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The desire to increase the energy density of stoichiometric layered LiTMO, (TM = 3d transition metal)
cathode materials has promoted investigation into their properties at high states of charge. Although there
is increasing evidence for pronounced oxygen participation in the charge compensation mechanism, ques-
tions remain whether this is true O-redox, as observed in Li-excess cathodes. Through a high-resolution
O K-edge resonant inelastic x-ray spectroscopy (RIXS) study of the Mn-free Ni-rich layered oxide
LiNip9sW020,, we demonstrate that the same oxidized oxygen environment exists in both Li-excess
and non-Li-excess systems. The observation of identical RIXS loss features in both classes of compounds
is remarkable given the differences in their crystallographic structure and delithiation pathways. This lack
of a specific structural motif reveals the importance of electron correlation in the charge compensation
mechanism for these systems and indicates how a better description of charge compensation in layered
oxides is required to understand anionic redox for energy storage.

DOI: 10.1103/PRXEnergy.2.013005

I. INTRODUCTION

Interest in LiNiO, and its doped derivatives as future
Li-ion battery (LIB) cathodes has been revived recently
due to their ability to harness practical capacities close
to the theoretical value [1-3]. To achieve high states
of charge (SOCs) increasing the cell energy density,
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cation plus anion redox is often necessary [4]. In prac-
tice, this often requires high-voltage operation to facilitate
increased delithiation, which induces various degradation
modes, namely, structural instabilities, parasitic electrode-
electrolyte reactions, surface reconstructions, and oxygen
loss, within the cathode that drastically reduce their cycle
life [5—7]. To mitigate such processes, and therefore, main-
tain high energy densities over long-term cycling, we need
to understand the structural and electronic changes in these
cathodes at extreme states of delithiation and high volt-
ages (>4.5 V vs Li/Li") [1]. A key challenge here is to
characterize the charge compensation mechanisms operat-
ing at these voltages. Recent O K-edge resonant inelastic
x-ray spectroscopy (RIXS) investigations [8] into LiNiO,
[9] cathodes and their doped variants [10] revealed that the
capacity evolution did not follow a simple Ni** to Ni**
oxidation step per unit delithiation (based on the ionic
approximation) and that oxygen (i.e., O*~) was involved

Published by the American Physical Society
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in charge compensation towards the end of delithiation
(at >4.5 V). Currently, it is not clear whether this is
bona fide O-redox similar to that observed for Li-excess
cathodes [11].

Oxygen redox in LIB cathodes was initially hypothe-
sized and investigated for layered Li-excess compounds
(Li: TM > 1) due to their anomalous “excess” capacity
during initial cycles that could not be explained solely
using transition metal (TM) oxidation [12,13]. The excess
capacity, attributed to O*~ oxidation, was argued to stem
from nonbonding orphaned oxygen states formed as a
result of Li—O—Li structural configurations [14]. Recent
high-resolution RIXS (HR-RIXS) studies ascribed the
‘excess’ capacity during charging to O?~ oxidation within
the bulk, resulting in trapped molecular O, (while ruling
out other O—O dimers, such as peroxide and superox-
ide) inside vacancy clusters formed through in-plane TM
migration [15,16]. At the surface, O?>~ oxidation leads to
irreversible O, loss. The bulk O>~— 0, oxidation phe-
nomenon was also to other Li-excess [17,18] and Na
intercalation cathodes [19,20]. Further corroboration was
provided by small-angle x-ray scattering and neutron total
scattering studies of charged Li-excess cathodes, which
revealed nanoscale domains of lower electron density or
nanopores and trapped O—O dimers with a bond length
of about 1.2 A in the cathode bulk, respectively [21,22].
However, alternate theories for the O-redox behavior do
exist that do not require TM migration and nanopore for-
mation [23], e.g., O-holes arising from the rehybridization
of the TM—O orbital states during delithiation.

Unlike Li-excess cathodes, conventional layered sto-
ichiometric (non-Li-excess; Li: TM =1) cathodes such
as LiCoO, and its derivatives do not show any capac-
ity that cannot be accounted for by the TM redox
couple [23]. Nevertheless, early investigations of their
highly delithiated phases did lead to hypotheses of
oxygen involvement in charge compensation [24-26].
Experimental proof for this was obtained only recently,
with O-redox activity at high states of delithiation
confirmed in several non-Li-excess cathodes, includ-
ing LiCoO, [27-29], LiNiO, (and variants), [9,10,
30] LiNi1/3Ml’11/3C01/302 [31], LlNlQéMIlozCOonz [32],
LiNi0.83C00.12Mn0.0502 [33], and LiNioAgC00.15A10.0502
[34]. Although charge compensation in these cathodes
during (de)lithiation is considered to be solely due to TM-
redox, these studies indicate that O-redox can occur after
a certain state of delithiation. It is to be noted that conven-
tional ionic approximations of cation and anion redox do
not directly apply to these systems with significant cova-
lent bonding and TM 3d and O 2p hybridization. In other
words, it is difficult to demarcate the degree to which the
TM and O species participate in charge compensation at
specific stages of delithiation, and so, the charge compen-
sation process may be better viewed as a joint process

involving both TM"* and O"~ species. Therefore, under-
standing the O-redox behavior in such cathodes is a critical
step in understanding how to harness O-redox-induced
capacity enhancement.

It remains unclear whether Li-excess and stoichiomet-
ric cathodes have the same oxidized 0%~ species because
HR-RIXS has only thus far been applied to Li-excess cath-
odes. Most, if not all, O K-edge x-ray spectroscopy and
RIXS studies on stoichiometric layered cathodes were per-
formed on a high-efficiency RIXS beamline [35], which
does not provide sufficient resolution to deconvolute the
RIXS spectra to identify the vibronic structure of the
oxidized O?~ species. In contrast, HR-RIXS sources pro-
vide the necessary resolution to do so. Nonetheless, bulk
O-redox signatures observed using high-efficiency RIXS,
namely, the emission feature at about 523.7 eV and the
low-energy excitation near the elastic line at an excitation
energy of about 531 eV, for both layered stoichiometric
and Li-excess cathodes, in addition to certain Na ana-
logues, are highly comparable [9,10,27,28,30—32,34,36—
44]. This suggests a common origin for the O-redox
behavior and that Li—O—Li configurations, which are gen-
erally absent in stoichiometric layered oxides and can
only occur due to antisite disorder [2,45], may not be a
prerequisite for O-redox. This warrants further investiga-
tion and identification of the nature of the oxidized O*~
species in stoichiometric layered cathodes is an important
step.

To probe the nature of oxidized O®~ species in sto-
ichiometric layered cathodes, we performed an O K-
edge HR-RIXS study using 2%-tungsten-doped LiNiO,
(LiNipogWo020,) as a model system. In addition to
its superior electrochemical performance compared to
undoped LiNiO, [46—49], it is a Mn-free system, which
removed the possibility of theoretically predicted [50]
but experimentally unverified Mn** to Mn’* oxidation
[37,51], and the stabilization of orphaned O 2p orbitals
by Mn [52-54]. The crystallographic and -electronic
structure changes in the LiNig g W¢.02O; cathode as a func-
tion of delithiation were investigated using x-ray diffrac-
tion and spectroscopy methods. Oxygen participation in
charge compensation was investigated through O K-edge
soft x-ray absorption spectroscopy (XAS) and HR-RIXS.
This combination enabled the joint probing of the O unoc-
cupied and occupied valence states, thereby providing a
clear picture of TM—O hybridization [8]. The HR-RIXS, in
addition to detecting the presence of oxidized O"~ (n < 2)
species, also facilitated its identification [11]. Interestingly,
the same HR-RIXS signature as that of charged Li-excess
cathodes was seen here. Considering the differences in
structural evolution during delithiation of these two cath-
ode systems, it is possible that another explanation for
the O-redox activity exists. This discovery also highlights
the need to further understand the charge compensation
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mechanisms in conventional stoichiometric layered cath-
odes at high states of charge.

II. RESULTS AND DISCUSSION

A. Pristine material and electrochemistry

LiNig 9sW0.020,, referred to as WLNO, was synthesized
through the high-temperature calcination of LiOH-H,O0,
WOj3;, and coprecipitated Ni(OH), (see Supplemental
Material Sec. 1.1 [55]). The WLNO sample was poly-
crystalline in nature, with micron-sized agglomerates com-
posed of primary particles [Fig. 1(a)]. Powder x-ray
diffraction (XRD) data [Fig. 1(b)] of pristine WLNO
could be fitted with a rhombohedral R3m unit cell, with
refined lattice parameters comparable to those in the lit-
erature (Table S1 within the Supplemental Material [55])
[46,48,49]. No traces of unreacted precursors were seen.
However, there is compelling evidence that true bulk W
doping (i.e., W occupying Li and/or Ni sites) does not
occur in WLNO and that amorphous Li,W,O. phases
form along grain boundaries and particle surfaces [34,36].

This makes the bulk Li deficient, leading to the forma-
tion of off-stoichiometric phases. Evidence for amorphous
Li, W, O. phases could be seen in the XRD data [Fig. 1(b),
inset] as the broad bump near the 003 reflection [36].
Nevertheless, the reported effects of W doping, such as
increased lattice parameters and peak broadening, were
clearly seen in the WLNO XRD data when compared
to undoped LiNiO, (Fig. S1 within the Supplemental
Material [55]) [33,36].

Structural analysis of the pristine WLNO was done
through Rietveld refinement [56,57] against XRD data
(Supplemental Material Sect. 2.3 [55]). LiNiO, often
exists as off-stoichiometric Li-deficient Li;_,Nij;,0;
(z < 1) phases [2,58]. Excess Ni is present in the Li layer
(3b site) as Ni*". Thus, an accurate structural represen-
tation of LiNiO; would be [Lij NiZ"]3,[Ni2*Ni3* _]s,
[Og_]&, where z < 1 and the subscripts outside the paren-
theses denote the crystallographic (R3m) sites. Consider-
ing this complexity, Rietveld analysis was performed in
two stages, with and without W in the bulk, to avoid
overparameterizing the XRD data. Li, W, O, phases were
excluded in either case. First, the off-stoichiometry was
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FIG. 1.

(a) SEM image of a WLNO particle. (b) XRD data fitted with a R3m unit cell. Inset shows a magnified view of data between

15° and 30° (26). (c) Potential versus specific capacity plots of WLNO when charged to 4.2 V (blue) and 4.7 V (red) followed by
discharge to 3 V. (d) Corresponding differential capacity plots (dQ/dV), with the bulk structural phases labeled. H and M stand for

hexagonal and monoclinic, respectively.
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evaluated using the methodology outlined by Rougier et al.
[58], where the isotropic atomic displacement parameter of
Li (Br;) was used as a qualitative indicator of the same.
As expected, structural refinement of a LiNiO, phase
resulted in a By; value of —3.95(15) A2, due to excess
electronic density from Ni** in the Li site. Repeating the
same with 2% W on the Ni site led to comparable values
of —4.09(15) A2, Second, refinements were performed to
evaluate the degree of Li-Ni mixing, i.e., Ni on the Li (3b)
site. Here, the site occupancy of the Li (3b) site with both
Li and Ni was allowed to refine with the atomic displace-
ment parameters held constant. For LiNiO, without W,
the Li site occupancy refined to include 2.29(18)% Ni. A
comparable value of 2.01(19)% was obtained when W was
included in the structure (LiNig9gWg.0203). These values
were lower than those previously reported for comparable
W-doped LiNiO, samples (~5%) [33,36,59]. This is most
likely a consequence of the solid-state doping approach,
which can impart a higher degree of heterogeneity in W
doping due to its inherently sluggish kinetics [42]. The
refinements show that WLNO exhibited off-stoichiometry
with an appreciable amount of Ni present in the Li layer
and that W incorporation happens predominantly at the
microstructural and surface levels. More importantly, this
precludes the formation of Li—O—Li configurations in the
material, which is relevant to the discussion of O-redox
activity.

Previous studies of 2% W-doped LiNiO, samples have
reported dissimilar surface and bulk structures [46,48].
Similar behavior was also seen here, based on XAS data.
Ni K-edge x-ray absorption near-edge structure (XANES)
data (Fig. S6 within the Supplemental Material [55]) for
WLNO shows that the average bulk oxidation state of
Ni is approximately +3. However, stark differences are
seen in the Ni L3-edge soft XAS data, which can be
qualitatively evaluated using the ratio of the high- and low-
energy peaks in the edge [60]. Note that the soft XAS data
were collected using the WLNO electrode in the open cir-
cuit voltage (OCV) state, whereas the Ni K-edge XANES
data were measured using a pelletized powder sample. As
shown in Fig. S7 within the Supplemental Material [55],
the Ni soft XAS data collected in surface-sensitive elec-
tron yield (EY) mode and sub-surface-sensitive fluorescent
yield (FY) mode, are noticeably different, indicating that
the Ni oxidation state is not uniform within the sample. The
EY data (<10 nm probing depth) conforms to a lower Ni
oxidation state akin to Ni**, while the FY data (~100 nm
probing depth) resembles a higher Ni** oxidation state
[61]. The detection of Ni2*t at the surface suggests that a
cation ordered structure might be formed at the surface,
which aligns with previous studies [46,62].

The first cycle electrochemical data of WLNO (vs.
Li/Li") charged to 4.7 V and then discharged to 3 V, is
shown in Fig. 1(c). Data corresponding to an upper cutoff

voltage of 4.2 V is also included for comparison. The
theoretical capacity of WLNO, calculated using Ni oxi-
dation alone, was ~262 mAh/g. When charged to 4.2 V,
a capacity of about 192 mAh/g, corresponding to about
0.73 moles of delithiation, was obtained. Upon increasing
the upper cutoff voltage to 4.7 V, the capacity increased
to about 257 mAh/g, indicative of about 0.98 moles of
delithiation. Therefore, no “excess” capacity that could not
be accounted for by Ni oxidation was observed. When
discharged, capacities of 165.2 and 214.8 mAh/g were
obtained for cells charged to 4.2 and 4.7 V, respectively.
Similar to undoped LiNiO,, increasing the upper cutoff
voltage from 4.2 V to 4.7 V also led to higher voltage hys-
teresis, as seen in Fig. 1(c) [46]. The differential capacity
plot in Fig. 1(d) shows that the structural transitions previ-
ously reported for LiNiO, and its derivatives, involving a
monoclinic (M) phase and different hexagonal () phases,
are present here as well [33,36,46]. Compared to similar
samples from other studies [46,48], the redox peaks are
more pronounced, indicating that the structural phase tran-
sitions were more abrupt. This is most likely due to the
aforementioned differences in the degree of W doping as a
consequence of the different synthetic protocols employed
in the studies. Additionally, a small peak is seen at about
4.5V during charging alone. This is attributed to interfacial
electrode-electrolyte reactions during the first charge [9].

B. Structural evolution during cycling

The structural evolution of WLNO during electrochem-
ical cycling was characterized ex situ using XRD. Six
conditions, namely, OCV, charged to 3.8 V (~0.4 mol
delithiation), charged to 4.2 V (~0.73 mol delithiation),
charged to 4.5 V (~0.92 mol delithiation), charged to
4.7 V (~0.96 mol delithiation), and discharged to 3 V
after charging to 4.7 V, were studied. As seen in Fig. 2(a),
charging to 4.2 V led to an expected bulk structure evolu-
tion [46,64]. The 003 reflection [Fig. 2(a), center panel],
representative of the interlayer spacing, moves towards
lower scattering angles as the layered structure expands
because of the increased interlayer O>*~—0?~ repulsion.
Concurrently, a steep decrease in the a lattice parameter
is observed due to decreasing Ni—O bond distance as a
consequence of Ni oxidation. The hexagonal to monoclinic
transformation (HI1 to M) is not visible in the XRD data
here, as it occurred between 3.8 and 4.2 V [46]. The refined
R3m unit cell values are provided in Table S6 (Supplemen-
tal Material Sec. 4 [55]). The H2—H3 transformation is
understood to be complete by about 4.4 V, as per the differ-
ential capacity plot and previous studies [46,65]. Beyond
4.4V (i.e., >0.7 moles of delithiation), the structural trans-
formations became complex [66]. This is reflected in the
poor quality of the Pawley fit of the 4.5 V and 4.7 V XRD
data using a single R3m unit cell. Due to this complexity
and limited reciprocal space resolution of the laboratory
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FIG. 2. (a) Ex situ XRD data of the WLNO electrodes stacked along y. Most intense peaks of C and Al from the electrodes are high-

lighted. Magnified views of different regions are shown in the center and right panels. Certain Bragg reflections (R3m) are highlighted.
Legend in the right panel applies to the two panels to the left as well. (b) Corresponding XANES data from the electrodes, with a
magnified view of the edge (center panel). u(E) is the absorption coefficient. (¢) Ni K-edge energy shift as a function of Li content
in WLNO. OCV and charged electrodes are linked with a line as a guide to the eye. “Dch.” refers to discharged. Ni** reference is

BaNiO; [63].

XRD data, only a qualitative analysis of highly delithiated
WLNO structures is provided to avoid overinterpretation.
Previous investigations of highly delithiated Li,NiO,
phases provide a good platform to understand the struc-
tural changes in the WLNO cathodes that were charged to
4.5V and 4.7 V. Here, the cathodes have <0.1 mol of Li in
the bulk. At these stages, the O3-type oxygen layer stack-
ing in the H3 phase began to transform into the O1-type
(sometimes referred to as the H4 phase) [25,67] with the
concomitant generation of stacking faults [25,30,67,68].
The nature, extent, and mechanism of this transforma-
tion are currently not well understood, due to differences
in the pristine material properties, extent of delithiation,
and charging protocols [66]. For example, the O3 to O1
transformation was reported to be suppressed or hindered
in LiNiO, until full delithiation based on operando XRD
[69] and first-principles calculations [70]. However, there
is ample evidence for the presence of Ol-type stack-
ing in highly delithiated Li,NiO, [30,71,72]. In WLNO,
XRD data of the 4.5 V and 4.7 V cathodes are similar
to each other, while being distinctly different from the
rest. The 003 reflection was asymmetrically broadened
towards higher scattering angles similar to those reported
by Croguennec et al. [25,67] and ascribed to the coex-
istence of two phases, H3 (called R3 in their work) and

H4, with O3- and O1-type stacking [73], respectively. We
posit that the same is true for the 4.5 V and 4.7 V WLNO
cathodes as well. This is further corroborated by the signif-
icant asymmetric broadening of the 10/ and 01/ reflections
[Fig. 2(a), right-most panel], which reveal the presence of
stacking faults in the structure [25]. Another notable differ-
ence in the 4.5 V and 4.7 V charged samples is the increas-
ing intensity of the 101 reflection with respect to the 104
reflection. This was previously linked to the migration of
Ni from the TM layer to the tetrahedral sites in the Li layer,
which suppresses the O3 to O1 transformation [69]. How-
ever, this is unlikely as significant broadening of the 10/
reflections (due to stacking faults) suggest that O1 stacking
is present in the structure, which might lead to the same
effect [25]. It is also unlikely that Ni*t is stabilized in a
tetrahedral site [74]. Recent studies have suggested that Li-
Ni interlayer mixing occurs in Ni-rich layered cathodes at
high states of charge, based on an increase in the intensity
of the 104 reflection [30,33]. This was not seen here, indi-
cating that the Li-Ni interlayer mixing is not significant in
the case of WLNO. It remains to be seen whether W dop-
ing has a direct impact on this. Upon discharging to 3 V, the
original layered structure was regained, indicating that the
bulk structural evolution during charging is, on average,
reversible.
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C. Evolution of bulk Ni oxidation states

The extent of bulk Ni oxidation in the WLNO cathodes
was investigated using Ni K-edge XANES (in transmis-
sion). Previous XAS investigations have shown that the
bulk Ni oxidation in LiNiO, cathodes increases steadily
during charging and reaches approximately +4 upon near-
complete delithiation [25,75]. However, there is also evi-
dence that Ni oxidation does not increase continuously
during charging in Ni-rich layered cathodes, and instead
plateaus towards the end of charging [9,34]. For WLNO,
as seen in Fig. 2(b), the bulk Ni oxidation increased during
charging until 4.5 V, reaching very close to the formal Ni**
state, based on BaNiO; [63]. This is clearly seen in the evo-
lution of the Ni edge position [half-height of normalized
spectra, Fig. 2(c)]. Upon discharging to 3 V, Ni reduced
to a state close to that in the OCV cathode. Expectedly, it
was not totally reversible due to the associated voltage hys-
teresis (and capacity loss) shown in Fig. 1(c). Of note was
that the Ni oxidation state dramatically slowed down upon
charging to 4.7 V from 4.5 V (~0.06-mole delithiation),
and no notable changes in Ni XANES are seen. This can
be interpreted as an indication of O participation in charge
compensation. However, it must be noted that the analyses
of the Ni K-edge position using the half-height method,
while convenient, is prone to analytical error due to pos-
sible changes in the line shape of the absorption edge.
Having characterized the bulk crystallographic and elec-
tronic structure of WLNO, a detailed study of the surface
and bulk oxygen environment, focusing on the three cath-
odes at the charge and discharge limits, i.e., OCV, charged
to 4.7 V, and discharged to 3 V, is presented.

D. Evolution of surface species

The evolution of the surface structure was characterized
using the O K-edge and Ni L3-edge soft XAS data col-
lected in EY mode. As seen in Fig. S9 within the Supple-
mental Material [55], the data revealed a reversible behav-
ior during the first cycle. The peak at about 534 eV in the
O K-edge spectra indicates that a surface layer of Li;CO;
was present on the OCV electrode [76], which was com-
pletely removed upon charging, only to be formed again
on discharging. The different Ni oxidation states in the sur-
face and subsurface in the FY [Fig. 2(b)] and EY (Fig.
S10 within the Supplemental Material [55]) data show that
the extent of Ni oxidation upon charging was not uni-
form across the cathode. Ni was oxidized to a much higher
degree in the subsurface and reached oxidation states close
to +4, which is in good agreement with the Ni K-edge
XANES data presented here and previously in the literature
[77]. The hard x-ray photoelectron spectroscopy data col-
lected at two different incident photon energies for greater
sampling depth shows that true bulk delithiation occurred
at the surface and subsurface or bulk regions. This was
seen in Fig. S11 within the Supplemental Material [55],

where the charged cathode data does not include any peaks
in the Li 1s core-level binding energy region. Furthermore,
the shift in the Ni core-level (2p and 3p) reveals that simul-
taneous oxidation of Ni also happened during delithiation.
The presence of Li-W-O species on the particle surface
will affect the cathode-electrolyte interphase and com-
plicates a comprehensive analysis. Nonetheless, the sur-
face analysis data presented indicates that O?~ oxidation
happens in the bulk and, by extension, O-redox activity
occurs at high states of charge in the WLNO cathode.

E. Bulk O-redox

The bulk O-redox activity in WLNO cathodes was
investigated through O K-edge soft XAS and HR-RIXS.
The soft XAS spectra and RIXS line scans are shown in
Figs. 3(a) and 3(b), respectively. Additionally, all of the
HR-RIXS maps and the line scan data are shown in Supple-
mental Material Sec. 7 [55]. As highlighted in the soft XAS
spectra [Fig. 3(a)], charging WLNO to 4.7 V led to the for-
mation of additional O unoccupied states at about 531 eV,
which was similar to LiNiO; and Li-excess systems [9,15].
In the corresponding RIXS scan of the charged sample
collected at this incident energy (531 eV), a new energy-
loss feature, namely, a series of peaks corresponding to
a vibronic structure is observed close to the elastic peak
(0 eV). This is absent in the OCV and discharged cath-
ode spectra. The peak spacing of the energy-loss feature of
the WLNO 4.7 V charged sample is highly comparable, if
not identical, to that previously reported for all charged Li-
excess and certain layered Na cathode materials [15-20].
Note that extremely weak energy-loss features are visi-
ble in averaged RIXS data for the OCV and discharged
cathodes, possibly due to the various cathode-electrolyte
interphase species formed, as shown in Fig. S15 in the
Supplemental Material [55], but the peak spacing of these
weak features does not match those of the charged sample.

In Fig. 3(c), the dependence of the peak spac-
ing on energy loss in the charged WLNO cath-
ode was compared to that of the Li-excess cathode
(Li1,2Mn0.54Ni0_13C00.1302) charged to 4.8 V from Ref.
[15]. It is evident that the same linear decrease was seen
in both cases, within error. This HR-RIXS feature has
been used to confirm the presence of trapped molecular
02 in the bulk of charged Li]_2M1’10V54Ni0'13C00.|302 (and
in cathodes similarly investigated through HR-RIXS). The
peak separation of the lowest (first) energy-loss peak in
WLNO and Li1,2Mn0.54Ni0,13C00.1302, i.e., the fundamen-
tal vibration frequency, was found to be about 0.19 eV,
which corresponds to about 1550 cm™'. This is compara-
ble to the value reported for molecular O, (~1556 cm™)
[78]. An additional energy-loss feature at about 7.5 eV
(i.e., ~523.5 eV emission energy) was also seen in the
WLNO RIXS scan, similar to trapped molecular O, and
Li; Mngs4Nig13C00.130,. This feature was previously
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FIG. 3.

(a) O K-edge spectra of WLNO collected in FY mode. Feature at about 531 eV is highlighted using a gray vertical line. (b)

High-resolution O K-edge RIXS line scan collected at 531 eV. Only the OCV, charged to 4.7 V, and discharged to 3 V samples were
measured. Legend from (a) is also applicable to (b). (c) Plot showing the linearly decreasing dependence of peak spacing for charged
WLNO (4.7 V) and Li; ;Mng 54Nig.13C00.130, (4.8 V) from Ref. [15] with respect to the vibrational quantum number, n. Each data

point is an average from 15 scans.

assigned to the occupied = molecular orbitals on O, [18].
Based on this, it could be assumed that molecular O, is
formed in the bulk of WLNO charged to 4.7 V, and the ori-
gin of the RIXS feature should be the same as that reported
in Li; yMng54Nig 13C00.130, and other charged O-redox
cathodes [15-20]. However, rationalizing the formation of
trapped bulk molecular O, in the non-Li-excess WLNO
cathode using the same reasoning as that in Li-excess
cathodes is not straightforward.

F. O-Redox behavior in non-Li-excess cathode
materials

Multiple theories have been proposed to explain O-
redox in LIB cathodes, but a universal one directly
applicable to both Li-excess and layered stoichiomet-
ric cathodes does not yet exist [11,23,79—81]. The bulk

0%~ —(trapped) O, oxidation theory of Li-excess sys-
tems cannot be directly extended to stoichiometric systems
due to the crystallographic differences between the two.
Layered Li-excess systems like Li; ;Mng 54Nig.13C0g.130,
contain Li in the TM layer (0.2 mol in this case) and
possess in-plane Li-TM ordering, unlike their layered sto-
ichiometric counterparts [77,82]. Molecular O, formed
upon charging Li-excess cathodes is argued to be trapped
within TM-layer vacancy clusters (nanopores) formed by
simultaneous delithiation and in-plane TM migration [11].
Therefore, the presence of Li in the TM layers and in-plane
Li-TM ordering is key to facilitating bulk molecular O,
formation. In other words, the formation and dissociation
of the O, dimer is considered to be the charge compen-
sation mechanism for O-redox. Given that WLNO shows
HR-RIXS features identical to Li-excess systems, either
O, dimer formation in nanopores is contributing to its
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charge compensation or another mechanism needs to be
considered for both systems.

In stoichiometric layered oxides, Li content in the TM
layer is significantly lower than Li-excess compounds
and is dependent on the paired antisite disorder (inter-
layer Li-Ni mixing). It is generally reported to be <6%
and decreases with increasing Ni content [83,84]. In
compounds with >95 at. % Ni, Li is in fact absent from
the TM layers due to off-stoichiometry [58]. Consequently,
neither is there long-range Li-TM ordering [82,85] nor
is there significant bulk TM migration during the delithi-
ation of Ni-rich stoichiometric layered cathodes [37,84,
86]. Thus, the concentration of Li-O—Li configurations
and proclivity for delithiation-induced TM migration and
vacancy clustering is significantly reduced, if not absent,
in stoichiometric layered cathodes. In other words, there is
minimal evidence for nonbonding orphaned O states in the
pristine material and for vacancy cluster and nanopore for-
mation needed to trap molecular O,. This was corroborated
using small-angle x-ray scattering where no vacancy clus-
ters were observed in charged LiNiggCog 5Alp 050, and
LiNip4Mng 4Co¢ 0, [22]. Furthermore, O-redox behavior
has been reported for LiNiggCoq 15Alp050,, which sug-
gests that vacancy clustering is not necessary for O-redox
[34]. As a result, the observation of identical HR-RIXS
features does not support O, dimerization and dissociation
as a universal charge compensation mechanism and other
theories must be reconsidered. A recent density-functional
theory (DFT) plus dynamic mean-field theory (DMFT)
study reexamined the rehybridization mechanism associ-
ated with delithiation with Li,NiO, and concluded that
the classical view of an ionic fixed O*>~ oxidation state is
not valid; instead, there is significant oxygen participation,
resulting in oxygen hole formation. These calculations
were supported by spectral simulations of Ni and O K-edge
XAS [59]. Moreover, the study also demonstrated that the
531 eV O K-edge XAS and RIXS feature could originate
from O-redox-induced water intercalation and O, dimer
formation with lattice oxygen at high states of charge. As a
result, the RIXS signature might not be a direct probe of the
bulk O-redox mechanism, and further studies are required.

Currently, O K-edge XAS and RIXS is the de facto
probe for investigating O-redox behavior in battery cath-
odes [8,80]. However, a direct correlation between the
XAS or RIXS data and bulk O-redox activity requires more
scrutiny. First, Li;MnQOs, historically touted as bulk O-
redox active, has failed to show any O-redox signatures in
O K-edge XAS studies [87]. Second, the aforementioned
O K-edge emission feature was not observed in Li3IrOy,
wherein delithiation is compensated solely by bulk O?~
oxidation involving the generation of lone pairs [88].
Finally, as mentioned before, all O-redox-active charged
stoichiometric layered, Li-excess, and certain Na cathodes
studied using RIXS thus far, despite the differences in their
pristine structure and delithiation pathways, show the same

~523.7 eV emission feature and low-energy excitations
close to the elastic line (i.e., asymmetric broadening) at an
excitation energy of 531 eV during high-efficiency RIXS
mapping to varying degrees, irrespective of the compo-
sition and cycling protocol [9,10,27,28,30-32,34,36-44].
Therefore, it is only rational that the same HR-RIXS
feature is also seen in both stoichiometric layered and
Li-excess cathode systems.

Our results demonstrate the limitations of the terms “Ni”
and “O” redox, based on simple ionic approximations to
describe the delithiation of LiNiO,, and support the oxy-
gen hole formation theory described in Ref. [59]. Further
support come from recent operando neutron diffraction
studies of Ni-rich cathodes [84,89], which reported an
anomalous increase in the Ni—O bond length at extreme
states of delithiation. This could be a direct consequence
of bulk 0%~ oxidation that, when compared to previous
reports, such as Refs. [90,91], points towards the involve-
ment of electron hole states on the ligand (oxygen) 2p
orbitals. Thus, the evolution of the electronic structure of
layered stoichiometric and Li-excess oxide cathodes needs
more consideration and direct experimental spectral val-
idation. This is because conventional DFT methods fall
short in calculating the electronic structure of these alkali
transition-metal oxides due to their inability to account for
electron correlation effects associated with TM 3d orbitals.
For example, even for “simple” systems like NiO [92],
Li-doped NiO [93], and LiCoO, [94], the presence of
strong intraorbital coulomb interactions can lead to mas-
sive changes from expected band-theory behavior, with
the presence of a ligand hole playing an important role
in determining the electronic structure properties of the
compounds. Modeling the electronic structure changes in
such correlated systems is not trivial, as elaborated recently
[95]. The framework of strongly correlated oxides was also
suggested for Li-excess oxide cathodes [96]. Our work
further supports the need for further beyond-DFT studies
of layered oxides with experimental validation, such as
Ref. [59], to better understand anionic redox chemistry of
Li-excess systems.

III. CONCLUSIONS

Intercalation-based energy storage systems centered on
alkali transition-metal oxide redox requires understand-
ing of the changes in their electronic and crystallographic
structure associated with the changes in (electro)chemistry.
In this study, we highlight how the concepts of TM- and
O-redox need to be reexamined in “known” systems like
Li,NiO,, i.e., does TM-O rehybridization facilitate oxygen
redox? Using HR-RIXS, we demonstrate that the feature
ascribed to trapped molecular O, in charged Li-excess
cathodes is also seen in a stoichiometric Mn-free layered
LiNig9sWg.020, cathode charged to 4.7 V, which does not
show any capacity that could not be accounted for by
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TM-redox. Neither does this material have Li-O—Li con-
figurations in its pristine structure nor were there any clear
indication of significant Ni migration upon delithiation
required for nanopore formation compared to Li-excess
systems. XRD analysis reveals that the structure of highly
delithiated WLNO is a composite of O3- and O1-stacked
phases. Ni K-edge XANES indicates formal Ni oxidation
clearly ceased to reach +4 before full delithiation. The
lack of a specific structural arrangement in Li-excess and
stoichiometric layered cathodes and the strong possibility
of TM-O rehybridization highlights the need for detailed
computational studies beyond DFT-based methods. For
example, Ref. [59] using DMFT and DFT demonstrated
how O hole formation could facilitate charge compensa-
tion in LiNiO, at high states of delithiation supporting
the X-ray spectroscopy data presented here. Electron cor-
relation should explicitly be included in developing the
theoretical descriptions of oxygen redox. It is hoped that
this work will inspire further dedicated efforts within this
field, which has the potential to help unlock design rules
for stable oxygen redox in new cathode materials for
energy storage applications.

IV. EXPERIMENTAL DETAILS
A. Synthesis of WLNO

The Ni(OH), precursor was prepared via a precipita-
tion method carried out in a stirred tank reactor (Eppen-
dorf). Herein, the NiSO4 solution (2 M, 162 ml) was
pumped into a NH4OH solution (0.4 M, 598 ml) within
the reactor. At the same time, a 2 M NaOH solu-
tion (NaOH:TM ratio=2.0) and a NH4OH chelating
agent solution (NH4OH:TM ratio=1.2) were pumped
separately into the reactor. The reaction was stirred
overnight (1000 rpm, 20 h) and the Ni(OH), precipi-
tate was obtained after washing. The powder was dried
at 80°C overnight. The obtained Ni(OH), powder was
thoroughly mixed with LiOH-H,O and WO; powders
(Li:Ni: W=1.03:0.98:0.02 molar ratio) through hand-
grinding. The mixture was transferred to a tube furnace and
heated at 500 °C for 5 h followed by a final calcination at
750 °C for 15 h under a flow of oxygen.

B. Electrochemistry

For electrochemical tests, the WLNO powder was
mixed with C65 carbon black (Imerys) and polyvinyli-
dene fluoride in a weight ratio of 95:5:5 in N-methyl-2-
pyrrolidone (NMP) solvent. The obtained slurry was cast
onto carbon-coated Al foil using a doctor blade set at
a height of 150 um. The slurry was dried at 100 °C to
evaporate the NMP solvent before further drying at 80 °C
overnight in a vacuum oven. Electrodes of 10 mm in diam-
eter were then punched from the dried film and transferred
into an Ar-filled glovebox.

CR2032 coin-type half-cells were constructed in an
Ar-filled glovebox using the as-prepared WLNO elec-
trodes as the cathode, a Li metal anode, and Whatman
glass microfiber separator (plus an additional Celgard
2400 separator on the cathode side for cells that required
post-cycling analysis). 1 M LiPF¢ in a mixture of ethy-
lene carbonate (EC) and ethyl methyl carbonate (EMC)
(EC:EMC 3:7 by wt%) with 2% vinylene carbonate
additive (Solvionic) was used as the electrolyte. Galvano-
static charge and discharge tests were carried out to set
voltages on an Arbin LBT21084 cycler at C/20 cycling rate
(1C=220mAg™).

Cycled electrodes were collected from disassembled
cells and washed with dimethyl carbonate (DMC) several
times to remove any soluble surface species for ex situ
measurements. Cell disassembly, electrode washing, and
sample transfer took place in an Ar-filled glovebox.

C.SEM

SEM images were collected on an FEI Inspect F50
instrument using an accelerating voltage of 5 kV. The pow-
der sample was adhered to a carbon tab and gold coated
using a sputter coater prior to inspection.

D. XRD

XRD measurements of the pristine powders and cycled
electrodes were carried out using a Malvern Panalytical
Aeris diffractometer (40 kV, 15 mA) with nonmonochro-
mated Cu K« radiation. On the incident beam side, a Ni Cu
K B filter, a Soller slit (0.04 rad), a divergence slit (1/4°),
and a 13-mm x-ray mask were used. Antiscatter (9 mm)
and Soller (0.04 rad) slits were used on the diffracted beam
side. Data from pristine powders were collected in Bragg-
Brentano mode using a zero-background Si holder while
spinning between an angular range of 10° and 75° (26)
with a step size of about 0.01° and time per step of about
150 s, using a PIXcellD-Medipix3 detector. Cycled elec-
trodes retrieved from coin cells were measured ex sifu
under the same operating conditions using the same holder
but with a Kapton film over it to prevent air exposure. The
samples were prepared in an Ar-filled glove box. Paw-
ley [97] and Rietveld [56,57] refinement analyses using
the XRD data were performed using TOPAS-Academic (v7)
software [98]. The refinement methodology was provided
together with the results in appropriate sections.

E. Ni K-edge XANES

XANES data of the pristine powders and cycled elec-
trodes were collected using an easyXAFS300+ spectrom-
eter [99]. The measurement was performed in transmission
mode, with the Ni K-edge energy range accessed using
a Si 551 spherically bent crystal analyzer. A helium gas
chamber was used in the x-ray flight path to reduce air
scattering. Measurements were made in the pre-edge and
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XANES region with a step size of 0.25 eV and with
0.5 eV in the post-edge region. For powders, about 10 mg
of the powder was pressed into pellets using cellulose
(1:2 weight ratio), which were then held between Kap-
ton tapes. The electrodes were sealed in 0.5 mm thick
Kapton pouches inside an Ar-filled glovebox prior to mea-
surement to prevent air exposure. Raw data were dead-time
corrected, normalized (using the empty beam), and energy
calibrated (using metallic Ni foil) with the instrument soft-
ware. The subsequent pre-edge background subtraction
and post-edge normalization were carried out using Athena
software [100].

F. XAS and RIXS

Soft XAS and HR-RIXS data were collected on the 121
beamline [101] at the Diamond Light Source, Oxford, UK.
Measurements were carried out on electrodes recovered
from coin cells and loaded onto the sample measurement
pucks, which were transferred to the spectrometer under
vacuum. Data were collected at 20 K under ultrahigh
vacuum conditions, with continuous beam rastering. The
incident x-ray energy was calibrated relative to the pre-
viously reported TM(3d)-O(2p) peak of the LiNiO, O
K-edge spectra [77]. Soft XAS data were obtained in total
fluorescence and electron yield modes at the Ni L and O
K edges with a step size of about 0.05 eV. The O K-edge
soft XAS data were processed (pre-edge background sub-
traction and post-edge normalization) using Athena [100].
For the Ni L-edge data, background subtraction was car-
ried out using the peak analyzer tool in OriginPro 2022.
The baseline was created by the interpolation of manually
selected background points. In all cases, the soft XAS data
presented was an average of multiple individual scans.

For the O K-edge RIXS measurements, energy maps
were collected between excitation energies of 526 eV and
536 eV with incremental steps of 0.25 eV. Following this,
RIXS line scans for longer duration were performed at
about 531 eV, chosen based on features observed in the
RIXS maps. Carbon tape was measured for every RIXS
spectrum collected to calibrate the elastic peak (0 eV)
position. Processing of the raw data was performed using
DAWN software [102] following the established procedure
at the beamline. Spacing of the energy-loss features in the
RIXS line scans was obtained by fitting Gaussian peaks
to the data after background subtraction using OriginPro
2022.

G. Hard x-ray photoelectron spectroscopy (HAXPES)

HAXPES measurements were performed at the 109
beamline, Diamond Light Source. As with the XAS and
RIXS measurements, cycled electrodes were disassembled
in the glovebox and rinsed with DMC before being loaded
onto the sample puck. The pucks were then transferred to
the measurement chamber without exposure to air, which

was then pumped to ultrahigh vacuum conditions over
multiple days. Spectra were acquired using incident x-ray
energies of 2.2 eV and 6.6 keV, to probe different elec-
trode depths. Spectra were always collected on the same
spot and sample damage upon prolonged x-ray exposure
was checked by acquiring F 1s spectra after measurement
of each sample. Energy calibrations were performed by
setting the hydrocarbon peak to 285.0 eV.
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