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Li-rich cathode materials are potential candidates for next generation Li-ion batteries. However,
they exhibit large voltage hysteresis on the 1t charge/discharge cycle involving a substantial (up to
1V) loss of voltage and therefore energy density. For Na cathodes, e.g. Nag 75[Lio.2sMno.75]0,, voltage
hysteresis can be explained by formation of molecular O, trapped in voids within the particles. Here
we show that this is also the case for Lii2Nio.13C00.13Mng.540,. RIXS and 70O MAS NMR show that
molecular 0,, rather than 0,%, forms within the particles on oxidation of 0% at 4.6 V vs Li*/Li on
charge. These O, molecules are reduced back to 0% on discharge but at the lower voltage of 3.75 V
explaining the voltage hysteresis in Li-rich cathodes. 70 MAS NMR indicates a quantity of bulk O,
consistent with the O-redox charge capacity minus the small quantity of O, loss from the surface.
The implication is that O,, trapped in the bulk and lost from the surface, can explain O-redox.

Li-rich cathode materials, such as Li1.2Nio.13C00.13Mng 5402 where Li:TM>1, are one of the very
few options available to increase the energy density of Li-ion batteries.'™ Almost all of the
lithium in these structures can be removed, compensated first by oxidation of the transition
metal (TM) ions and subsequently the oxide ions, the latter at a constant potential of 4.6 V vs
Li*/Li.*1° However, the high voltage associated with this O-redox process on charge is not
recovered on discharge leading to so called voltage hysteresis and a substantial loss of energy
density. This represents one of the key challenges that has inhibited exploiting the full
potential of these materials and the understanding of this phenomenon remains incomplete.

It is known that first cycle voltage hysteresis is related to structural change involving the
migration of TM ions.’"*4 Recently, we explored O-redox in two Na intercalation compounds,
Nao.75[Lio.2sMno.75]02 and Nags[Lio.2Mnos]O2, showing that formation of molecular O, and
voltage hysteresis occurs in Nao.75[Lio.2sMno.75]02, which possess the honeycomb ordering of
TM ions in the TM layer, but is suppressed in Naos[Lio.2Mno.g]O2 with a ribbon superstructure
ordering of TM ions in the TM layers.'> However, the Li-rich O-redox compounds, such as
Li1.2Ni0.13C00.13Mno 5402, which also possess a honeycomb ordering, are far more common, are
of course relevant to Li-ion batteries and possess an O3 structure as opposed to the P2
structure of the Na compounds. Furthermore, it has been proposed that covalency, such as
arising between the Ni/Co ions and the oxidised oxide ions, could serve to stabilise hole states
on O, raising the question of whether the Li-rich O3 compounds would behave differently
from Nao.75[Lio.25sMno.75]O2. In particular, would the higher TM-0 covalency suppress formation



of molecular Oy, perhaps favouring an explanation based on 0,% formation as suggested
previously?16-20

Here, we investigate first cycle voltage hysteresis in Li1.2Nio.13C00.13Mno 5402, an archetypal O3-
type Li-rich cathode. We present evidence that O-redox is associated with the formation of
molecular O; trapped in the bulk particles on charge, rather than peroxo-like species.'#1820.21
02 in the bulk is evidenced by high-resolution resonant inelastic X-ray scattering (HR-RIXS)
spectroscopy and solid state O magic angle spinning (MAS) nuclear magnetic resonance
(NMR). T1 NMR relaxation measurements show that the amount of O3 in the bulk (~10 % of
all O present) is commensurate with that expected from charging across the plateau (13 %)
when corrected for the small amount of oxygen evolved from the surface. TM migration,
primarily in-plane, forms voids that accommodate the O, molecules. On discharge, O; is
reduced back to 0% but the Li* returning to the TM layers do so into different sites resulting
in 0% coordinated by all Li* and O 2p states at higher energy leading to average discharge
potential of 3.75 V vs. Li*/Li, consistent with the voltage hysteresis. Oxidation of O% resulting
in O, trapped in the bulk and O, evolved at the surface, together offer a unified explanation
for O-redox. The balance between the two will depend on a number of factors including
particle size/surface area and surface modifications/coatings.

Liz.2Nig.13€00.13Mng.5402

Li1.2Nio.13C00.13Mno 5402 was prepared via sol-gel synthesis as detailed in the Methods. The
structure and composition were confirmed by powder X-ray diffraction (PXRD) and
inductively coupled plasma - optical emission spectroscopy (ICP-OES), Supplementary Figure
1. Li1.2Nio.13C00.13Mng 5403 crystallises with O3-type stacking of the oxide layers, Figure 1(a, b),
and honeycomb ordering of the TM ions in the TM layers giving rise to the well-known
superlattice peaks in PXRD, inset Fig. 1(d). Asymmetric peak broadening of the superstructure
peaks is commonly observed amongst honeycomb ordered materials due to the presence of
stacking faults.?>?* The percentage of stacking faults in Li12Nio.13C00.13Mno.s402 was
determined at 20 % using DIFFaX,?* Supplementary Figure 2(a).
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Fig. 1 Crystal structure and first cycle load curve (a) Liz;Nio.13C00.13Mno.540; with layered R3m crystal
structure. (b) In-plane ordering of Li/Ni and Mn/Co within the transition metal layer gives rise to a
honeycomb arrangement. The pictured configuration is one possible cation ordering scheme, which is
used for DFT calculations later in this work (c) First charge-discharge cycle for Lii 2Nio.13C00.13Mng 540.
(d) Synchrotron PXRD data showing diffraction peaks arising from honeycomb ordering inset.

The first cycle charge-discharge profile, Figure 1(c) and Supplementary Figure 3, is similar to
many other Li-rich cathodes including Li12Nio.2Mnos02, Li2Ruo.755n0.2503 and Lizlro5Snos0s,
with the initial sloping region, associated with oxidation of Ni and Co to +4, and then the
voltage plateau at 4.6 V vs Li*/Li associated with oxidation of the 0% ions.1#1820.25 Sybsequent
discharge exhibits the well-known sloping S-shaped discharge at a much lower average
potential than the charge plateau, i.e. voltage hysteresis. The O-redox plateau on charge
contains a minor contribution from irreversible O-loss from the surface, the majority of the
O-redox capacity on charge, 75%, is associated with bulk reversible O-redox, comensurate
with the core-shell morphology and a thin 1-3 nm shell, Supplementary Figure 11. The sol-
gel synthesised material exhibits comparable first cycle Coulombic Efficiency (~76% at 20 mA
g!) to samples prepared by carbonate (~78% at 20 mA g1)2¢ and hydroxide (¥76% at 25 mA
g1)?” co-precipitation methods. Improved cycling efficiencies, >90%, have been demonstrated
recently, especially through surface modification which can suppress irreversible O loss from
the surface, shifting the balance towards even more reversible bulk O-redox.?’-%°
Nevertheless, the issue of 1% cycle voltage hysteresis and the related nature of the oxidised
O in the bulk i.e. of reversible O-redox, common to all these materials remains to be fully
understood.

In-plane transition metal migration

A combination of operando PXRD, °Li MAS NMR and annular dark field — scanning
transmission electron microscopy (ADF-STEM) was employed to follow the structural changes



on charge and discharge. The diffraction peaks arising from the in-plane TM honeycomb
superstructure ordering reduce in intensity compared with the 001 peak on charging across
the plateau and do not reappear on discharge, due to the loss of the honeycomb ordering,
Figure 2(a) and Supplementary Figure 4. This irreversible loss of honeycomb ordering is also
observed in the ADF-STEM images, Figure 2(b), which, along the [100] zone axis, show the
disappearance of the 2 atom TM-TM dumbbells characteristic of TM honeycomb ordering
within each TM layer on charging across the plateau. They do not reappear on discharge.
While PXRD is sensitive to long range order, which is almost completely lost during charge,
ADF-STEM shows that, on a local scale, disordering, although extensive, is not entirely
complete throughout the whole material, Supplementary Figure 5. Rietveld refinement
confirms that most of the TM disorder is in-plane, only a minority of the TM ions migrate to
the Li layer (7% occupancy) at full charge (FC), Supplementary Figure 6, in line with previous
studies.330
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Fig. 2 Irreversible loss of honeycomb ordering P (pristine), BOP (beginning of plateau), FC (Fully
charged) and FD (fully discharged). (a) Operando X-ray diffraction of Lii;Nio.13C00.13Mnos40; at
different stages of the first charge-discharge cycle. The peak area ratio of the superstructure peaks
relative to the 001 peak decreases across the plateau indicating loss of honeycomb ordering. (b) ADF-
STEM images along the [100] zone-axis. Ni, Min and Co are heavy scatterers and show up in white, Li
is hardly visible in EM. The images show TM-TM dumbbells arising from honeycomb ordering within
the TM layer are present in P and BOP but cannot be easily resolved in FC and FD indicating loss of in-
plane ordering. (c) éLi NMR data for Li;;Nio13C00.13Mno.5402. The resonance arising from Li in the TM
layer (Litm) at 1470 ppm is in line with the presence of well-defined honeycomb ordering and those
between 400 and 900 with Li in AM layers. However, in the FD sample the spectral density shifts to a
lower centre of gravity (6¢5) and is significantly broadened, the latter indicative of in-plane disorder
and the former of clustering of Li. * denotes spinning sidebands.

Solid state 6Li MAS NMR is sensitive to the surrounding TM ions through their local hyperfine
interactions. The sharp resonances in the spectra of the pristine material (P), Figure 2(c)
indicate Li resides in highly ordered, well-defined sites, which have been previously
assigned.332 On charging to the beginning of plateau (BOP), the resonance at 1470 ppm
decreases indicating removal of Li in the TM layer in line with previous NMR studies.?® The



overall signal intensity continues to decrease on further charging until almost all the Li is
removed from the structure, with very little detectable signal observed in the fully charged
(FC) sample. At full discharge (FD), after lithium has returned to the structure, a significantly
broader resonance is now evident than in the pristine state. This new signal is the sum of
multiple NMR resonances from different local environments and indicates a much higher
degree of disorder in the TMs surrounding Li, resulting from TM migration during charge.
Furthermore, it is interesting to note that there is a substantial shift in the weighted centre of
the spectra (from 750 to 330 ppm) between pristine and full discharge indicating that the Li
environments are on average becoming more diamagnetic, consistent with clustering of the
Li into more diamagnetic regions with fewer neighbouring TMs.

Formation and reduction of molecular O

To investigate the nature of oxidised O and its role in TM disordering and voltage hysteresis,
high-resolution resonant inelastic X-ray scattering (RIXS), soft X-ray absorption spectroscopy
(SXAS) and solid state 70 MAS NMR were employed since they are direct probes of the
electronic structure of O. Previous RIXS studies of O-redox materials have identified new
characteristic emission features at 531 eV during O-redox, which are now believed to arise
from the formation of short 0O-O bonds (<1.5 A).33> However, determining the O-O species
responsible for these has proven challenging due to their similarity with peroxide and oxygen
references. Here, we access higher resolution RIXS data than before allowing us to assign the
origin of these features. The data presented in Figure 3(a) show high-resolution O K-edge RIXS
maps for pristine Li1.2Nip.13C00.13Mno5402 as well as at the beginning and end of the plateau,
and their accompanying SXAS spectra. SXAS reveals the hole states on O, whereas, in RIXS,
the incident radiation excites electrons from the O 1s states creating holes, and the
subsequent emission arises from photons emitted by the relaxation of electrons from the
filled oxygen valence states back into the core hole (O 1s) thus providing a direct probe of the
oxygen valence states.
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Fig. 3 Spectroscopic characterisation of O (a) High-resolution RIXS maps and O K-edge Partial
Fluorescence Yield (PFY) SXAS data for Li1.2Nio.13C00.13Mno.5405. In RIXS, electrons are excited from the
core hole (O 1s) states to the empty hole states and then photons emitted by the relaxation of electrons
from lower energy valence states back into the core hole (O 1s) are detected. RIXS maps show the
emission intensity plotted as a function of the energy lost between incident and emitted photons (x-
axis) for different excitation energies across the O K-edge (y-axis). The SXAS spectra show the
absorption intensity at the same corresponding excitation energies. At BOP, new electron holes are
formed on the TM species (Ni and Co) leading to an increase in the area under the leading edge of the
SXAS pre-edge. After the plateau at FC, new spectral weight appears in the middle of the SXAS pre-
edge at 531 eV arising from electron hole states localised on molecular O,. At this excitation energy,
sharp energy loss features appear in RIXS from transitions to different electronic states on O,. (b) High-
resolution RIXS spectra at an excitation energy of 531 eV. (c) The low energy loss feature can be
resolved into a progression of peaks arising from transitions to different vibrational energy levels
corresponding the vibrational spectrum of molecular O,. The separation between the first 2 peaks, or
the fundamental vibrational frequency, is 0.192 eV, equivalent to 1550 cm™. (d) Birge-Sponer plot
showing linear decrease in peak spacing characteristic of an anharmonic oscillating diatomic. ‘n’ is the
vibrational quantum number. (e) Solid state 70O MAS NMR spectra showing the formation of oxygen



in a highly paramagnetically shifted environment (3000 ppm) which can be attributed to molecular O;
trapped in the bulk of the cathode particles. The centre-band of the resonance, dashed peaks, shifts
with the amount of O, present in the sample because of the change in bulk magnetic susceptibility
(BMS). Dashed peaks are the paramagnetic centre bands (8para), the remaining peaks are spinning
sidebands.

First, comparing the pristine and beginning of plateau, the additional hole states in the latter
associated with Ni and Co oxidation on charging are evident centred at 528 eV in the SXAS,
Fig 3(a). The corresponding RIXS spectra show that when excited at the same energy there is
additional intensity in the RIXS emission spectrum, dotted circle in RIXS BOP map. On charging
across the plateau, oxidation of oxide ions generates hole states on oxygen at 531 eV in SXAS.
the corresponding RIXS maps at this excitation energy reveal clear changes highlighted by the
dotted lines in the FC map, Figure 3(a). These represent new, oxygen valence states. Close
inspection of the low energy loss feature close to the elastic peak, right hand dotted circle in
FC RIXS map Figure 3(a), more clearly seen in the RIXS emission plot in Figure 3(b), reveals a
progression of sharp peaks. When compared with the RIXS spectrum for molecular O, it is
evident that the same sequence of peaks are present in both spectra.3* They arise from
transitions to different vibrational energy levels of an O-O diatomic.3> The peak separation of
the lowest energy loss peaks, Figure 3(c), corresponds to a fundamental vibrational frequency
of 1550cm™ consistent with that of molecular O (~1556 cm™)3® and far from that of peroxo
0% (~750 cm™).37 The Birge-Sponer plot, Figure 3(d), shows that the peak spacing decreases
linearly as a function of increasing energy loss confirming that they arise from transitions
between different vibrational energy levels in an anharmonic potential well. At the end of
discharge, FD in Figure 3(b), the spectral signature of O; is absent indicating reduction back
to OZ. Interestingly, some O3 is still present even halfway along the discharge showing that
02 is reduced continuously throughout the discharge process. The similarity in the vibrational
frequency for O; in the structure with that of free O, suggests that any interactions with the
Mn ions are small and the O, is best viewed as trapped within a cage. To investigate the
possibility of the O, seen in RIXS arising from beam damage, spectra were collected under
different temperature and beam flux conditions, Supplementary Figure 7. The data show no
change to the peak spacing indicating the O-O bonding is not influenced by the beam.
Furthermore, there is no evidence of an increase in intensity of the O; signal under harsher
beam exposure as would be expected if the beam was inducing the O.. Instead, there is a
slight decrease consistent with previously reported data,2 likely due to the loss of excited O,
from the near surface of the particles into the surrounding ultra-high vacuum.

To independently verify the formation and reduction of molecular O,, we employed MAS
NMR on ' O-labelled samples of Li12Nio.13C00.13Mnos402. Molecular O, is strongly
paramagnetic, possessing two unpaired electrons, and as such is expected to have a
significant paramagnetic relaxation enhancement (PRE) and also exhibit a large 'O
paramagnetic shift. As shown in Figure 3(d), by tailoring the NMR pulse sequence to bias for
rapidly relaxing components (see Methods and Supplementary Figure 9), a new paramagnetic
environment (~3000 ppm) can be detected in the fully charged samples, which is not present
in either the pristine or fully discharged materials. The large shift is consistent with that
expected for paramagnetic O, and the width of the sideband manifold matches closely with



that previously measured in condensed 0,.3° The centre-band of the resonance, dashed
peaks, shifts with the amount of O, present in each sample because of the change in bulk
magnetic susceptibility (BMS). Furthermore, the presence of a O sideband manifold,
composed of a series of sharp peaks, indicates that molecular O is rigidly caged within its
local environment, consistent with the defect vacancy cluster. NMR is free from the effects of
beam damage, thus confirming the validity of the RIXS measurements. Also, it is a bulk
technique sampling all of the material. It should also be noted that RIXS, being a fluorescence
technique, probes photons emitted from a depth of up to 50-100 nm into the sample, well
beyond the thickness of any shell (typically approx. 2-5 nm), and therefore we do not expect
any significant effects from near surface regions, although the NMR is valuable confirmation
of this expectation.

The determination of the T1 (spin-lattice) relaxation times for both the molecular O, and the
bulk oxide environments reveals that approximately 10 % of the O in the fully charged (FC)
cathode material is in the form of O, Supplementary Figure 10. From previous quantitative
analysis of O-loss from Li1.2Nio.13C00.13Mno.5402 by operando mass spec.,® it was determined
that, of the 0.67 electrons (e’) per formula unit (f.u.) associated with oxidation of oxide ions
from beginning of plateau to full charge (4.8 V), 0.17 e per f.u. are associated with O
extraction from the lattice and the other 0.5 e per f.u. are associated with oxidation of oxide
ions that remain in the lattice. 0.5 e per f.u. results in 1/8" (12.5%) of the oxide ions being
oxidised to O°. However, O extraction reduces the total number of O atoms left in the
structure from 2 to 1.91 per f.u (0.17 e per f.u. translates to loss of 0.09 O atoms per f.u.).
Therefore, the percentage of O remaining in the sample that is in the form of O, based on the
charge passed is predicted to be 13 %. Compared with LiMnOs, where 100% of the O-redox
capacity can be accounted for by irreversible O, evolution,*® in Li1.2Nio.13C00.13Mno 540> only
25% of the O-redox capacity is lost as evolved O; despite the compound being 60% Li;MnO3
by composition (0.6Li[Li1;3Mn2/3]02-0.4Li[Ni13Co1/3Mn1/3]02). This points to the important
role of Ni and Co in activating bulk, as opposed to surface, O-redox.

TM disorder driven by O; formation

The above experimental data show that, on charging across the plateau, oxidation of oxide
ions is accompanied by the formation of O, that remains in the material (i.e. O, in addition to
the quantity lost from the lattice and detected by operando mass spec.). The formation of
molecular O; inside the particles is only possible because of the loss of Li* from the TM layers
and TM migration to form vacancy cluster defects that accommodate the O, molecules, i.e.
the loss of the honeycomb superstructure. To explore the formation of vacancy cluster
defects, O3, and the energetics involved, Density Functional Theory (DFT) calculations were
performed. To find a suitable model for the fully charged state, delithiated structures were
prepared with different in-plane ordering schemes and their total energies calculated, Figure
4(a). Relative to the honeycomb ordered arrangement with Li* vacancies, most disordered
configurations are comparable in energy, Figure 4(a). However, when the TM ions are
arranged in such a way that the vacancies are clustered together, O, molecules spontaneously
form during relaxation giving structures with substantially lower total energies. Out of all 60
computed configurations, the ground state configuration, Figure 4(b), containing a 4-vacancy



cluster and two O, molecules, was the lowest energy by almost 300 meV per f.u. compared
with the rest. These results reveal a strong energetic driving force for the formation of
molecular O; dependent on the migration of TM ions to form vacancy clusters.
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Fig. 4 Structural models for TM disorder and the discharge process (a) Calculated total energies for
fully delithiated LiooNio.16C00.16Mno 5002 with different orderings of vacancies and TM ions from Density
Functional Theory (DFT). A total of 60 unique configurations were calculated out of all 500 non-
symmetry-equivalent configurations. In red, a honeycomb ordered model which is taken as the
reference energy. In grey, randomly sampled arrangements of the vacancies and TM without O. In
blue and significantly lower in energy than any other arrangement, configurations where vacancies
are clustered together allowing for the formation of O, (b) The average voltage of the discharge
process associated with the reduction of O, molecules is calculated from DFT as 3.75 V using the lowest
energy configuration for the charged structure. Below are the Density of States (DoS) plots for each
structural model. In the FC, molecular O; gives clearly differentiated bands according to the molecular
orbitals. In the FD, with a fully lithiated TM layer, the oxide ions surrounded by Li appear right at the
top of the valence band and will be oxidised first during the second charge. In all DOS plots the Fermi
level was set to zero.

Bringing together the experimental data from RIXS and NMR, demonstrating formation of O,,
with the DFT calculations, the processes occurring on charging can be summarised as follows.
On charging across the O-redox plateau, a two-phase reaction takes place between two fixed
compositions before and after O oxidation. In the charged phase, upon oxidation of the oxide
ions, the resulting species, nominally O, are unstable towards disproportionation triggering
TM migration and forming 0% and 0° (20" = 0% + 0°). Two of these events results in two 0%
ions that are stabilised by coordination to 3 TM ions and two O° that dimerise to form O>
molecules (1.2 A) stabilised by the covalent bond formation. The molecular O, is rigidly caged
within the vacancy cluster Figure 4(b). The formation of stable O by coordination to 3 TM
ions and stable O, provides the energetic driving force for the disproportionation of oxidised
oxide ions and for the TM disordering.



To calculate the average voltage of the discharge process and determine if it is consistent with
that observed electrochemically, we need to establish the structure at the end of discharge.
On discharge, reduction of O; results in cleavage of the O-O bond and reformation of 0% ions
with an 0-O distance of 2.5 A and return of the Li* to the TM and Li layers, Figure 4(b).
However, the returning Li* ions do not reoccupy the same sites but rather occupy the sites
from which the TM ions have migrated.?® The result is O% ions coordinated by Li* alone, as
opposed to 2 TM and 1 Li in the pristine material. Using this discharged structure along with
that of the charged state, an average voltage of 3.75 V vs Li*/Liis calculated in close agreement
with the experimentally observed discharge voltage.

From the Density of States (DoS) plot for the fully discharged structure, new filled states can
be seen close to the Fermi Energy, Figure 4(b). These belong to O 2p states coordinated by Li*
ions; the very weak (close to non-bonding) ionic interactions place the O 2p states high in
energy, higher on average than the O 2p states for O% ions coordinated by 2 TM and a Li in
the pristine material, Supplementary Figure 8. These will be oxidised first during the second
charge at a lower potential than oxide ions in the honeycomb arrangement explaining the
lack of voltage plateau on the second charge. RIXS data collected at the halfway point of the
second charge, (HC) directly evidences this point, showing that even by 4 V substantial
amounts of O; have already been generated, Figure 5(c).

Discussion

The observation that the 1%t cycle voltage hysteresis in the Li-rich layered compound,
Li1.2Ni0.13C00.13Mno 5402, involves formation of molecular O, on charge, similar to
Nao.75[Lio.2sMno.75] 02, demonstrates that the presence of Ni and Co in the TM layers and any
resulting increase in covalency on the TM-O bond does not stabilise the hole states on
oxidised oxide ions and does not lead to 0,% formation as reported previously.#16:18-2041 The
formation of O, molecules on charge is identified by RIXS and 1O MAS NMR. The latter affords
guantification of the amount of O, which agrees with the charge passed across the plateau
(after accounting for the charge associated with the oxygen lost from the lattice). Also, the
quantity of O, formed in the lattice, 13 %, is far more than evolved from the near surface on
charging such materials. The sharp sidebands in the NMR signal for molecular O; is consistent
with O; rigidly trapped in vacancy cluster defects within the particles, rather than O; in gas
pockets between particles. Futhermore, it would be difficult for any O, outside the particles
to re-enter and be reduced back to 0,% as is observed.

It is interesting to note that in many ways the early assumption that Li-rich compounds form
02 on charge is correct. The difference is that we see O, forms throughout the particles; the
relatively small amount of O, formed at the surface is lost, resulting in surface reconstruction
to rocksalt/spinel like shell that inhibits further loss, the Oz in the bulk is trapped in vacancy
clusters, close to a TM centre, and can be reduced back to O% on discharge. While this latter
process is reversible, the order-disorder transition that accompanies O, formation, resulting
in the loss of honeycomb ordering and clustering of TM vacancies, is not. This structural
rearrangement irreversibly changes the coordination environment around O. The Li* ions
returning to the TM layer occupy the sites vacated by the TM ions, such that the O% ions in
the discharged material are each now surrounded by Li* alone, as opposed to 2 TM and 1 Li*

10



in the case of the pristine compound. As a result of the weak, close to non-bonding,
interactions between the 0% 2p states and Li*, the former are higher in energy than when 0
is coordinated by 2 TM and 1 Li*, leading to a lower voltage on discharge compared with
charge, i.e. voltage hysteresis, Figure 5.

0, Densified
Rocksalt/Spinel
Surface

Densified surface

/ remains

a b
BOP

+ Honeycomb ordered
TM vacancies

+ Oxidised TM

FC

= O oxidation
+ In-plane TM migration
+ TM vacancy clustering
* O, formation

FD FD

= TM layer relithiation
= O, reduction
+ lonic 0% formed

First Discharge Second Charge

FC

« Minimal further
" - . , . . . . - . . : . i irreversible TM migration
12 10 8 6 4 2 0 12 10 8 6 4 2 0 + 0, formation
Energy loss (eV) Energy loss (eV)

FC FC2

HC

FD

* O reduction
= lonic O* formed

HD

FD

Fig. 5 Mechanism of 1% Cycle Voltage Hysteresis (a) Macro-scale changes to the cathode particles: P
to BOP, predominantly TM redox, some overlap with O-redox. Across the plateau 0% is oxidised to form
02 gas which is lost at the surface of the particles leading to surface densification (rocksalt/spinel),
Supplementary Figure 11. O, formed in the bulk is trapped and can be reduced on discharge to reform
0O%. (b) Atomic-scale changes to ordering within the TM layer: BOP to FC, as O is oxidised in the
honeycomb ordered TM layer, in-plane TM migration into the sites vacated by Li* is triggered. The most
energetically favoured motif is the vacancy cluster, which allows for the formation of molecular O..
Upon subsequent discharge Li* returns to the TM layers but now in different sites (occupied previously
by TM ions). Structures shown are DFT models. (c) High-resolution RIXS spectra at 531 eV excitation
energy showing the continuous reduction and formation of molecular O, throughout the first discharge
and second charge respectively (first charge in grey). (d) Atomic-scale changes to TM layer after first
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charge. After the first cycle, vacancy clusters remain in the TM layer allowing for facile O, formation
and reduction without requiring further TM migration. The presence of very ionic O atoms surrounded
only by Li facilitates low voltage O oxidation, explaining the lack of plateau on second charge.

After relithiation on discharge, the newly formed disordered configuration is substantially
higher in energy than the honeycomb ordered ground state (by about 250 meV per f.u. from
our DFT calculations). However, reordering of the TM layer during the discharge process is
not possible since the structure is rapidly repopulated by Li* ions which block TM migration.
Nonetheless, it might be expected that moderate heating could provide enough thermal
energy to overcome the kinetic barrier and recover the honeycomb order — and indeed this
has been seen in very recent studies. Singer et al. showed that the voltage plateau on the 1°
charge could be recovered by annealing cycled Li-rich NMC at moderate temperatures.*? This
annealing process was shown to recover the honeycomb ordering within the TM layer thereby
reforming the coordination environment around O (2 TM/1 Li) conducive to high voltage O-
redox.

The formation of O; on charging that leads to voltage hysteresis is only possible due to the
disorder of the TM ions associated with the loss of the honeycomb structure thus forming
vacancy clusters that accommodate O,. One solution to achieving high voltage O-redox
without voltage hysteresis is to allow O oxidation but inhibit TM migration and the formation
of vacancy clusters. We recently showed that other ordering schemes, such as ribbon, are
more stable than honeycomb and can provide much better support for oxidised O-ions.*® This
work, therefore, points the way toward a new strategy for the discovery of O3-type Li-rich
materials whereby new vacancy ordering schemes within the TM layer may realise reversible
high voltage O-redox. Understanding the nature of O-redox has proved a significant challenge
for researchers, with many excellent contributions from different groups. The data presented
in this work show strong evidence for 0O; trapped in the bulk of charged
Li1.2Nio.13C00.13Mno 540 particles and its role in O-redox, including voltage hysteresis. Given
the observation that quite small changes in the composition and structure of materials, e.g.
from Nao.75[Lio.2sMno.75]02 to Nao.s[Lio.2Mnog]O2, can suppress voltage hysteresis, it will be
interesting to examine other Li-rich cathodes with different compositions, particles sizes
and/or higher cycling efficiencies to see if the same O, mechanism pertains.

Methods

Sol-gel synthesis Stoichiometric amounts of LiCH;CO0.2H,0 (99.0% Sigma Aldrich), Ni(CH;COO),.4H,0
(99.0% Sigma Aldrich), Co(CHsC00),.4H,0 (99.0% Sigma Aldrich) and Mn(CH3C0O0),.4H,0 (99.0%
Sigma Aldrich) were dissolved in 50mL of distilled water containing 0.1 mol of resorcinol (99.0% Sigma
Aldrich), 0.15 mol of formaldehyde (Sigma Aldrich 36.5% in water) and 0.25 mmol of Li,COs (99.0%
Sigma Aldrich). The mixture was stirred at 70 °C for 2 hours, then 500 °C for 5 hours, followed by
calcination at 850 °C for 15 hours to obtain the product. All samples were handled under strictly
anaerobic conditions to prevent degradation. They were transferred from the furnace to an Ar-filled
glove box (H20 and O; < 1ppm). Y’O-labelled samples were prepared in the same way except the final
calcination step was performed under sealed atmosphere of O, gas (CortecNet >70 atom% *’0).
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Electrochemical Characterisation Electrodes were prepared by mixing 80 wt.% active material, 10
wt.% Super P carbon and 10 wt.% Polytetrafluoroethylene (PTFE) binder in a mortar and pestle and
rolling to form self-supporting films. Electrodes were assembled into coin cells with electrolyte-soaked
(1 M LiPFg in EC:DMC 50:50 (Battery Grade, Sigma Aldrich)) Whatman glass fibre separators and Li
metal counter electrodes. Galvanostatic charge-discharge testing was carried out using Maccor Series
4000. The electrodes and cells were prepared and assembled/disassembled in the glove box under
inert atmosphere and all cycling carried out under the same conditions.

Powder X-ray Diffraction Synchrotron diffraction data was collected from Advanced Photon Source,
Argonne National Lab, 11-BM, through the rapid-access mail-in program. Operando diffraction data
were collected on a Rigaku 9kW SmartLab Cu-source diffractometer equipped with Hypix 2D detector
using an electrochemical cell with a beryllium window.

ADF-STEM micrographs were collected on an aberration corrected JEOL ARM 200F operated at 200
kV. The convergence semi-angle used was 22 mrad, and the collection semi-angle was 69.6-164.8
mrad (ADF). In all cases, sets of fast-acquisition multi-frame images were recorded and subsequently
corrected for drift and scan distortions using SmartAlign.*®* Sample transfer to the STEM microscope
was performed using a vacuum transfer suitcase to avoid exposure to air.

Spectroscopy High-resolution - Resonant Inelastic X-ray Scattering (HR-RIXS) data were collected from
121 beamline at Diamond Light Source. Scans at 531 eV were recorded at 5 different sample locations
and averaged together, however, very little inhomogeneity in the signal was observed. Soft X-ray
Absorption Spectroscopy (SXAS) data were recorded in partial fluorescence yield mode at i21
beamline, Diamond Light Source for the O K-edge. Sample transfer to the RIXS spectrometer was
performed using a vacuum transfer suitcase to avoid exposure to air.

DFT Calculations Spin-polarized DFT calculations including Hubbard corrections (DFT+U) were carried
out using the Quantum Espresso package.***> The Perdew, Burke and Ernzerhof (PBE) exchange-
correlation functional was employed.*® Only valence electrons were explicitly described. The core-
valence interaction was taken into account through the projector-augmented wave (PAW) method.#
The wavefunctions and charge density were represented via plane-wave basis sets with energy cutoffs
of 80 and 400 Ry, respectively. All calculations were performed considering a ferromagnetic ordering
of the transition metal atoms. We use Hubbard parameters (U) of 4.0, 6.0 and 5.0 eV for Mn, Ni and
Co 3d states, respectively. These values of U are similar to those reported for other closely related
compounds. To find the k-point condition, the total energy of the supercell was converged with
respect to the number of k points, and convergence was reached with a 2 x 2 x 3 Monkhorst—Pack k-
point grid. Crystal structures were relaxed until forces on the atoms were less than 0.04 eV/Angstrom
and the total stresses on the cell were less than 0.05 kBar. A supercell of the closely related compound
Li[Lio.1667C00.16Ni0.16Mn0 50] O2, containing 96 atoms (28 Li atoms; 12 Mn atoms; 4 Co atoms; 4 Ni atoms;
and 48 O atoms), was optimized and used an initial structure to investigate charge and discharge
states. To investigate in-plane TM disorder in the charged phase, phases with different TM ordering
were prepared using combinatorics. Simple random sampling (SRS) was used to choose a
representative subset of non-symmetry equivalent configurations for relaxation. Fully delithiated
models were considered to make calculations more computationally tractable.

On the top of the DFT+U simulations, we carried out hybrid calculations employing the Heyd-
Scuseria—Ernzerhof (HSE) functional.*® An exact exchange mixing parameter of 0.25 was used for all
calculations. Norm-conserving pseudopotentials were used to describe the core-valence interaction.
The electronic wavefunctions and charge density were described using plane-wave basis sets with an
energy cutoffs of 80 and 320 Ry, respectively. A Monkhorst—Pack k-point grid of 2 x 2 x 3 was used.
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The input structures were obtained from the DFT+U lattice optimizations, and the atomic positions
were allowed to further relax at the HSE level, keeping the lattice parameters fixed.

Deintercalation-intercalation voltages V, were computed using the Nernst equation, which is given by
AG
V= - (2)

where AG is the Gibbs free energy change, F is the Faraday constant, and z is the charge that is
transferred. First-principles calculations were carried out a 0 K and zero pressure. Under this
conditions, the Gibbs free energy change is given by the change in the internal energy, AG=AE. Thus,
deintercalation-intercalation voltages were computed as

E(LixleOZ)—E(LiszmOZ)—(xl —xZ)E(Ll)
(xz2—=x1)F

V =

(2)

with x1 > X

where E(LixsTmO;) and E(Lix.-TmO;) are the internal energies of the lithiated and delithiated transition
metal (Tm) oxides, respectively, and E(Li) is the internal energy of metallic lithium.

Solid state 7O and °Li MAS NMR The NMR samples were sealed in MAS rotors under an Ar
environment and transferred to the magnet in a sealed inert atmosphere. The 70 spectra (vo = 54.3
MHz, 9.45 T) were acquired using a 250 kHz (1 s, 11/2) excitation pulse followed by a 125 kHz (2 ps,
11) conversion pulse, separated by a 1/vg delay, on Bruker 1.9 mm HXY probe achieving a MAS
frequency of (v =) 34 kHz spun using inert, dry N, gas. The data was acquired by variable offset
cumulative frequency spectroscopy in 100 kHz steps and using a presaturation pulse comb to isolate
the rapidly relaxing O, component (as detailed in Supplementary Figure 9). The Li spectra (vo = 58.9
MHz) were achieved using a 100 kHz (r1/2) excitation pulse followed by a 50 kHz (11) conversion pulse
and a v, = 36 kHz. All echoes were Fourier transformed as half-echoes using the Bruker Topspin
(Billerica, MA) software and simulated using the DMFit.*®
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