the Si(111) double crystal monochromator,
which was slightly detuned to suppress higher order harmonics.

2114 | Mater. Horiz., 2019, 6, 2112-2123
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Absolute energy calibration of the monochromator was carried out
by measuring reference foil of pure elements simultaneously with
the sample at respective K-edge. The sample chamber was
continuously purged with He-gas to minimize X-ray scattering.
Intensities of the incident beam and the beam transmitted
through the sample and the reference foil were measured using
the gasfilled ionization chambers. All spectra were energy
calibrated with respect to the first peak in the derivative spectrum
of the reference foil. Data processing was carried out using the
software ATHENA of the package IFFEFIT.** The normalized
component of EXAFS oscillation was transformed to k-space
(wavenumber) and multiplied by &* to emphasize signal at high
k. The resultant k*-multiplied X(k) signal was Fourier transformed
and left uncorrected for a phase shift. A theoretical X(k) was
generated by performing ab initio calculations using the code
FEFF8.2," which was least-square fitted to the data using the
software ARTEMIS of the package IFEFFIT.*®

2.3.4 EXAFS. EXAFS fitting of LiMO, samples was carried
out based on the trigonal structure of layered LiCoO,
(SG: R3m).>° A random distribution of transition-metal ions
Ni, Co and Al on the octahedral site of NCA was modelled by
developing a theoretical model consisting of three FEFF calcu-
lations, each corresponding to one type of backscattering TM
ion.”* These FEFF calculations were weighted according to the
nominal stoichiometry LiNig sC0.,—,Al,O,. EXAFS fits at the Ni
and Co K-edges involved all single-scattering and relevant
multiple-scattering paths up to 5 A. Details about parameter-
ization of these paths are discussed in ref. 52. Good agreement
between the data and theory can be seen in Fig. S1 (ESIt).

2.3.5 SXAS/RIXS. Soft X-ray absorption spectroscopy (sXAS)
measurements were performed in total electron yield (TEY)
mode at beamline 109 at the Diamond Light Source Ltd
(DLS), UK. Using the iRIXS endstation at beamline 8.0.1 at
the Advanced Light source,”® we performed sXAS measure-
ments in TEY and total fluorescence yield (TFY) modes and
using the high throughput RIXS (htRIXS), high resolution RIXS
(hrRIXS) spectrometers. The combination of TFY, htRIXS, and
hrRIXS produced similar results with limited dependence of
the oxidized oxygen feature on beam exposure. All RIXS maps
were collected using the high resolution spectrometer unless
otherwise indicated. Normal X-ray emission spectroscopy scans
are cuts from the RIXS maps taken at excitation energies > 542 V.
For energy calibration of the excitation energy, a TiO, reference
was used for the O K-edge and a Ni metal reference was used for
the Ni and Co L-edges. The emission energy was calibrated using
the elastic peak in the map. Partial fluorescence yield (PFY) spectra
was obtained by integrating the mRIXS emission cuts across the
entire O K-edge emission window. Super partial fluorescence yield
mode (sPFY)*' was integrated in the emission window of the
oxidized oxygen feature from 522.9 €V to 524.1 eV.

2.3.6 XPS. Hard X-ray photoelectron spectroscopy (HAXPES)
was conducted at beamline 109 at the DLS using a photon energy
of hv ~ 5940 eV (referred to as 6 keV). For LNA, X-ray photoelec-
tron spectroscopy (XPS) measurements at 800 eV where taken in
tandem to HAXPES measurements, while for NCA 1 XPS measure-
ments were performed using a Phi VersaProbe 5000 system at the

This journal is © The Royal Society of Chemistry 2019
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Analytical and Diagnostics Laboratory (ADL), Binghamton Univer-
sity. Energy calibration of the valence band measurements is based
on alignment of the carbon black (C-C) peak in the C 1s core
region to 284.5 eV. To compare the O 1s lineshape for evidence of
an asymmetry that could relate to peroxide formation, the O 1s
peak associated with oxygen in the LiMO, lattice was aligned
which led to shifts <0.1 eV.

For all sXAS, RIXS and XPS measurements, samples were
mounted in a glovebox and transported to the measurement
chamber using a vacuum suitcase so that there was no air exposure.

2.4 DFT

Density functional theory (DFT) calculations were performed
using the Vienna ab initio Simulation Package (VASP)** with
projector augmented-wave (PAW) pseudopotentials.’® The
PBE® calculations were spin polarized and were initialized
with a ferromagnetic spin ordering. Calculations employed
the on-site Coulomb correction for Ni with U = 5 eV.%° The
energy cutoff for these calculations was 530 eV and the k-point
mesh density was at least 38 A.

3 Results and discussion

The first charge of the primary Ni-rich systems used in this
study along with the corresponding evolution of the c¢- and
a-lattice parameters from in situ XRD measurements are given
in Fig. 1. Three Ni-rich compositions were selected to compare
the effect of cobalt and aluminum incorporation: LiNi, gC0¢ ,0,
(LNC), LiNiygC0015Al050, (NCA), and LiNiggAly,0, (LNA).
Commercial and solid-state synthesized NCA compounds are
referred to as NCA 1 and NCA 2, respectively. Except for the LNA
compound, a solid-solution-like behavior is found throughout
the first charge. The LNA material shown here has significant
phase segregation and a high voltage plateau that is not found
for a more ordered LNA compound.” The in situ XRD measure-
ments were previously reported along with a detailed examina-
tion of the high-voltage cycling performance to 4.5V and 4.75 V
for these compounds.’

Throughout delithiation of these Ni-rich systems, the struc-
tural behavior of the c¢- and a-lattice parameters can be
separated into two distinct regimes. An initial c-lattice expan-
sion and a-lattice contraction in the first regime are followed by
the collapse of the c-lattice beyond x < ~0.3 in the second
regime (Fig. 1b and c). The a-lattice contraction is attributed to
TM redox given the smaller ionic radii and shorter TM-O bonds
associated with higher TM oxidation states.®> From monitoring
the c-lattice evolution for a similar Ni-rich layered system
(LiNig gMng ;C0,,0,), A. Kondrakov et al.’> found the drop in
the c-lattice could be partially attributed to the collapse in the
lithium layer height (A;_o) near the end of charge. Tarascon
et al. in 1999" proposed the shrinkage in the c-lattice para-
meter results from the depopulation of the oxygen sp band,
which has antibonding character, that gives rise to a shortening
of the anion-anion separation across the depopulated 3a Li
layer for LiCoO,. This model has since been extended to a

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) First charge profile for layered oxide cathodes with chemical
formula LiNig gCop2-,AL,O, (0 < y < 0.2) to 475V at 10 mA g7t (vs. Li
metal) and at RT. In situ (b) c- and (c) a-lattice parameters for the first
charge at C/50 to 4.75 V followed by a potentiostatic hold at 4.75 V for the
Ni-rich systems. The c- and a-lattice parameters were calculated from the
(003) peak and the (101) and (003) peaks, respectively.

number of isostructural Ni-rich cathodes.>™* Although we only

evaluate the overall c-lattice collapse, our XRD measurements
suggest that oxygen participation in charge compensation may
be expected to increase for these Ni-rich systems when
X < ~0.3. This gives a starting point for determining the
relationship between the lithium content and the extent of
TM and oxygen participation. We primarily focus on the widely
reported NCA 1 compound,®*°*3% with similar characteriza-
tion extended to the other Ni-rich systems given in ESLf

3.1 Formal TM redox regime

For NCA 1, we examined the nickel and cobalt oxidation states
for select points along the first charge (Fig. 2a) from a

Mater. Horiz., 2019, 6, 2112-2123 | 2115
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combination of X-ray absorption near edge structure (XANES),
extended X-ray absorption fine structure (EXAFS), and soft X-ray
absorption (sXAS) measurements. The Ni and Co K-edges
(Fig. 2c) for pristine NCA 1 are consistent with the TMs in the
trivalent state. Upon delithiation, the oxidation of nickel is
evident from the shift of the Ni K-edge between x = 1.00 and
x = 0.24. EXAFS fits show shortening of the Ni-O bond in the
same delithiation range (Fig. 2b).

In LiNi;_,Co,0, systems, cobalt is considered to activate
towards the end of charge at high degrees of delithiation®*® as
discussed in recent layered oxide reviews."” It is important to
note limited changes of the Co K-edge can lead to difficulties in
assigning cobalt oxidation due to the limited edge shift during
delithiation.®® While our measurements similarly show limited
edge shift, we find most changes in the pre-edge and main peak
up to x = 0.24 and limited changes at higher states of charge.

Rather than relying on just the Co K-edge, we also evaluated
the Co-O bond length and Co L;-edge for assignment of cobalt
oxidation. Similar to the Ni-O bond evolution, the Co-O bond
shows the most pronounced shortening between x = 1.00 and
0.24. From surface sensitive total electron yield (TEY)
measurements of the Co L;-edge (Fig. 3a), we find the primary
shift in the main peak below x = 0.24 and the extent of this shift

X =
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Fig. 2 (a) Electrochemical profile of first charge and dQ dV~
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matches with cobalt oxidation reported for conventional and
Li-rich NMC.**®” By comparing the Co Ls-edge shift to the %
Co-O bond shortening, given in Fig. 3b, we find a similar
evolution from electronic and structural methods indicating
formal cobalt oxidation primarily occurs between x = 1.00 and
x =0.24 (<4.25 V). Limited formal TM redox beyond x = 0.24 is
further supported by bulk-sensitive Ni and Co L;-edge total
fluorescence yield measurements (Fig. S2, ESI{). Evolution of
the TM K-edges and TM-O bond lengths for LNA, NCA 2, and
LNC show changes related to formal TM redox primarily below
4.25 V (Fig. S3, ESIT). For each of these layered oxide systems,
the end of formal TM redox occurs before all available lithium
is extracted and shortly after the start of the c-lattice collapse
(Fig. 1b).

For the NCA 1 system, we examined the effect of the formal
TM redox on the occupied and unoccupied electronic structure.
Hard X-ray photoelectron spectroscopy (HAXPES) and normal
X-ray emission spectroscopy (XES) measurements of the occu-
pied total density of states (TDOS) and occupied O 2p partial
density of states (PDOS), respectively, are compared to ground
state density functional theory (DFT) calculations of the O 2p
PDOS of Li,Nig/;C04,70, in Fig. 4a. The O K-edge sXAS spectra,
given in TEY and bulk-sensitive partial fluorescence yield (PFY)
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! (inset) including the cutoff voltages of the selected NCA 1 electrodes used for X-ray

spectroscopy measurements. (b) Ni-O1 and Co-O1 bond lengths derived from EXAFS fits. Example fits for the Ni and Co K-edge EXAFS are given in

Fig. S1 (ESI+). The average Ni—O bond length of the pristine sample is similar to previously reported LiNiO,%*

Co K-edges including NiO (Ni2*) and LiCoO, (Co®*) references.
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(c and d) XANES measurements of the Ni and
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main Co Lz-edge peak during charge and after discharge. (b) The extent of

the Co Ls-edge shift is compared to the % Co-O; bond shortening

extracted from EXAFS fits.

modes in Fig. 4b, provide insight into the unoccupied O 2p
PDOS and sensitivity to the hybridized TM 3d-O 2p states.

Focusing first on O K-edge sXAS spectra (Fig. 4b), we find a
pronounced increase in the main pre-edge region peak (527 eV
to 534 eV) upon initial delithiation. For NCA, the main pre-edge
peak at 528.8 €V is related to the Ni 3d-O 2p hybridized states
and its increase between x = 1.00 and x = 0.24 is a direct result
of TM oxidation that gives rise to stronger TM-O hybridization.
This effect is roughly captured in ground state DFT calculations
of the O 2p unoccupied PDOS (Fig. S4, ESIt). Upon further
delithiation to x = 0.17, there is no increase in pre-edge
intensity and only a change in TEY related to reduced Ni** at
the surface.*?

There are clear changes in the occupied states as well from
examination of the HAXPES and O K-edge XES in the formal TM
redox regime. By comparing lithiated (x = 0.92) and delithiated
(¢ = 0.24) electrodes, we find a clear redistribution of the states
near the top of the valence band, shaded in Fig. 2a. From the O
K-edge XES, this results in increased O 2p character near the
valence band maximum agreeing with the changes observed in
the DFT calculations of the O 2p PDOS.

From examination of the emission decay channels that
follow the initial absorption process, resonant inelastic X-ray
scattering (RIXS) maps can provide further sensitivity to the

This journal is © The Royal Society of Chemistry 2019

View Article Online

Materials Horizons

31:39,68 The emission

occupied and unoccupied oxygen states.
processes include an elastic peak that scales linearly with
excitation energy, X-ray emission from occupied O 2p PDOS,
and energy loss features due to excitations.* For the RIXS map
of the lithiated state (x = 0.92), given in Fig. 4c, there is a broad
emission feature in the pre-edge region (527 eV to 530 eV)
which is directly associated with emission from Ni*" 3d-O 2p
and Co** 3d-O 2p hybridized states (red rectangle). Upon
delithiation to x = 0.42 and x = 0.24, this pre-edge feature splits
concurrently with the formal TM redox (white arrows). This
broadening elegantly shows the increasing O 2p bandwidth
associated with shortening of TM-O bond lengths that signifies
higher TM-O covalency.

3.2 Covalency regime

For NCA 1 electrodes charged beyond x = 0.24, we find limited
evidence of further formal TM redox from XANES, EXAFS and
SXAS (Fig. 2, 3, and Fig. S2, ESIt). Combined with the c-lattice
evolution (Fig. 1b), this suggests bulk delithiation beyond
x = 0.24 is associated with oxygen charge compensation driven
by stronger TM-O covalency in the delithiated system. In
previous studies,'®?*?° oxygen charge compensation had been
assigned from changes in the sXAS lineshape of the O K-edge,
such as in LiCoO,, where large (small) oxygen (TM) absorption
changes were used to identify oxygen as the main redox
center.>”®® For NCA, changes in the O K-edge absorption line-
shape occur alongside formal TM-redox and can be primarily
attributed to stronger TM-O hybridization rather than oxygen
participation. The strong link between the O K-pre-edge intensity
and the TM oxidization state indicates that this technique alone
cannot provide direct assignment of oxygen participation.

As RIXS provides additional sensitivity to the oxygen
environment, we turn to this technique to identify any changes
that can be linked to increased oxygen participation through
covalency at higher degrees of delithiation. RIXS maps of the O
K-edge for electrodes charged to 4.5 V and 4.75 V at RT shown
in Fig. 5a and b. At x = 0.06, a sharp emission feature at 523.5 eV
is clearly distinguished at an excitation energy of 531 eV in the
RIXS map (arrow in Fig. 5b) along with a corresponding
enhancement of the elastic peak. This sharp feature is distinct
from the wide emission ranges associated with the hybridized
TM-O states. When revisiting the RIXS measurements of the
lower voltage points, we find the RIXS feature for NCA is weakly
present for both the 4.25 V and 4.5 V electrodes (Fig. S5, ESIT).

Focusing on a select emission window from 522.9 to
524.1 eV, given as the super partial fluorescence yield (sPFY)
mode, provides additional sensitivity to the presence of this
RIXS feature. In Fig. 5d, we compare the sPFY lineshape for
electrodes charged to 4.75 V at RT, 60 °C, and 60 °C with a 10 h
constant voltage (CV) hold to an electrode discharged after the
10 h CV hold to 2.7 V. The 531 eV peak, associated with the
sharp RIXS feature, shows a slight increase when charging at
60 °C compared to RT, but no increase with CV holding.
The lack of change during the CV holding when there is an
increase in TM reduction and electrolyte decomposition at the

surface®’° is evidence that the feature is associated with bulk
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60 °C. Arrows indicate the emergence of a sharp emission feature and corresponding elastic peak enhancement present at high degrees of delithiation
and absent on discharge. (d) O K-edge sPFY measurements for the select emission window between the red dashed lines in part (b), for electrodes
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the 10 h CV hold.

oxygen environments. From further studies of highly delithiated
NCA 1 electrodes, we found the onset of this sharp RIXS feature
was highly reproducible at different dose levels of X-ray radiation
and independent of electrolyte salt (Fig. S6, ESIf). For the
discharged electrode, the RIXS feature is absent which suggests
the feature is reversible upon relithiation.

Compared with the RIXS feature assigned to lattice oxidized
oxygen in alkali-rich systems, this feature for NCA 1 is at a

2118 | Mater. Horiz., 2019, 6, 2112-2123

similar excitation and emission energy.>*”*>° Recent joint

experiment and simulation of the Li,O, peroxide have shed
additional light on the origin of this feature.? In Li,O,, a loss
feature is observed at the same excitation/emission energy
which is ascribed to an intra-band transition from the =, to
unoccupied o} states.’® Although the exact origin of the RIXS
feature remains uncertain for the complex TM oxide systems,
this work clearly shows that such a RIXS feature stems from

This journal is © The Royal Society of Chemistry 2019
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excitations to unoccupied O 2p states, ie. oxidized oxygen
states, as O 2p orbitals of O~ are fully occupied. It is important
to note that short O-O distances (~1.5 A) have not been
found in ex situ Raman measurements of delithiated alkali-
293571 por alkali-rich systems, these combined
insights into the RIXS feature imply its association with lattice
oxygen redox. Considering the distinction often drawn between
oxygen participation in conventional and alkali-rich oxides,**>*?
it is surprising to observe a similar RIXS feature in NCA.

rich cathodes.

3.3 Compositional dependence

To evaluate the RIXS feature’s presence across Ni-rich systems,
we conducted O K-edge RIXS maps on the Ni-rich LNA, NCA 2,
and LNC electrodes at 3.6 V, 4.25 V, and 4.75 V (Fig. S7 and S8,
ESIt). In all three systems, the primary changes in the sXAS O
K-edge absorption lineshape and O K-edge RIXS TM-O hybri-
dized feature are alongside formal nickel and cobalt redox. The
crystal structure and approximate a- and c-lattice parameters
for these systems at 4.75 V, based on the in situ XRD shown in
Fig. 1, are given in Table S2 (ESIt). In the example RIXS map of
LNA charged to 4.75 V (x = 0.2) shown in Fig. 3c, the RIXS
feature is observed along with a corresponding enhancement of
the elastic peak. As this LNA material is disordered and has
some phase segregation, we also conducted RIXS measure-
ments of ordered LNA when charged to 4.75 V which reached
a similar level of delithiation based on the capacity (x = 0.24).
We found the RIXS feature was also present in the ordered
sample and a similar intensity as the disordered LNA electrode
(Fig. S9, ESIT). Even though the RIXS feature emerges with
~20% lithium remaining in these LNA systems, this is near the
maximum extractable lithium expected from just the Ni*"74"
redox couple (80%) when considering aluminum as inactive.

As the elastic peak is well separated from any overlapping
emission at an excitation energy of 531 eV, the elastic peak
evolution is more easily distinguishable than the RIXS feature
at 523.5 eV that can be buried in TM-O hybridization features.
Therefore, we can use this dedicated feature away from any
broad emission signals for a quasi-quantitative analysis of the
RIXS feature. This is particularly viable for comparing the
Ni**** layered oxides as there is minimal contribution from
Ni 3d-O 2p hybridized states at an excitation energy of 531 eV
(Fig. S4, ESIY).

In the covalency regime, the elastic peak shows a clear
increase in intensity when there is limited change in either
the O K-edge sXAS spectra or the broad TM-O hybridized RIXS
features (Fig. 5 and Fig. S7, S8, ESIT). For the region highlighted
in blue in Fig. 6b, a clear RIXS feature is observed for the NCA 1
and LNA systems along with the pronounced increase in the
elastic peak. Although LiCoO, is not the main focus of this
study, we found the RIXS feature present at 4.75 V (x = 0.13)
(Fig. S8, ESIY), indicating this feature is not restricted to
Ni-rich/Al-doped systems. Additionally, the RIXS feature is
absent in partially discharged LNA and LCO electrodes
(Fig. S8, ESIt), similar to the NCA 1 case. Based on the
observation of a RIXS feature in the LCO system, there is no
clear link between the RIXS feature and the crystal structure as
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the weak RIXS feature and corresponding enhancement of the elastic peak
at 531 eV. (b) Evolution of the 531 eV elastic peak intensity compared to the
expected % TM redox in the ionic viewpoint (Ni**/4* & Co®*/** redox
couples) based on electrode delithiation and taking into account the
inactive aluminum in LNA and NCA.

LCO has transitioned to an H1-3 staged structure by 4.75 V
while NCA maintains the R3m phase throughout delithiation
(Table S2, ESIY).

Although both NCA 2 and LNC show an enhancement of the
elastic peak in the covalency regime, it is important to note that
a sharp RIXS feature was not clearly observed for these systems
when charged to 4.75 V. In these systems, there is a benefit to
using the elastic peak as weak RIXS features can be obscured by
overlying TM-O features. Weaker RIXS features in NCA 2 and
LNC that are not clearly distinguished may be related to the
smaller particle size of these systems compared to NCA 1
and any differences in actual bulk delithiation not accounted
for including excess capacity generated through cathode-
electrolyte side reactions beyond 4.3 V.*°

3.4 Local oxygen environment

Combining our observations for the LiMO, systems to this
point, we find the RIXS feature emerges with delithiation in
the strong covalency regime after the end of formal TM redox
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and is absent in the discharged state. These observations
suggest the origin of the RIXS feature in conventional layered
oxides is associated with oxygen participation in charge com-
pensation. To further evaluate this hypothesis, we conducted
measurements focusing on the oxygen coordination and
chemical environment. Lattice peroxo-like oxygen dimerization
has been proposed as the oxygen redox mechanism for the
alkali-rich 3d”>”® and 4d systems,”*”” so it is relevant to
consider whether this mechanism can be applied to LiMO,
systems. In the alkali-rich systems, the dimerization is consid-
ered to lead to shorter O-O separations, though the extent of
dimerization is still much larger than the ~1.5 A separation in
peroxides, e.g. 2.51 A in Nag ¢[Lis ,Mng 5]0,.7

In LiMO, systems, the onset of the RIXS feature occurs
during the c-lattice collapse at high degrees of delithiation so
it is informative to examine any concurrent changes in lattice
0O-O distances in this regime. Based on previously reported
ND/XRD Rietveld refinement for NCA 1,*° we evaluated the O-O
distances for lithium contents in the onset range of the RIXS
feature. Between x = 0.16 and x = 0.06 in Fig. 7a, the main
structural change is the drop in the lithium layer height (A; o)
to 2.71 A. Within the TM layer, there is a short and a long 0-O
separation throughout the first charge which remain relatively
unchanged between x = 0.16 and x = 0.06. Even when lowering
the symmetry to allow for variation in the oxygen coordinate,
there is no pronounced shortening of the O-O separation
(2.47 A) from ND/XRD refinement (Fig. S10 and Tables S3, S4,
ESIt). From these measurements, which provide an average
view of the O-O distances, we do not find evidence for lattice
dimerization associated with the RIXS feature.

As the XRD/ND refinement does not rule out local O-O
dimerization, we used depth dependent X-ray photoelectron
spectroscopy (XPS), a primary technique for reporting peroxo-
like species,’*’®’® for sensitivity to the oxygen chemical
environment. The main NCA O 1s peak is at ~529 eV so that
a peroxo-like peak would be expected around 1 eV higher at
~530 eV.”*7%78 To identify which peaks > 530 eV are related to
the cathode electrolyte interface (CEI), we utilized HAXPES to
increase bulk sensitivity by a factor of three to ~15 nm. In
comparison to XPS, all peaks >530 eV decrease in intensity
indicating these are primarily associated with CEI components.
Moreover, there is no change between the lithiated [x = 0.42 (C)
and x = 0.91 (D)] and delithiated samples [x = 0.06] related to
peroxo-like species formation. In contrast to previous
XPS studies,”””® our HAXPES spectra is not dominated by CEI
contributions, providing greater -certainty regarding the
presence/absence of local peroxo-like species in the bulk. While
the RIXS feature is weaker for NCA 1 compared to Li-rich
systems, previous work has suggested pronounced peroxo-like
formation at the start of the high voltage plateau.”® Additional
XPS/HAXPES for LNA shows variation of a CEI peak at 530 eV
but no evidence of a bulk peroxo-like species (Fig. S11, ESIY). As
the RIXS feature for NCA 1 and LNA is related to the bulk, we
find no link for either system between an O 1s asymmetry and
the onset of the RIXS feature. While there may be peroxo-like
species at the surface, the lack of correlation with the RIXS
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Fig. 7 (a) Nearest O-O distances based on previously reported joint XRD/
ND Rietveld refinement in the R3m SG for NCA 1 electrodes cycled versus
graphite and measured ex situ.*® The lithium contents given here are
based on the charge capacity. (b) Depth dependent XPS measurements of
the O 1s core region, at 1.486 keV and 6 keV, in the formal TM redox
regime (x = 0.42), after the RIXS feature onset (x = 0.06), and discharged to
2.7V (x = 0.91).

suggests these O 1s peaks do not relate to the bulk oxidized
oxygen states.

3.5 RIXS feature in LiMO,

Extension of O K-edge RIXS maps to conventional layered
oxides to directly measure the oxygen environment revealed
the onset of a similar RIXS feature at high degrees of delithia-
tion that was previously only found in alkali-rich systems.
When considering the c-lattice collapse at the highest degrees
of delithiation found across layered oxide cathodes,*® the onset
of this RIXS feature matches well with what is expected from
the current structural viewpoint of oxygen participation in
charge transfer. In contrast to the alkali-rich systems, this RIXS
feature emerges within the delithiation range that is accounted
for by just the TMs in the ionic viewpoint (Ni*"** & Co*"**

This journal is © The Royal Society of Chemistry 2019
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redox couples) so that there is no excess capacity. While there
are various reports that consider lattice oxygen dimerization as
vital for oxygen redox in alkali-rich systems,”® the RIXS feature
for LiMO, systems was observed with no concurrent shortening
of average O-O separations in the lattice. In addition, we do not
find a clear new O 1s peak in HAXPES associated with a bulk
peroxo-like states (Fig. 7), though more work may be needed to
conclude that the oxygen states associated with the RIXS
feature are distinct from peroxide-like oxygen environments,
e.g. Li,O,. These environments have mainly been theorized to
form in alkali-rich systems, e.g. Li,MnO;,’>’° but may be
important to consider for the conventional layered oxides,
given their thermodynamic instability at high degrees of
delithiation. Nonetheless, our combined observations point
towards lattice oxygen participation through covalency as the
origin of the RIXS feature at high degrees of delithiation. We
hope this directs further research into oxygen participation in
conventional layered oxides including its impact on cathode
stability and the formation of new surface phases driven by

3,14,41
oxygen loss.

4 Conclusion

For the past 20 years, conventional layered oxides have been
widely studied and well characterized with a continued focus
on utilizing their full theoretical capacity."**® From our com-
prehensive approach combining structural and electronic
probes of the transition metal and oxygen environments, we
have distinguished two charge compensation regimes: (1) low
voltage regime (<4.25 V) where the ionic viewpoint of TM-O
bonding is appropriate and (2) high voltage regime (>4.75 V)
where oxygen participation has to be considered. In the formal
TM-redox regime, shortening of the TM-O bond lengths and
evolution of the electronic structure signify increasing TM-O
covalency with delithiation. In the covalency regime, where
there is strong hybridization between fully oxidized TM ions
(Ni**/Co"™") and oxygen, we observed the onset of RIXS features
associated with oxidized oxygen alongside the c-lattice collapse.
Taken together, this suggests that RIXS provides a more sensi-
tive probe of the oxygen involvement in charge compensation
for the conventional layered oxides. The observation of similar
RIXS features associated with oxidized oxygen states in fully
delithiated conventional and alkali-rich layered oxides needs to
be addressed for any complete description of oxygen participa-
tion in charge compensation.
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