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ABSTRACT: In layered lithium transition metal oxide cath- 0-0 DIMERS OBSERVED WITHOUT OXIDATION
odes, high-voltage operation is accompanied by the formation 5 > Ni K-edge 6 Keadiga
of oxygen dimers, which are widely used as an indicator of XAS RIXS
oxygen-redox activity. However, understanding the role that ‘- 'v —— ocv 0-0
oxygen dimerization plays in facilitating charge compensation is ,’A"A‘L‘ - g:;irr?:rge plilcy
still needed. Li,NiO; (a 3d°L’-containing compound, where L is LizNiO, ‘>
a ligand hole) is studied as a model system, where oxygen * ) 0-2eV

q G ] q g q g NiO Reduction Vibronic
dimerization is shown to occur without cathode oxidation. Feature
Electrochemical cycling results in a net reduction of the
cathode, accompanied by structural transformations, despite
spectroscopic features of oxygen dimers arising at the top-of- [ A

charge. Here, oxygen dimerization is shown to coexist alongside

a structurally transformed and electronically reduced cathode structure, thus highlighting that O dimerization is independent
of bulk redox processes. This makes it clear that a thermodynamically derived transformation toward a reduced phase remains
the only variable capable of generating O—O dimers in Li,NiO;.

( : onsidering the role Ni plays in promoting O loss and are thermodynamically unstable.””*** During delithiation,
subsequent degradation in transition metal (TM) they have an intrinsic thermodynamic propensity to undergo a
oxide Li-ion battery cathodes (LiTMO,) 3 studying layered to rock salt structural transformation that results in the

their charge compensation mechanism has become ever-more formation of 0,.>*° As shown in Figure 1a, the delithiation of

important.*~° Progress on the topic has contested the LiNiO, toward NiO, encompasses no thermodynamically
applicability of conventional oxidation state nomenclature to stable states and all partially delithiated phases will tend to

Ni-containing TM oxide cathodes.””'" Here, O has been reconstruct to form LiNiO,, NiO and O, in a given ratio

shown to dominate the redox process during (de)lithiation, (Figure 1b).”>*°~*® While this process is kinetically slow, the

resulting in the formationl 201f33d81—4 and 3d°L” electronic states, structural transformations can be accelerated by the presence
where L is a ligand hole.”"” In such cathodes, bulk sensitive of crystallographic defects,”>**~>* and recent computational

TM K-edge X-ray absorption spectroscopy (XAS) data stops
linearly evolving at high Voltages,13 marking a regime where
delithiation no longer results in a net change to the TM—O
bond length."*~" Interestingly, beyond this regime, O K-edge
resonant inelastic X-ray scattering (RIXS) data has revealed the
growth of neutral 1.2-A O—0 dimers, which has been hitherto
ascribed to O oxidation."*"®*™*' Therefore, it becomes
necessary to identify the role that the O—O dimer species
play, if any, in the underlying capacity contributions of such
cathodes.

Understanding the origin of O dimerization requires
consideration of the routes through which O—O dimer species
may be formed during delithiation. Layered LiTMO, systems

works have predicted that these defects also provide domains
where O—O dimers may be generated locally.'”** Li,NiO;
shares the thermodynamic characteristics of LiNiO,; all
partially delithiated phases will thermally reconstruct and
form O, (Figure 1c).*> However, unlike stoichiometric
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Figure 1. (a) Ternary Li—Ni—O phase diagram outlining the delithiation pathway (red arrow) of LiNiO, toward NiO,. Filled black and
unfilled blue circles represent stable and unstable compounds, respectively. The thermodynamic propensity for partially delithiated phases
to undergo reconstruction is illustrated with blue arrows. Dashed black lines indicate a dependence on O, partial pressure. Reproduced from
ref 22. Copyright 2007 American Chemical Society. Adapted from ref 23. Available under a CC-BY 4.0. Copyright 2023 IOP Publishing. (b)
Balanced chemical equation describing the thermal decomposition of layered Li,_,NiO, (where 0 < x < 1) to form (1—x) LiNiO,, x NiO and
g 0,. (¢) Li,NiO;—NiO—0, subtriangle from (a) illustrating the predicted delithiation pathway of Li,NiO; and the instability of all partially

delithiated phases.
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Figure 2. X-ray (a) and neutron (b) diffraction data fits of the pristine Li,NiO; sample. The neutron diffraction data were collected from
bank 3 of the Polaris diffractometer. The purple markers in (b) are solely used to illustrate the positions of Li,CO; (C2/m) reflections; they
were not included in the refinements, as the 2.45—4.44 A ‘superstructure’ region was not included in the refinements. (c) Ni K-edge XANES
data of NiO, Li,NiO;, BaNiO,_,, and charged (4.8 V) NMC811. (d) Voltage vs specific capacity profiles of the first two cycles of Li,NiO;
cycled against Li between 2 and 4.8 V at a C/20 rate.
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LiTMO, cathodes where delithiation-induced transformations
occur alongside electronic charge compensation processes,
further oxidation of the NiO,-like 3d°L* ground state is not
expected. This makes Li;NiO; an excellent model system to
investigate the link between delithiation, oxidation, and O—O
dimer formation. Furthermore, it also helps to contextualize
the behavior of highly delithiated Ni-rich LITMO, cathodes at
high voltages.

Herein, the changes in the electronic structure of Li,NiOj,
together with its delithiated (charged) and relithiated (dis-
charged) states were investigated using multiscalar X-ray
spectroscopic methods. Bulk and surface trends were
identified, and in both cases only a net irreversible reduction
of the cathode was observed. Nevertheless, O—O dimers were
observed at the top-of-charge before disappearing upon
discharge. The same reductive trends and reversible O
dimerization were also observed to persist upon prolonged
cycling. These observations raise questions about its
mechanistic origin with respect to delithiation.

Li,NiO; was synthesized through the high temperature
annealing of a LIOH.H,0 and Ni(OH), mixture in an O,
atmosphere. Inductively coupled plasma - optical emission
spectrometry (ICP-OES) analysis determined the Li:Ni ratio
to be 1.97:1.03, and hence, is comparable to the intended
value. As observed through scanning electron microscopy, the
particles were of a polycrystalline morphology (Figure S1).
Figure 2a and Figure 2b show the X-ray and neutron
diffraction data fits of the as-synthesized sample, respectively.
Li,NiOj; is isostructural to Li,MnOj; and crystallizes in a
monoclinic (C2/m) structure with alternating Li and Li—Ni
layers within a ccp O framework. This is evidenced by the
presence of superstructure reflections in the diffraction data,
formed by the hexagonal ordering of the Li and Ni cations in
the Li—Ni layer. Fitting a C2/m unit cell to the XRD data
(Figure 2a) yielded lattice parameter values comparable to
previous reports (refined unit cell parameters in Table S$1).°%*
Similar to these works, the Li,NiO; sample also contained
additional phases such as Li,O, Li,CO; and LiOH. Never-
theless, Rietveld refinement of a C2/m Li,NiO; structure
model (Figure 2b) against time-of-flight neutron diffraction
data indicates that the desired phase has been obtained.
Additional neutron diffraction data fitting, which supports this
conclusion is shown in Figure S2, with the refined parameters
in Table S2. Note that the additional phases and the
anisotropic broadening of the superstructure reflections (due
to stacking faults) preclude a reliable quantitative structural
analysis. Perhaps more pertinent to this work is that the formal
oxidation state of Li,NiOj;, based on the Ni K-edge spectra, is
very close to that of a highly delithiated LiNiygMn,,Co,;0,
(NMC811) cathode charged to 4.8 V (vs Li*/Li)." This is
evident from Figure 2¢, where the Ni K-edge X-ray absorption
near edge spectroscopy (XANES) data of these two
compounds are compared with NiO (3d®) and BaNiO,_,
(3d°L*). Note that BaNiO,_,, like 4.8-V NMC811 and
Li,NiO; is highly oxidized and likely to be O deficient."**
Furthermore, the Ni—O bond length calculated from the
corresponding Fourier-transformed extended X-ray absorption
fine structure (EXAFS) data (1.873(8) A, Figure S3 and Table
S3) is the same as 4.8-V NMC811 (1.873(5) A)," confirming
that the overall electronic structure is close to 3d°L* and that it
is ideal for the objective of this work.

The first and second cycle galvanostatic charge—discharge
profiles of Li,NiO; cycled against metallic Li at C/20 rate is

4609

shown in Figure 2d. Unlike Li,MnOj;, Li,NiO; demonstrates a
sloping profile, providing a capacity of approximately 220
mAh/g before reaching 4.8 V. Significant capacity continues to
be extracted during the current-limited 4.8-V constant voltage
step, yielding a total capacity of approximately 250 mAh/g.
Previous work has shown that the delithiation/charging is
accompanied by significant O, and CO, evolution beyond 4.4
V and interestingly, Li,NiO; releases twice as much O, when
compared to Li,MnO;.***” Upon discharge, it demonstrates a
sizable capacity loss of approximately SO mAh/g and a large
voltage hysteresis during the subsequent discharge. In
Li,MnO; and its doped variants, first cycle electrochemical
degradation is attributed to O loss and the associated
irreversible structural transformations that occur during
charge.””*® The former is stated to occur due to the oxidation
of nonbonding O 2p orbitals located along the Li—O-Li
configurations present within layered Li-excess structures.’”
This oxidation is then thought to promote bulk TM migration,
both within and between the TM layers, thus forming vacancy
clusters.””* In Li-rich Ni-Mn—Co oxide cathodes, these
clusters have been shown to contain 1.2-A long O—O dimers,
as evidenced through O K-edge RIXS experiments.”"*' In our
recent works, we have shown that the same RIXS features, and
by extension the same oxidized O species, form in W-doped
LiNiO,, NMC811, and LiCoO,, none of which possess long-
range Li—O—Li bonding configurations, or undergo the same
delithiation-induced structural transformations that have been
reported for Lirich systems."”'**' This implies that O
dimerization does not depend on the Li—O—Li environments
as previously proposed.

Upon cycling, there is a significant transformation of the
discharge profiles in the first, second and 25th cycles (Figure
S4), suggesting the gradual structural transformation of the
Li;NiO; cathode. Nevertheless, the capacity values obtained
during the initial and 25th C/20 cycles are similar. Figure SS
demonstrates that the capacity is strongly rate dependent;
increasing the cycling rate to C/2 in the third cycle halves the
practical capacity. A monotonic capacity fade of 50% is
observed in the next 20 C/2 cycles, after which the capacity
climbs back in the 25th (C/20) cycle. Taken together, it is
clear that the cycling leads to significant changes in the
crystallographic (and by extension, electronic) structure of
Li)NiO; Furthermore, the reactivity of the highly oxidized
Ni—O environments is likely to promote a surface-to-bulk
gradient in the cathode structure. Due to the interplay between
electronic structure and charge compensation, these differences
are worth investigating.

Bulk-to-surface differences are evident in the fluorescent
yield (FY, Figure 3a) and electron yield (EY, Figure 3b) Ni L-
edge XAS data. This shows the Ni—O hybridized states of the
open circuit voltage (OCV) sample getting progressively
reduced toward the surface, reminiscent of LiNiO, and
NMC811."*">"” Based on our previous study, the valence
states of pristine NMC811 are closer to 3d°L* in the bulk but
closer to 3d® at the surface.'” Intriguingly, at the end of charge
where oxidation is expected, counterintuitively, a net reduction
has occurred. This is evidenced by the decreasing intensity of
peak B (w.r.t. peak A) and reduction of the ~866-eV 3d°L*
charge-transfer feature (Peak C). This trend is not reversible
and further reduction has occurred during discharge, as
reported previously.”* Furthermore, the same reductive
behavior is also observed to continue in the 25th cycle
(Figures S6 and S7). Regarding the first-cycle data, to abate
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Figure 3. Background-subtracted, normalized Ni L;-edge spectra of Li,NiO; collected in (a) fluorescence (FY) and (b) electron (EY) yield
modes. The three important spectral features are labeled A, B, and C. (c) Ex-situ Ni K-edge XANES spectra of Li,NiO;. The legend in plot

(c) applies to all plots.

any ambiguity about the degree of bulk sensitivity of the FY
data, bulk-sensitive transmission Ni K-edge XANES measure-
ments are shown in Figure 3¢ and display the same reductive
trend. Ni K-edge XANES data for all samples and standards are
shown in Figure S8. A shift toward lower energies is clearly
observed for the charged and discharged samples. The same
trends are observed in the Ni K-edge EXAFS data (Figures S9,
S10, and S11) where the decreasing intensity of the Ni—O
coordination shell represents reduction.** Note that the OCV
data presented here is the same as the one in Figure 2c. This
reductive behavior is also supported by diffraction data in ref
34 where it was demonstrated that the parent layered structure
gradually transforms into a cubic rock salt structure over the
course of cycling. Considering that ligand holes, present on O,
are responsible for driving charge compensation and reactivity
in this material, further scrutiny of the electronic structure of O
is necessary.

In the O K-edge XAS (Figures 4a and 4b), dipole selection
rules afford sensitivity to the hybridized TM—O valence band,
as well as any unfilled unhybridized O orbitals that may be
present due to Li—O—Li configurations (previously believed to
promote O-redox activity) in the Li,NiO; structure. Here, the
intensity of the pre-edge peak (%529 eV) evolves differently
depending on the probe depth. In the bulk-sensitive FY data,
the intensity has decreased at the top-of-charge, thus signifying
the reduction of TM—O hybridized states. This is barely
reversible during discharge, with the pre-edge peak intensity
remaining invariant. The same trends are not observed in the
EY data and misleadingly appear to evolve conventionally,
whereby the pre-edge peak intensity should increase during
charge (creation of ligand holes) before decreasing upon
discharge (filling of ligand holes). However, the observed trend
is unlikely to be due to changes in TM—O hybridization alone.
In the pristine sample, the presence of a thick Li,COj; surface
layer, verified through observation of the $34-eV peak,* is
likely to artificially suppress the pre-edge peak intensity. When
in the charged state, the intensity of the Li,CO; peak is
substantially weaker, representing its decomposition at high
voltages. Consequently, a newly “clean” surface reveals a Ni—
O-containing environment that exhibits the expected ligand
hole-containing, pre-edge peak-promoting electronic environ-
ment. During discharge, a drastic reduction of that pre-edge
peak occurs. Now, two factors likely contribute to this
diminished intensity: the formation of rock salt NiO, which
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does not exhibit a peak at 529 €V,** and the reformation of
Li,CO;, observed through the reversible formation of the peak
at 534 eV. Support for both variables affecting the O K-edge is
found through inspection of the data from the 25th cycle
(Figure S12 and S13). Here, between charge and discharge,
changes in the pre-edge peak intensity have occurred. If solely
NiO were present, no changes would be expected during
electrochemical (de)lithiation.

In the context of “O-redox”, perhaps the most interesting
feature of the FY O K-edge is, as before, the decreasing pre-
edge peak intensity (signifying the reduction of hybridized
states), but also the accompanying increase in spectral intensity
at &531.3 eV, highlighted in Figure 3a using an arrow. This
peak corresponds to the 1s — z* absorption of a neutral O—O
dimer,”*”* a species shown to exist in a wide range of highly
oxidized TM oxide cathodes.">"*"'? Figure 4c shows $31.3-
eV O K-edge RIXS spectra collected on Li,NiO; cathodes at
OCYV, charged (4.8 V) and discharged (2 V) states. Unlike the
previous XAS data, the RIXS data shows reversible trends. In
the charged state, a strong growth of vibronic 0—2 eV features,
with the first two peaks separated by =~0.192 eV (x1550
cm™), are attributed to neutral O—O dimers that disappear on
discharge.”’ The same behavior is also observed in the 25th
cycle RIXS data (Figures S14 and S15). While it is difficult to
draw quantitative conclusions on O—O dimer concentration
using RIXS data alone, evidently their formation is neither
proportional nor concomitant to, ligand hole formation. This is
illustrated by the high intensity of the 8-eV and 0—2-eV RIXS
features in the charged Li,NiO; sample, while the number of
holes in the hybridized O 2p—TM 3d states is clearly
decreasing as shown in the O K-edge and Ni L-edge XAS
data. In contrast to the RIXS spectra of LiNiO, and
LiNiygMn, ;Cop,0,,'#'? there is a notable absence of a 5 eV
energy loss feature.'”'*'” This feature is absent in the RIXS
spectra of O, gas,”® and must therefore be attributed to
changes in the Ni—O hybridization. Its absence at any state-of-
charge in Li,NiOj; further emphasizes the absent oxidation of
hybridized valence states. It is worth highlighting that very
weak vibronic features are also observed in the OCV and
discharged samples, with initial peak spacings of =021 eV
(Figure S16). These features may represent a C=O bond
(%1700 cm™') from within Li,COj, a species known to be
present from the O K-edge XAS data. However, given that
there are an insufficient number of clearly resolved vibronic
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Figure 4. Background-subtracted, normalized O K-edge data obtained from the Li,NiO; electrodes collected in (a) FY and (b) EY modes. (c)
RIXS spectra of the Li,NiO; electrodes collected at ~531.3 eV. The vibronic features (0—2 V) are magnified in the top left inset. The

legend in plot (b) applies to all plots.

peaks, an accurate characterization is prevented. Returning to
the O—O dimer feature, in comparison to delithiated LiNiO,
and LiNipgMn,;Co,,0, (where 3d°L? dominates),"”'? its
absence in the OCV Li,)NiO; sample, supposedly with the
same electronic configuration, is intriguing. This suggests that
Li content is a key determinant in driving the intensity of the
RIXS feature. This can be best highlighted using Li,NiO;
alone, where the intensity of the 8-eV and 0—2-eV features is
increased with delithiation (charge) and decreased with
relithiation (discharge) despite a net reduction of the cathode
occurring in both cases. Upon discharge, no gas evolution
occurs in Li,NiO;.>* This would suggest that incoming Li*
reacts with bulk O—O dimers when reintegrating into the
cathode structure. To summarize for Li)NiO;, O—O dimers
are observed in the presence of reduced Ni—O environments,
do not necessarily accompany 3d°L” states, and arise only upon
delithiation. This implies that O—O dimers are a byproduct of
the structural change that arises due to the thermal instability
of the partially delithiated structure, a factor which encourages
O dimerization and the formation of reduced phases. Through
observations of the 531-eV RIXS features in other stoichio-
metric and Li-rich layered oxide cathodes,''**"*° this process
seemingly occurs independently of the electronic environment.

Further support for this comes from revisiting the
delithiation mechanism of spinel Li;_,NijsMn,O,. Similar
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to layered Ni-containing LiTMO, and Li-rich Ni-containing
NMC cathodes, delithiation is charge compensated through
the formation of 3d°L? states,*” with the Ni—O bond length
plateauing toward the top-of-charge.** While this may lead one
to expect behavior similar to stoichiometric LITMO, cathodes,
Li;_,NiysMn, ;O, does not undergo any structural trans-
formations that result in the formation of a reduced phase.”
Consequently, neither gas evolution™ nor 331-eV O K-edge
vibronic RIXS features are observed.”'

Using Li,NiO;, we investigated a model layered oxide
system that undergoes reduction during (de)lithiation, and still
exhibits the 531-eV RIXS features at the top-of-charge (4.8 V
vs Li*). This study reveals that redox processes are
independent of bulk O—O dimerization. It confirms that the
thermodynamically derived transformation toward a reduced
rock salt phase is the cause of O—O dimer formation.
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