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1. Materials and Methods

1.1. Materials and Syntheses.

All boron-coated lithium nickel manganese oxides samples were made using the method of co-precipitation followed by solid-state
synthesis.

First, co-precipitation was used to produce hydroxide precursor NigoMng.1(OH)2. A 1.5 M aqueous solution of NiSO4-6H20
and MnSO4-H20O was prepared with 9:1 molar ratio of Ni:Mn. The mixed solution was pumped into a batch-type reactor under
argon atmosphere to remove dissolved oxygen in deionized (DI) water, preventing undesirable manganese oxidation. At the same
time, 4.0 M NaOH and 14.8 M NHg3-H2O precipitating solutions were prepared and added to regulate the pH and complexing
agent concentrations. The reactor’s pH was consistently maintained at 11.8 by the continuous inflow of NaOH solution during the
co-precipitation progress. The process was conducted at 50 °C, facilitated by a hot water circulation system, with stirring for 20 h.
The precipitates were vacuum filtered, washed with distilled water to remove the residual sodium ions, and then dried overnight at
80 °C in an oven.

Second, solid-state reactions were carried out between the mixture of Nig.9Mng.1(OH)2, LIOH-H20 (Honeywell Research Chemicals),
and B(OH)3 (Sigma-Aldrich). Boron is known to segregate and form a borate glass (a fast Li-ion conductor) coating on the
particle surface, facilitating interfacial ionic transport and protects against surface degradation?* 2% without affecting the bulk
properties. To make samples LNRO, LNR3, LNR5, LNR7, and LNR9 having electrochemically-active phases with compositions of
Li14+4(Nig.oMng.1)1-:02 with ¢ = 0.00, 0.03, 0.05, 0.07, and 0.09 (see Supplementary Information section 3 on how compositions were
determined), reactant mixtures with nominal B:Li:(Ni+Mn) mol ratios of 0.01:1.01:1.00, 0.01:1.07:0.94, 0.01:1.10:0.91, 0.01:1.13:0.88,
and 0.01:1.16:0.85 were used respectively (Supplementary Fig. 1). The reactant mixture was homogenized in a tube mill (IKA) before
transferred to a tube furnace for calcination. Calcination was performed under continuous oxygen flow (1.4 L/min), with 10 h hold at
500 °C, followed by 15 h hold at maximum temperature (with 3 °C/min heating rate and furnace cooling). The optimized maximum
temperature was 730, 700, 685, 670, and 650 °C for LNRO, LNR3, LNR5, LNR7, and LNR9 respectively. The materials synthesized
contained secondary particles about 9 pm in diameter, which consist of elongated primary particles (Supplementary Fig. 2).
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Supplementary Fig. 1 | Experimentally determined compositions for the electrochemically-active phase of as-synthesized pristine LNR/ using various techniques. Nominal Li-excess
(/) defined as follows: nominal Li/TM ratio = (1+j+0.01)/(1-j) in the reactant mixture. Measured Li-excess (i) defined as: Liy,;(Nig.gMng.1)1-O2.

Li-excess Mn-rich (LMR) cathode with composition Lij.34(Mno.34Nio.66)0.66 02 was used only as a reference in high-rate electro-
chemical test (Supplementary Information section 6.2). LMR was also prepared by co-precipitation followed by solid-state calcination.
Co-precipitation was performed under nitrogen atmosphere in a continuously stirred tank reactor with constant temperature (45 °C).
A 2.1 M solution of NiSO4 and MnSOy4 (1:1.95 ratio) in deionized water was prepared and added to the reactor with precipitating
solutions of 6.9 M NaOH and 0.93 M NHs-H20O. NaOH solution was used to maintain a reaction pH of 11.75. The precipitate
was filtered and washed with deionized water until the conductivity of the filtrate was below 40 nS, yielding (Nig.34Mng.¢6)(OH)2
precursor. This precursor was dried, sieved, and then mixed with appropriate amount of LioCOgs. The reactant mixture was calcined
at 925 °C (10 h ramp, 5 h dwell) under synthetic air to make Lii.34(Mno.34Nio.66)0.66O2.

1.2. Electrochemical measurements, and electrode harvesting.

To prepare the cathode electrode sheet, 80 wt% as-synthesized cathode active material (CAM), 10 wt% carbon black (Alfa
Aesar Super P®), and 10 wt% polyvinylidene fluoride binder (Alfa Aesar) in N-methyl-2-pyrrolidone (Acros Organics) were mixed
(Thinky mixer AR-100) and the resulting slurry was cast onto carbon-coated Al foil (MTI Corporation) using a doctor blade.
The resulting sheet was dried at 100 °C on a hotplate inside an Ar-filled glovebox for 12 h and has cathode loading around
3 mg/cm2. CR2032 coil cells (Wellcos) were assembled in an Ar-filled glovebox with 11.3 mm diameter cathode electrode, 25 pm
thickness polypropylene/polyethylene/polypropylene separator (Celgard® H2512), 0.5 inch diameter Li foil anode (750 pm thickness,
Sigma-Aldrich), and LP57 electrolyte (BASF SelectiLyte®, 1 M LiPFg in 3:7 wt/wt ethylene carbonate:ethyl methyl carbonate
(EC:EMCQ)).

Electrochemical cycling tests were typically performed in the voltage range of 2.5-4.7 V vs. Li/Li" in constant current (CC)—
constant voltage (CV) mode. The standard initial activation cycles are composed of C/20 CC charge with CV hold until C/50
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Supplementary Fig. 2 | a—e, SEM images of as-synthesized pristine LNRO (OL) (a), LNR3 (b), LNR5 (c¢), LNR7 (d), and LNR9 (e).

current, and C/20 CC discharge with CV hold until C/500 current. 1C current is defined as 200 mA g™ (with respect to nominal
pristine CAM mass) in this work. For some tests, 2.5-4.3 V voltage window was also used together with 2.5-4.7 V cycles. Details of
cycling conditions are specified in Supplementary Table 2 for ex situ characterized samples, and in relevant captions and texts for
other samples whenever applicable. All coin cell cycling was conducted in a temperature chamber at 30 °C.

Cycled samples were harvested from coin cells dismantled using a decrimping instrument (MTI corporation) in a glovebox. All
harvested electrodes were rinsed with dimethyl carbonate. The collected electrodes were used for the assembly of pouch cells
(operando X-ray diffraction (XRD) and operando X-ray absorption (XAS)), the assembly of special coin cells (operando differential
electrochemical mass spectroscopy (DEMS)), or some ez situ characterizations (XAS, and scanning electron microscopy (SEM))
directly. For other ex situ characterizations (inductively coupled plasma - optical emission spectroscopy (ICP-OES), Li solid-state
nuclear magnetic resonance (NMR), X-ray diffraction (XRD), and scanning transmission electron microscopy (STEM)), powder
materials scraped off from the electrodes were used.

1.3. Cell fabrication for operando measurements.

Pouch cells for operando XRD and XAS measurements were prepared in a glovebox using polymer-cladded aluminum pouches.
The main cell components are the same as in coin cells except that a thinner (500 pm) Li foil was used as the anode, and nickel
(negative) and aluminum (positive) tabs were additionally used.

Half cells for DEMS were fabricated as CR2032 coin cells where a SUS mesh was used as the cathode current collector and a glass
microfiber filter (Whatman® Grade GF/F) was used as separator for even gas delivery. A hole was made on the cathode-side cell cap
to allow gas to pass through.

Cell cycling during all operando characterizations was carried out at room temperature, without the use of a temperature chamber.

1.4. Inductively coupled plasma - optical emission spectroscopy.

Sample digestion for ICP consisted of several steps. The sample was first mixed with nitric acid (HNOg3) and the resulting mixture
was heated on a hot plate set to 180 °C for initial dissolution. When only a small amount of nitric acid remained, aqua regia (3:1 v/v
HCI:HNO3) was added and the resulting mixture was heated again at 180 °C on a hot plate. After the samples was completely
decomposed by aqua regia, DI water was added to dilute the solution. The digested sample solution was then measured by ICP-OES
(Perkin Elmer Optima 7000 DV ICP-OES).

1.5. “Li solid-state nuclear magnetic resonance.

"Li solid-state NMR, measurements were carried out at By = 2.35 T (100 MHz for 'H) using a wide-bore Bruker BioSpin
spectrometer equipped with a DMX 500 MHz console and a custom-made 1.3 mm X-broadband magic angle spinning (MAS) probe
tuned to “Li (38.9 MHz). Samples were packed into the 1.3 mm zirconia rotors inside a glovebox and closed with Vespel caps.
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All spectra were acquired at 60 kHz MAS using dry nitrogen for spinning. “Li chemical shifts were externally referenced using
1 M aqueous LiCl solution (6 = 0 ppm). All acquisitions were conducted using a rotor-synchronized spin-echo sequence and a 90°
pulse of 0.45 ps. High sensitivity spectra were acquired using a 50 ms recycle delay that is sufficiently long for the "Li signals from
the paramagnetic electrochemically-active phase to fully relax between scans, but leads to an underestimated “Li signal intensity.
Quantitative (albeit lower sensitivity) spectra were also acquired using a longer, 10 s recycle delay allowing for both paramagnetic
and diamagnetic signals to fully relax between scans. NMR data was processed using Bruker TopSpin 3.6.5 and spectral fits were
conducted with DMfit .

1.6. X-ray diffraction.

Capillaries for powder XRD were prepared inside a glovebox by first compacting samples inside ‘special glass’ capillaries (Charles
Supper) with the open end enclosed by vacuum grease. The capillaries were then immediately flame-sealed after being taken out of
the glovebox. Ez situ powder XRD was measured in transmission geometry with spinning capillaries at either beamline 11-BM-B
at the Advanced Photon Source (APS) in Argonne National Laboratory, or beamline 2-1 (with Dectris Pilatus 100K detector) at
Stanford Synchrotron Radiation Source (SSRL) at SLAC National Accelerator Laboratory (see Supplementary Table 2 for details).
NIST LaBg standard reference material was used to calibrate the instrument whenever appropriate.

Operando XRD was performed on pouch cells in transmission geometry with normal X-ray incidence to the electrodes either at
beamline 11-3 at SSRL (12.7 keV X-ray, Rayonix MX225 detector, 18 cm sample-to-detector distance), at beamline 17-BM-B at
APS (51.5 keV X-ray, Varex 4343CT detector, 100 cm sample-to-detector distance), or with Panalytical Empyrean diffractometer
(line-focus Mo K, X-ray source with focusing mirror optics, GaliPIX3P detector in static line detector mode). Custom pouch cell
holders were used where the electrode stack region of each pouch cell was pressurized between two thin beryllium plates to maintain
pressure during electrochemical cycling while allowing for X-ray transmission®!. For synchrotron measurement, to make up for the
smaller beam size, the cells were oscillated perpendicular to the beam so that larger electrode areas were measured.

Integration of the raw diffraction images from synchrotron-based measurement to I(260) was done using either custom script (for
SSRL 2-1 data) or pyFAI®? (for everything else). Pseudo-Voigt single peak fitting (for c-lattice parameter determination from (003)
peak), Pawley refinement (for lattice parameters determinations from whole pattern fitting), and Rietveld refinement (for structural
analysis) were performed with Topas-Academic V7°3. XRD data is plotted in Q-space as I’(Q) that preserves integrated intensity
according to I'(Q)dQ = I(20)d20 where Q = 4nsin(f)/A. The ez situ XRD patterns were also consistently scaled such that the
integrated area for each peak is proportional to the structure factor between different samples.

1.7. X-ray absorption spectroscopy.

Ni K-edge XAS was performed in transmission geometry on electrodes (sealed inside pouches in an Ar-filled glovebox) at beamline
2-2 at SSRL. Operando Ni K-edge XAS was performed in transmission mode on pouch cells (same holder as described in Supplementary
Information section 1.6) at beamline 2-2 at SSRL. Electrode surfaces were mounted at 45° to the incident X-ray beam. A Si(220)
¢=90° monochromator was used. Detuning to about 60% maximum intensity was carried out to eliminate higher-order harmonics.
Three ion chambers were used in series to simultaneously measure /o (incident X-ray intensity), I1 (intensity post-sample), and I
(intensity post-sample and post-reference).

The spectra of Ni reference foil was used to calibrate the photon energy by setting the first crossing of zero of the second derivative
of the absorbance spectrum to be 8333 eV. Spectrum normalization was performed with custom code using the same approach as
implemented in the Athena software package®®. A linear function was used for pre-edge fitting while a quadratic function was used
for post-edge normalization fitting. The white-line energy of Ni K-edge is defined as the energy where the flattened normalized
absorption spectrum reaches maximum. To reduce the impact of normalization parameterization, the final reported white-line energy
is determined from the mean of 400 white-line energies calculated using different post-edge starting energies between Fo + 130 eV to
Eo + 330 eV (Ey is the first crossing of zero of the second derivative of the absorbance) with fixed post-edge ending energy and
pre-edge range (because normalization result has greatest variance with the choice of post-edge starting energy).

1.8. Differential electrochemical mass spectroscopy.
Operando DEMS was performed using Hiden Analytical HPR-40 DEMS to track the oxygen (O2) and carbon dioxide (CO2) gas
pressures during cell charging. Ar was used as the carrier gas (flow rate: 15 cc/min).

1.9. Scanning electron microscopy, ion milling, focused-ion beam (FIB) milling, and scanning transmission electron microscopy.

Regular secondary electron SEM images were recorded using Thermo Fisher Scientific Apreo S LoVac SEM in high-vacuum
field-free mode with an Everhart-Thornley detector.

The cross-sectional SEM images in Fig. 2d (for charged samples) were produced via ion milling followed by field-emission SEM.
The harvested electrode in the charged state was ion milled (Hitachi ArBlade 5000) to expose the cross-section. Backscattered
electron images were acquired from a field-emission electron microscope (Hitachi Regulus 8230) using its YAG BSE detector.

The cross-sectional SEM images in Supplementary Fig. 13 (for lithiated samples) were produced via FEI Helios NanoLab 600i
FIB/SEM system on sample electrodes. The electrodes were transferred from glovebox to the FIB/SEM system using a custom-built
mechanical air-free sample transfer system. The sample electrode was tilted at 52° from being normal to the electron beam so that it
was normal to the Ga™ ion beam, which was used for sample sectioning and polishing. Secondary electron images were taken with
the Elstar in-lens SE detector.

Samples for STEM imaging were sectioned using FIB (FEI Scios Microscope). General thickness of samples was between 70 and
100 nm over a range of several pm by Ga™ ion milling. A preliminary milling step involving a platinum-based wedge was employed to
maintain the integrity of the protective surface layer throughout the milling process. An aberration-corrected (scanning) transmission
electron microscope (FEI Titan®™G2 60-300 S/TEM) was used to obtain Cs-corrected STEM images with atomic resolution at 60
and 100 kV acceleration voltage. Line intensity profiles and fast Fourier-transform (FFT) images were obtained using Fiji ImageJ 55,



167 The high-resolution STEM images presented in Fig. le—g are cropped in size for improved readability, while the line profiles and

s FFT images were obtained from the original images of size 9.31x9.31 nm?.
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2. Supplementary Notes

2.1. Partial disorder in layered oxide cathodes.

Although too much Li—TM antisite disorder can cause detrimental effects to the capacity and cyclability of layered oxide cathodes,
we believe cathode capacity at slow (de)lithiation rate would depend little on the extent of cation disorder.

The theoretical capacity of O3-type layered oxide cathode can be affected by total Li concentration and percolation of Li migration
channels. Paired antisite [(Li1-aTMq)1i(TMi-qLia)TmO2] does not change the amount of Li in the cathode, so the Li concentration
would remain the same. For the Li to be able to contribute to ionic current (active Li), it also needs to be within a percolating
migration channel. In O3-type layered cathode, oxygen anions are packed into face-centered cubic (FCC) arrangement, which leaves
behind FCC octahedral sites where Li, TM, or vacancy can reside. Li diffusion proceeds via vacancy-mediated migration between
neighboring octahedral sites, passing through the tetrahedral interstice. Assuming TM is immobile, active Li has to be within a
percolating channel of connected octahedral sites of Li or vacancy, and not within a finite isolated cluster bound by TM atoms.
Simulations based on percolation theory suggests that for a completely disordered rock salt structure (whose spatial geometry of
anion and cation sites are the same as O3) having Li;_gTM;4502 composition, the fractional percolating Li (i.e. Lipercolating/Litotal)
is almost 100% for B < 0.2%%. Even for B = 0.4, the fractional percolating Li is >95%. We are unaware of similar percolation
simulations for Li-stoichiometric layered oxide with partial disorder, but if both in-plane and out-of-plane Li migration are possible
and there is no effect favoring short-range ordering or clustering, then it is possible the fraction of percolating Li can remain close to
100% for moderate antisite amount (<20%). This implies the theoretical capacity is not impacted by partial disorder.

However, practical capacity for partially disordered cathode can be affected due to the reduction of Li diffusivity. The impact
of this will be more severe at high charge/discharge rates. It is shown that Li migration is limited by the electrostatic repulsion
experienced when it is at the intermediate tetrahedral sites. This repulsion depends strongly on the local number of face-sharing
high-valent TMOg octahedra (which gives rise to the distinction of 0-TM, 1-TM, 2-TM channels) and the size of the tetrahedral
interstices°®°%. For perfectly ordered layered oxides, Li migration occurs exclusively through the 1-TM channels within the Li layers.
Perhaps the biggest impact of partial cation disorder is the reduction of the Li layer height, which in turn reduces tetrahedral size in
the Li layer and increases the migration barrier of the 1-TM channel. This argument implies a negative relationship between the
extent of cation disorder for layered oxide and its rate performance.

2.2. Lattice parameter evolution during (de)lithiation in O3-type layered cathodes.

Layered oxide cathodes for lithium-ion battery (LIB) application most commonly have the O3 structure (LiTMO2), which consists
of FCC packing of oxygen ions with octahedral interstices occupied by Li and TM ions separating into alternating Li and TM
slabs®®. Changes to the lattice parameters during electrochemical (de)lithiation of O3-type layered cathode (Li,TMO2) with different
compositions have been reported and are well understood? . Both a and c lattice parameters (representing in-plane and out-of-plane
dimensions, respectively) show a turning point at a critical value of z; within 0.4-0.5. Here we use the term ‘shallowly delithiated’
to denote states where zp,; is bigger than the critical value and ‘deeply delithiated’ to represent where z1,; is smaller than the critical
value. In the shallowly delithiated state, with delithiation, a decreases slightly and c increases. In the deeply delithiated state, with
delithiation, the rate of decrease in a slows down, and depending on the specific composition, can even become nearly constant or
slightly increasing?. The changes in ¢ in the deeply delithiated state are very dramatic, plunging with delithiation and causing
severe c-collapse regardless of the exact composition. More than 5% change in ¢ can happen within an zr; range of 0.3. Overall,
changes in a are much smaller than c. The strain differential between different crystallographic directions causes large anisotropic
strain, leading to particle shape change, intra- and inter-particle cracking ”5°.

Changes along the in-plane a direction can be understood well by considering TM-O bonding alone?. With delithiation, TM ions
are oxidized to higher average valences. Since the ionic radius for TM decreases with oxidation state, TMOg octahedra is expected
to contract, resulting in smaller a. The change of slope in a vs. z1; entering the deeply delithiated state can be rationalized by a
change in the nature of TM—-O bonding. It is suggested that charge transfer from O to TM happens at deeply delithiated state,
which increases the covalency of TM—-O bonds and thus alters the behavior of the TMOg size.

Changes along the out-of-plane c direction is a combined result of the slab thickness changes for the TMOg slab and the LiOsg
slab?. The overall trend of TMOg slab thickness is similar to in-plane a dimensional changes and can be rationalized by the decrease
in TM ionic radii as TM get oxidized. The decrease in TMOg slab thickness does not obviously slow down when entering the
deeply delithiated state?, implying less impact of TM—O bond along this direction. The variation of TMOg slab thickness due
to TM oxidation is smaller in magnitude compared to that of LiOg slab thickness during (de)lithiation. Thickness of the LiOg
slab is strongly affected by the electrostatic repulsion between its upper and lower O ion layers. Li™ ions provide screening to the
electrostatic repulsion between O layers. In the shallowly delithiated state, as Li* is removed, the strength of screening decreases,
so the effective repulsion between O layers increases, leading to increase in LiOg slab thickness. In the deeply delithiated state,
because of the increased covalency character in TM-O bonds, oxygen ions are less ionic and the intrinsic repulsion strength between
O layers quickly fades®®'. The repulsion strength decreases sharply with a small change on nominal TM oxidation state (and hence
Li concentration), which manifests as a sharp decrease in LiOg slab thickness with delithiation. In this deeply delithiated state,
both TMOg and LiOg slab decrease in thickness, resulting in a plunge of the value of ¢ (c-collapse). Furthermore, as a stops to
decrease (either decreases little or increases) at this stage, the disparity among the in-plane and out-of-plane directions gives rise
to large strain anisotropy. Many practical cathodes have a microstructure of secondary particles consisting of an agglomerate of
primary particles %2, With the primary particles randomly oriented, large anisotropic strain will cause grain separation between
primary particles, exposing fresh surfaces to electrolyte. Coupled with surface-reactivity with electrolyte, this leads to the formation
of microcracks inside the secondary particle®7.

We note that all the above discussions on lattice parameter evolution are for when the material can still maintain an O3 structure.
If ¢ (more correctly LiOg slab) has collapsed significantly, oxygen p orbitals from adjacent layers will overlap. To minimize the direct
interaction between O 2p orbitals, oxygen stacking will change to Ol-type®®%4. This O3-O1 transition involves shear and gliding of
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the oxygen layers, which is detrimental to LIB performance. Local generation of O1 domains has been observed in deeply delithiated
layered cathodes having the O3 matrix®®. O1 has even smaller ¢, and therefore its presence can also appear as continued reduction
in ¢ seen from diffraction. This is because it is difficult to differentiate between Ol-structure (also referred to as H4 phase for Ni-rich
cathodes) signals from O3-structures (referred to as H1, M, H2, and H3 phases for Ni-rich cathodes)®.

Suppression of the collapse of LiOg slab can mitigate all the above-discussed negative impacts (particle shrinkage, anisotropy, O1
formation). The presence of other ions within the Li layer have been shown useful in this regard 8710 We believe there are two
primary contributing factors. The first is that in the deeply delithiated state where the Li layer is very cation-vacant, there is no
hindrance to the collapse of LiOg slab until O 2p orbitals starts to overlap. The presence of immobile ions within the Li layer can
provide steric support against the collapse. The second is that the large partial (Li) molar change of LiOg thickness is related to the
weak screening of the electrostatic repulsion across Li layer. Therefore, a small change of the screening strength or oxygen ionicity
will have a big impact on LiOg slab thickness. With high-valent TM ions within the Li layer, the screening is much stronger such
that, with the same change of Li content, the fractional change of effective electrostatic repulsion between O becomes less pronounced.
These arguments suggest that a moderate concentration of TMy; is effective to reduce cycling strain in O3-type layered cathodes.

Additionally, TM ions within the Li layer inhibit O3—O1 transition. Shear and glide between oxygen layers are necessary for
this structural transition, whose pathway are kinetically obstructed if the Li layers are not vacant due to the additional need to
displace cations. Thermodynamic free energies of hypothetical O1 structures with TM in the Li layer will also be very high, since O1
arrangement minimizes the orbital overlap between O but are extremely unfavorable for the interaction between O and cations in
the Li slab%%.

2.3. Composition of the electrochemically-active phase of cathode.

Cathode active material (CAM) is a commonly-used term in LIB industry to refer to the ingredient responsible for electrochemical
capacity before the mixing and casting of the cathode electrode sheet. The term ‘active’ here is used to distinguish this ingredient
from the other ingredients that are necessary to form a functional electrode sheet but do not contribute to electrochemical reactions
(e.g., conductive additive, binder, current collector). However, this CAM ingredient itself typically contains complex combinations of
chemical phases and interphases, not all of which are electrochemically active. For example, LioCOs3 is a common impurity residue.
Surface treatment methods can also produce interphases that do not directly participate in redox reactions. In this work, the term

‘electrochemically-active phase’ is used to refer to the subset phase(s) of cathode containing the redox-active elements of concern.

With this definition, for a TM oxide-based cathode, the electrochemically-active phase contains all TM elements, whereas the total
Li within cathode can be spread between the active phase and inactive phases.

The determination of the chemical composition of only the electrochemically-active phase is important, because it is fundamentally
the amount and properties of the electrochemically-active phase that determine the theoretical capacity, equilibrium voltage, and
reversibility of LIB cathode. However, it is challenging to experimentally isolate the electrochemically-active phase, and most cathode
analyses are performed on the aggregated CAM or electrode mixture. One typical example is ICP-based chemical analysis, which can
provide the ratio between elements in the aggregated CAM, but usually not directly for the electrochemically-active phase. In cases
where composition of the electrochemically-active phase differs from that of the aggregated CAM, this can lead to misinterpretations.
For example, a cathode formulation having an aggregated Li:TM mol ratio close to 1.00:1.00 may be made up of a mixture of
Li-deficient electrochemically-active phase (Li1.gTMi1g02, which contains a lot of TMy; due to Li-deficiency) and LioCOs. Its
capacity is likely smaller than anticipated based on analyses of the aggregated CAM because its electrochemically-active phase has
less Li. However, the reduced capacity may be falsely attributed on TM;y,; antisite if composition of the electrochemically-active
phase is not robustly determined.

2.4. The influence of cathode composition on electrochemical behavior.

2.4.1. Li-stoichiometry, redox mechanisms and capacities.

The redox mechanisms and capacities are highly affected by the amount of Li in the electrochemically-active phase of a cathode.
For a lithium TM oxide with O3-type structure, its general composition can be expressed as Lii4,TM;i., Oz assuming there is no
cation or oxygen vacancy in the structure. For common TM used in LIB cathodes such as Ni, Co, and Mn, the maximum oxidation
state attainable within a practical voltage limit is 4+. During delithiation, TM ions are gradually oxidized to approach this limit,
where the electrons within the hybridized antibonding TM 3d—O 2p band (hereafter referred to as TM 3d band) are depopulated.
The energy of the unhybridized O 2p band is overall lower, and therefore O oxidation only occurs at a higher voltage after nearly all
TM have been oxidized to 4+ oxidation state (for TM such as Ni and Co, there may be a small extent of band overlap between the
bottom of TM 3d band and the top of the unhybridized O 2p band). Oxidized oxygen in oxide cathode have been suggested to take
the form of localized hole states %7, delocalized hole states®® 70, peroxide- and superoxide-like oxygen dimers”72, and molecular
O, trapped in the bulk?%31:73  For simplicity, here we proceed by not differentiating between the different forms of oxygen redox
and also assuming there being no band overlap between TM 3d and unhybridized O 2p. In this simple picture, TM and O redox take
place sequentially and reversibly.

For a stoichiometric Lii.0TM;.002, TM has an initial average oxidation state of 3+, and the complete delithiation can perfectly be
charged compensated by TM being oxidized to the maximum oxidation state of 4+.

For a Li-deficient Li;,TM;.,02 (-1 < y < 0), the theoretical capacity is limited by the available Li. Even at full delithiation, TM
has yet to reach the maximum average oxidation state of 4+.

For a Li-excess Lij4+,TMi.,02 (0 < y < 1/3), the Li capacity exceeds TM-redox capacity. The reduction of TM-redox capacity
with Li-excess is due to combined effect of having a smaller TM concentration and the starting average oxidation state for TM in the
pristine state being higher. For these materials, when TM are already oxidized to the maximum oxidation state of 44, there remains
extra Li in the electrochemically-active phase. In principle, with increased potential, extra Li can be removed by depopulating
the unhybridized O 2p band, giving rise to O oxidation. With this treatment, the theoretical capacity for Lii;4+,TM;i., Oz can be
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calculated and broken down into partitions between cation-redox and oxygen-redox (Supplementary Fig. 3). As can be seen, when Li
goes beyond stoichiometric, cation-redox capacity decreases even though the Li-based capacity can increase, with the gap being
potentially satisfied by anion-redox. A higher Li-excess is expected to trigger a greater extent of anion-redox with this simplified
treatment.

a 1.4 b

©
23512 2
® E @
a510 Anion Redox o
< S Anion Redox
o308 O
© ©
o's 0.6 Cation Redox L
3 B
5804 5 Cation Redox
2E 2
=202 [=

0.0

0

-0.2 -0.1 0.0 01 02 0.3
Li-Excess Li-Excess

(yin Lip+,TM;_,02) (yin Lip+yTM; - ,02)

-0.2 -0.1 0.0 0.1 0.2 0.3

Supplementary Fig. 3 | a,b, Theoretical molar capacity (a) (expressed as number of elementary charge per formula unit) and specific capacity (b) (with TM = NiggMng_ 1) for layered
lithium transition metal oxide cathode, and the breakdown of the total capacity into cation-redox capacity (blue) and anion-redox capacity (pink) with the simplified assumption that the
two mechanisms are completely sequential with no energy overlap between TM* TM3TM2* couples and O 2p bands.

2.4.2. Systems suitable for oxygen oxidation-induced structural activation.

Real systems with anion-redox are more complicated than Supplementary Fig. 3 implies. Alternative processes may interfere with
anion redox (e.g., oxidation of other battery components such as electrolyte at such high potentials). The electrochemically-active
phase of the cathode itself may also undergo chemical and structural changes during the oxidation and reduction of oxygen, making
the process irreversible™. A widely studied anion-redox system is the Li-excess Mn-rich (LMR) cathodes'”®®  which have been
shown to have partially reversible collective TM migration during every electrochemical cycle. The observed coupling between
structural evolution and O-redox inspired us to seek possibilities where O oxidation can be used as an activator to induce structures
with new atomic arrangements.

In contrast to the research focusing on stabilizing and improving the reversibility of O-redox, here we aim to have very irreversible
processes so that the evolved structure can stabilize quickly. This allows the possibility of releasing gas-phase activation by-products
(e.g., O2) in a single degassing step (after formation/activation) before final sealing if a large-format full cell is to be fabricated.
Ni-rich cathode is identified to be one such potential candidate.

We speculate Li-excess Ni-rich cathodes are more prone (compared to Mn-rich cathodes) to the release of its lattice oxygen as Oz
gas after the oxidation of oxygen anions. This speculation is based on the consideration of relatively stronger covalency (weaker
ionicity) character of the Ni-O bonds. The covalency feature in the nominally ionic Ni-O bond manifest as ligand holes (L), also
called ‘negative charge transfer’ ground states of the Ni*T (3d®L) and Ni** (3d%L?) ions™®. The presence of ligand holes has been
suggested in pristine and delithiated LiNiO4 ®7""®_ Because of this, there is a greater electron hole density near O along the O-Ni
bond direction. We postulate that oxygen anion coordinated with Ni (and additionally contains unhybridized O 2p band, i.e., with
~180° Li-O-Li configuration) has a greater tendency to decoordinate with TM if oxygen oxidation depopulates electrons from
its unhybridized O 2p band, leading to irreversible Oz release and TM migration. In this work, we experimentally demonstrate
such phenomena by showing the activation outcome of as-synthesized Li-excess Ni-rich cathodes upon initial cycling, leading to the
formation of a partially disordered layered structure.
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3. Supplementary Discussion: Composition and Structural Analyses

Three types of independent techniques based on entirely different physical principles were deployed to determine the composition of
the electrochemically-active phase of cathode: coupled ICP+NMR, XRD, and XANES. Additionally, XRD provides information
relating to the structural disorder.

3.1. ICP+NMR.

In the ICP+NMR method (Supplementary Table 1), we first used ICP-OES to determine the overall Li:TM (TM = Ni + Mn)
atomic ratio in the entire aggregated cathode (Ni:Mn ratios determined from the ICP were very close to the expected ratio of
9:1). It is expected that TM atoms reside almost exclusively within the electrochemically-active phase of the cathode. However, Li
signals from ICP can have two origins: Li within the electrochemically-active phase, and Li in other inactive components (such as Li
impurities (e.g., LiaCO3) or surface coating layers (e.g., LiBO32)).

To differentiate between the two types of Li, we further performed “Li solid-state NMR measurements on the samples of interest to
differentiate the Li in the potential diamagnetic (containing no Ni or Mn) auxiliary phases and in the paramagnetic (Ni and/or Mn
containing) electrochemically-active phase.

"Li solid-state NMR spectra collected on pristine LNRO and LNRY, as well as on ez situ samples after various number of cycles are
shown in Supplementary Fig. 4. All spectra feature a sharp 0 ppm signal characteristic of diamagnetic Li environments in auxiliary
(inactive) phases in the sample. These auxiliary phases likely include LioCO3 observed by XRD for the pristine samples, LiBO-like
glassy surface coatings, and electrolyte decomposition products for samples scrapped of from the cycled electrodes. In contrast, “Li
NMR signals arising from Li species in the electrochemically-active phase of cathode are expected to be significantly broadened
and shifted away from 0 ppm, due to the strong hyperfine interactions between the paramagnetic species (here, Ni?*, Ni**, and
Mn4+) and the “Li nucleus under consideration. In these systems, the dominant source of chemical shift is the Fermi contact shift,
which arises from the delocalization of unpaired electron spin density from the Ni/Mn d orbitals to the Li s orbital via bridging O p
orbitals. The sign and magnitude of the Fermi contact shift contributions depend on the nature of the paramagnetic TM, and the
overlap of the TM d, O p, and Li s orbitals (i.e., TM—-O, O-Li bond lengths, and TM—-O-Li bond angles), providing detailed insights
into the local structure. For LNRO (Supplementary Fig. 4a), the presence of several Li environments in the Li layers gives rise to
several broad and overlapping resonances that lead to an overall broad and asymmetric signal spanning a wide frequency range from
0 to 41000 ppm, and peaking around 670 ppm. Minimal changes in lineshape are observed after 100 cycles, indicating that the
ordered layered structure is largely preserved. For as-synthesized LNR9 (Supplementary Fig. 4b), a broad and asymmetric "Li signal
is observed over a similar frequency range, peaking around 590 ppm, indicating the presence of a number of unique Li chemical
environments in the Li layers, with a slightly different distribution than for LNRO. An additional, relatively sharp peak can be
observed at 290 ppm, which we attribute to Li in the TM layers (Litm) based on prior work on Li-rich nickel oxides (Lii4,Nii-,Oz2)
indicating that the intensity of "Li NMR signals in the range of 200 ppm to 400 ppm scales with Liry content??. The sharpness of
the signal may be related to the in-plane ordering of the Lirm species, which is also consistent with the superstructure peaks in
the XRD data (Supplementary Fig. 7a inset). The intensity of this 290 ppm peak in LNR9 is in the range of 5-11% of the total
paramagnetic NMR signal intensity, consistent with the LNR9 composition determined by other methods and shown in later sections
(Supplementary Table 5). After activating LNR9 to DL(9), the 290 ppm peak becomes broader, and gradually fades away upon
extended cycling. This is likely related to the loss of in-plane Li-TM ordering with electrochemical cycling?®, resulting in more
diverse local chemical environments for the different LiTy ions, as well as potential depopulation of those LiTy sites. In contrast,
the broad and asymmetric signal attributed to Li in the Li layers does not evolve significantly during the activation cycle nor upon
extended cycling, suggesting that most of the changes to the distribution of Li environments take place in the TM layers.

The molar fraction of Li in the electrochemically-active phase of cathode, for each of the samples listed in Supplementary Table 1,
was quantified from a fit of their respective “Li NMR spectra obtained using a long recycle delay of 10 s, ensuring that both
paramagnetic and diamagnetic signals could fully relax between scans. The total paramagnetic integrated "Li signal intensity (1para)
was obtained by summing over 2-3 broad signals needed to capture the lineshape of the broad resonance (an example is shown in
Supplementary Fig. 4c for pristine LNR9), while the total diamagnetic integrated "Li signal intensity (I44) could be captured using
a single component in the fit. Both diamagnetic and paramagnetic integrated signal intensities were then adjusted to account for the
fact that the paramagnetic signals decay significantly faster than the diamagnetic signal(s) over the duration T of the measurement,

due to their shorter spin-spin relaxation time (7'2’). The fraction of Li in the electrochemically-active phase of cathode was then
obtained by computing the ratio: Ipgra * exp(%)/([mm * exp(%) + Igiq * exp(TZI‘fia )), where 12,4, is the average T2’
decay time of the paramagnetic components, and 72’4, is the T2’ decay time of the diamagnetic component.

Combining ICP-OES and “Li NMR quantifications, the atomic ratios of Li:TM in the electrochemically-active phase of cathode
can be obtained (Supplementary Table 5). We emphasize here that to assure the validity of this coupled ICP+NMR method for
composition determination, we made sure that for each sample, powder from the same exact batch was used for both ICP and NMR
measurements.

For pristine LNR9, the coupled ICP+NMR composition quantification was repeated three times, and the results consistently yielded
a stoichiometry within Lii.oss+0.0010TMo.91250.01002. ICP+NMR is an overall more accurate composition determination method
(than XRD Rietveld refinement, due to non-trivial correlation coefficient (= -50%) between stoichiometry and TMy,; concentration),

and the pristine LNR9 composition obtained using ICP4+NMR, of Li;.088TMo.91202, was used for our calculations later.




Supplementary Table 1 | Results of ICP-OES and paramagnetic Li quantification from 7Li NMR

ICP-OES result

Sample N/ (Pyotal Li+NNi+Mn) X 100% 7Li NMR result
description (paramagnetic Li) / (total Li)x100%
total Li Ni Mn
oL (.LNRO) 50.78%  44.93% 4.29% 95.37%
pristine
L.NBQ 56.80% 38.52% 4.68% 90.66%
pristine
DL(g) 10, (o) O, ()
LNR9 after 1 cycle 53.39% 41.45% 5.16% 86.07%
DL(g) 1O, 0 O, 0,
LNR after 2 cycles 54.20% 40.80%  5.00% 86.02%
DL(9)
.73% 90%  4.37% 79.34%
LNR9 after 5 cycles 56.73% 38.90% 37% 9.34%
DL(9)
5.04%  40.43%  4.53% 4.80%
LNR9 after ~100 cycles (4.7 — 4.3 V) 5 0.43 53 84.8
a b
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Supplementary Fig. 4 | a,b, ’Li NMR spectra for pristine and cycled OL (LNRO) (a), and pristine LNR9 and cycled DL(9) (b) obtained at 2.35 T and at 60 kHz MAS, with a recycle
delay of 50 ms to maximize sensitivity. ¢, An example spectrum for pristine LNR9 collected with a recycle delay of 10 s, and the breakdown of components used for its fit, illustrating the
quantification method used to obtain molar fractions of Li in the electrochemically-active phase of cathode shown in Supplementary Table 1.
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3.2. XRD refinement.

XRD and its Rietveld refinement (Supplementary Figs. 5-7, Supplementary Table 2) were used to infer the composition and purity
of the as-synthesized as well as cycled cathodes. Because of crystal structure and hence lattice plane spacing differences, phases in
the cathode other than the electrochemically-active phase generally do not interfere with the refinement confined to the @-ranges of
the Bragg peaks of the electrochemically-active phase. This crystallographic selectivity makes it viable to extract the information
pertaining only to the electrochemically-active phase of cathode via Rietveld refinement.

All as-synthesized LNRi (i = 0, 3, 5, 9) samples show XRD patterns whose main peaks can be indexed to a-NaFeO. structure type
with R3m space group, which is also referred to as O3-type structure of layered oxide®". After electrochemical cycling, all samples
maintain the same R3m space group symmetry. Some extremely tiny and broad peaks can be identified that can be accounted for by
small Li;CO3 impurity particles, which is consistent with the presence of diamagnetic “Li signals in the NMR data (Supplementary
Table 1). No other peaks (other than the superstructure peaks for LNR9 to be discussed later) can be identified for all pristine and
cycled samples. This suggests the absence of a secondary component (such as surface rock salt?? or bulk heterostructure'®) in all
samples investigated in this study.

For LNRY, additional weak peaks can be seen in the Q-range of 1.4-2.0 A™'(Supplementary Fig. 7a inset), which are superstructure
peaks resulting from extra symmetry due to in-plane ordering of atoms?2. Such in-plane ordering is likely between Li and TM atoms
within the TM layer, and the superstructure peaks being noticeable only in LNR9 is consistent with it having the highest level of
Li-excess as determined by methods using other principles (summarized later in Supplementary Table 5). The superstructure peaks
fade away after cycling (Supplementary Fig. 7c-h).

The presence of the superstructure peaks indicates that the symmetry for the materials is more accurately presented by C2/m
space group 2. However, because superstructure peaks observed in this work are all very small, the effects of in-plane ordering on
the structure factors of the main peaks will be negligible (much less than uncertainties introduced by other factors we are concerned
with in this work such as overall composition and out-of-plane disorder). Therefore, Rietveld refinement performed with crystal
structure models using R3m space group is a valid approximation.

All Rietveld refinements were performed based on R3m crystallographic construction of the electrochemically-active phase. If
superstructure or LioCOgs peaks are noticeable, the regions around them were excluded during the actual refinements so that they do
not interfere with background fitting. X-ray wavelength and convolution terms related to instrument broadening were determined
based on calibration XRD patterns collected on NIST standard materials and were fixed for the refinement of samples. For each
sample, Pawley refinement was first performed to obtain lattice parameters and other convolution terms (size and strain broadening,
peak shape function, and anisotropic broadening) that modulate peak profile but do not impact structure factors. After that, initial
Rietveld refinement was conducted by only refining variables defining the crystal structure (atomic displacement parameters were
refined and were constrained to be the same for different ions occupying the same crystallographic site). The final Rietveld refinement
was performed where all applicable variables of the sample were refined. The crystal structures for all lithiated samples are assumed
to have no vacancies (for both anion and cation sites). Li is allowed to reside within both the Li layer (3b site) and the TM layer (3a
site). Both Ni and Mn are allowed to reside within TM layer, but only Ni is given the freedom to reside within Li layer (due to Ni
having closer ionic radius to Li). (The TMy,; results won’t change much if Mn is additionally allowed to be within the Li layer since
the atomic scattering factors for Ni and Mn are similar.) Other than fixing total Ni:-Mn ratio to be 9:1, no other chemical constraints
are put into place. This allows the structure to freely converge with all possible Li:TM ratios to give an estimate on the composition
of the electrochemically-active phase of cathode.

The fit for LNR9 after 1°° charge was handled by constructing a Li-free structure having total Ni and Mn atoms per unit cell (i.e.
TM:O ratio) the same as found in the relithiated sample (i.e., LNR9 after 1 cycle). Because of the possibility of O release during
discharge of the first LNR9 activation cycle, the fixed TM:O ratio employed in the model may deviate slightly from the accurate
value, but its associated uncertainty in TMp,; shouldn’t exceed 0.02.

The results of Rietveld refinement are shown in Supplementary Table 3, from which information on lattice parameters, chemical
composition, and the concentration of TMy,; antisite can be obtained. For pristine LNR¢, a higher refined Li stoichiometry is found
to correlate with a smaller unit cell volume, consistent with the previous relationship established for lithium nickel oxide cathode
chemistry®. Some small extent of cation disorder (< 7% TMy;) exists even in the pristine LNR samples, which has been a common
observation for as-synthesized Ni-rich cathodes (due to the similar ionic radius between Ni** (0.69 A) and Lit (0.76 A))®>'3. After
cycling, little changes happen to LNRO and it remained fairly ordered. For LNR5 and LNRY after 4.7 V upper cut-off voltage (UCV)
cycling (i.e. DL(5) and DL(9), respectively), refinement results suggest decreases in unit cell volume, decreases in Li stoichiometry,
and increases in TMp; concentration. Changes in the first cycle are far more substantial than that in future cycles.
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Supplementary Table 2 | Ex situ sample descriptions and XRD measurement conditions

Sample Cycling XRD X-ray
description condition beamline  wavelength (A)
OL (LNRO) APS
N/A .45907.
pristine / 11-BM-B 0459073
OL (LNRO) 1 cycle of SSRL
after 1 cycle C/20 2.5-4.7 V w/ CV hold 2-1 0.729760
1 cycle of
C/20 2.5-4.7 V w/ CV hold
OL (LNRO) 100 cycles of APS 0.459073
after ~100 cycles C/2 2.5-4.7V w/ charge-only CV hold 11-BM-B '
4 cycles of
C/20 2.5-4.7 V w/ CV hold
L.N 33 N/A SSRL 0.729760
pristine 2-1
L.NBS N/A SSRL 0.729760
pristine 21
DL(5) 1 cycle of APS
LNRS5 after 1 cycle C/20 2.5-4.7 V w/ CV hold 11-BM-B 0.459738
DL(5) 5 cycles of APS
459744
LNRS5 after 5 cycles C/20 2.5-4.7 V w/ CV hold 11-BM-B 0.459
1 cycle of
C/20 2.5-4.7 V w/ CV hold
DL(5) 100 cycles of APS 0.459073
LNR5 after ~100 cycles C/2 2.5-4.7V w/ charge-only CV hold 11-BM-B '
4 cycles of
C/20 2.5-4.7 V w/ CV hold
LNR9 APS
pristine NA 11-BM-B 0.459073
1 charge of SSRL
st
LNR9 after 15! charge C/20 10 4.7 V w/ GV hold o1 0.729760
DL(9) 1 cycle of APS
.4597
LNR9 after 1 cycle C/20 2.5-4.7 V w/ CV hold 11-BM-B 0.459738
DL(9) 2 cycles of APS
LNR9 after 2 cycles C/20 2.5-4.7 V w/ CV hold 11-BM-B 0459738
DL(9) 5 cycles of APS
.4597
LNR9 after 5 cycles C/20 2.5-4.7 V w/ CV hold 11-BM-B 0.459738
1 cycle of
C/20 2.5-4.7 V w/ CV hold
DL(9) 50 cycles of APS 0459073
LNRS9 after ~50 cycles C/2 2.5-4.7V w/ charge-only CV hold 11-BM-B
4 cycles of
C/20 2.5-4.7 V w/ CV hold
1 cycle of
C/20 2.5-4.7 V w/ CV hold
DL(9) 100 cycles of APS 0.459073
LNR9 after ~100 cycles C/2 2.5-4.7V w/ charge-only CV hold 11-BM-B '
4 cycles of
C/20 2.5-4.7 V w/ CV hold
1 cycle of
C/20 2.5-4.7 V w/ CV hold
DL(9) 4 cycles of APS 0459738
LNR9 after ~100 cycles (4.7 — 4.3 V) C/10 2.5-4.7 V w/ CV hold 11-BM-B '
97 cycles of

C/10 2.5-4.3V w/ CV hold

1C =200 mA g'. Charge CV hold limit: C/50. Discharge CV hold limit: C/500.
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Supplementary Table 3 | Rietveld refinement results for ex situ XRD measurements

Space group: R3m (166)

Sample Lattice 3a Wyckoff position 3b Wyckoff position 6¢ Wyckoff position
description parameters
coordinate occupancy coordinate occupancy coordinate occupancy
a/A: 2.877614(12) Ni: 0.845(3) N
OLrE'S‘t'i\'nF;O) c/A: 14.21421(12) 0,0,0 Mn: 0.0991(3) 0,0,1/2 h'i'_%%i?;%(g) 0, 0, 0.25918(6) 0: 1
P V/A: 101.934(1) Li: 0.056(3) e
a/A: 2.87770(3) Ni: 0.842(3) -
;f)t';r(';'\f(gz c/A: 14.2164(3) 0,0,0 Mn: 0.1004(3) 0,0,1/2 ,':l'l %%Z‘;(:) 0, 0, 0.26033(12) 0:1
4 V/A3: 101.955(3) Li: 0.061(2) e
a/A: 2.883309(18) Ni: 0.852(2) i
afte(r)igl_o'\(lJF::O)cles c/A: 14.23958(18) 0,0,0 Mn: 0.10117(17) | 0,0, 1/2 ,':l'l %%37%(2) 0, 0, 0.25920(7) 0:1
- v VIA3: 102.520(2) Li: 0.0583(14) T
a/A: 2.87264(3) Ni: 0.817(4) )
LNR A Li: 0.9346(1
risﬁnse C/A: 14.1923(2) 0,0,0 Mn: 0.0981(5) 0,0,1/2 N'i_%%sesi((é)) 0, 0, 0.25878(10) 0:1
P V/AS: 101.425(2) Li: 0.085(5) e
a/A: 2.86666(3) Ni: 0.795(4) )
LNR A Li: 0.9400(12
risti:e c/A: 14.1784(2) 0,0,0 Mn: 0.0950(4) 0,0,1/2 r\;i-%%e%%((m)) 0, 0, 0.25906(10) 0:1
P V/A: 100.905(2) Li: 0.110(5) e
a/A: 2.87515(2) Ni: 0.814(2) N
LNRS ;'t‘e(f)1ccle c/A: 14.2118(2) 0,0,0 Mn: 0.0986(3) 0,0,1/2 Ei.'%%i;%((?) 0, 0, 0.25922(6) 0:1
4 VIAZ: 101.742(2) Li: 0.087(3) e
a/A: 2.87885(4) Ni: 0.813(3) N
LNR5 a?t:(féc dles c/A: 14.2254(5) 0,0,0 Mn: 0.1007(2) 0,0,1/2 h'{-%i%i(g) 0, 0, 0.25907(11) 0: 1
¥ V/AS: 102.102(5) Li: 0.0939(19) e
a/A: 2.88937(4) Ni: 0.7829(18) i
LNRSafteDrLii)OOccles c/A: 14.2635(4) 0,0,0 Mn: 0.10217(16) | 0,0, 1/2 ,':l'i'_%i‘;fz((11z)) 0, 0, 0.25902(8) 0:1
- 4 V/A3: 103.124(4) Li: 0.1366(11) e
a/A: 2.85464(3) Ni: 0.775(4) )
LNR q Li: 0. 11
ristinge c/A: 14.1576(3) 0,0,0 Mn: 0.0894(4) 0,0,1/2 r\;i-%%i%?a(u 1)) 0, 0, 0.26002(8) 0: 1
P V/A3: 99.913(3) Li: 0.136(4) e
a/A: 2.83033(8) Ni: 0.7658(14) Lio
LNR9 after 15 charge* c/A: 14.2200(7) 0,0,0 Mn: 0.0981 0,0,1/2 Ni 0.1169(14) 0, 0, 0.26220(14) 0:1
V/A3: 98.651(7) Li: 0 e
a/A: 2.87675(4) Ni: 0.766(3) N
LNRS ;'t‘e(?)m(:le c/A: 14.2335(5) 0,0,0 Mn: 0.0981(3) 0,0,1/2 K'{-%iﬁw?) 0, 0, 0.25879(8) 0: 1
Y V/AS: 102.011(4) Li: 0.136(4) e
a/A: 2.87476(4) Ni: 0.779(3) N
LNRQa?t:(rgéccles c/A: 14.2240(5) 0,0,0 Mn: 0.0998(4) 0,0,1/2 Il:lli.'%ii;%((?) 0, 0, 0.26143(8) 0:1
4 V/AS: 101.802(5) Liz 0.121(4) e
a/A: 2.87923(3) Ni: 0.7878(16) i
LNRQa?tI;(rggccles c/A: 14.2546(3) 0,0,0 Mn: 0.10099(14) | 0,0, 1/2 h'i'_%ii%g:;)) 0,0, 0.25819(7) 0:1
4 V/A3: 102.338(3) Li: 0.1210(10) e
a/A: 2.89344(4) Ni: 0.760(2) )
DL ] Li: 0.809(2
LNRS after (32300 dles c/A: 14.2811(4) 0,0,0 Mn: 0.10270(19) | 0,0, 1/2 ,\;i_%i%i((z)) 0, 0, 0.25783(9) 0: 1
=Ry V/A3: 103.543(4) Li: 0.1644(13) I
a/A: 2.89590(5) Ni: 0.7289(15) )
DL A Li: 0.8013(1
LNRgaﬂerg)mccles c/A: 14.2433(6) 0,0,0 Mn: 0.10145(13) | 0,0, 1/2 Nli'(())E:%837((1?3)) 0, 0, 0.25750(7) 0:1
- Y V/A3: 103.445(6) Li: 0.1842(9) e
DL(9) a/A: 2.89211(3) Ni: 0.7507(14) Li: 0.8394(15)
LNR9 after ~100 cycles || c/A: 14.3039(4) 0,0,0 Mn: 0.10059(12) | 0,0, 1/2 Ni.'O. 1606(15) 0, 0, 0.25803(6) 0: 1
(4.7 — 43V) V/A3: 103.613(3) Li: 0.1547(8) e

Total Ni:Mn fixed as 9:1. All sites assumed to be fully occupied.

* Assumed no Li remaining. Ni and Mn content per cell fixed to be same as in sample ‘LNR9 after 1 cycle’.
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3.3. Ni XANES.

XANES at the Ni K-edge (Supplementary Fig. 8) is used to deduce the average oxidation state of Ni, which can be used to infer
the composition of the electrochemically-active phase of cathode based on overall neutrality of oxidation state. Since XANES is
element-selective, inactive phases with no Ni will not influence the signal. Except Ni, all other elements involved have a fixed
oxidation state: Li'*t, 0%, and Mn**. Oxygen is assumed to have 2- oxidation state since all samples were fully discharged to
2.5 V with a long CV hold, and we do not expect oxidized oxygen to be possible at such a low potential. Even though Mn can
be redox-active, it will have a fixed 4+ oxidation state in the Ni-rich systems considered here. This is because the energy bands
of Mn redox couples (MnBJr/2+ and Mn4+/3+) have much higher energies and do not overlap with Ni redox couples (Ni?’Jr/2+ and
Ni4+/3+) 180 Tn particles with Ni having greater than 2+ oxidation state, Mn will be at 4+ state.

A higher oxidation state will cause a shift of XANES towards higher energy. It can be seen that pristine LNR¢ shifts to a higher
energy with a larger ¢ (Supplementary Fig. 8a), LNRO changes little after cycling (Supplementary Fig. 8b), and LNR9 shifts to a
lower energy after its first cycle (Supplementary Fig. 8c).

For Ni six-fold coordinated by O in NiOg octahedra as in layered oxide, the white-line energy (energy where the normalized
absorbance p is maximum) from K-edge XANES varies linearly with the nominal average oxidation state. Therefore, white-line
energies from two materials with known Ni oxidation states can be used for in-/extra-polation references. However, it is challenging
to obtain such good reference materials from external suppliers because of the uncertainty in the true composition and the instability
of high-valence Ni compounds. Therefore, we selected two as-synthesized samples which we have high confidence in the true
compositions of the electrochemically-active phase as the references. Pristine LNRO was found to have near ideal stoichiometric
composition using both ICP4+NMR and XRD techniques, and therefore it is taken to be Lii.000Nio.000Mno.10002 and used as Nj2-89+
reference. Different batches of pristine LNR9 were tested by ICP4+NMR technique and consistently yielded a composition close to
Li1.088Nio.821 Mno.001O2 (within 1% deviation). Therefore, LNR9 is taken with this composition and used as a Ni10% reference.
The oxidation states fitted using these references are shown in Supplementary Table 4 (for ez situ samples) and in Fig. 1b (for
operando measurement). The calculated Ni oxidation states from operando data having maximum close to the expected number of
4.0+ suggests the validity of the references and the white-line energy method®!.

a
151 — Inro
LNR3
—— LNR5
—— LNR7
1.0{ — LNR9
3
0.51 /1.4
1.2
00 8350 8353
Y8330 8340 8350 8360 8370
X-ray Energy (eV)
b OL (LNRO) c LNR9
1.59 pristine 157 pristine
—— =100 cycles —— 1lcycle
— 2 cycles
—— 50 cycles
1.0 1.01 — =100 cycles
3 3
0.5 1.44 0.51 1.44
1.2 1.2
00 8350 8353 00 8350 8353
Y8330 8340 8350 8360 8370 "“'8330 8340 8350 8360 8370
X-ray Energy (eV) X-ray Energy (eV)

Supplementary Fig. 8 | a—c, Ni K-edge XANES spectra for LNR/ with different levels of Li-excess (a), pristine and cycled OL (LNRO) (b), and pristine LNR9 and cycled DL(9) (c).
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Supplementary Table 4 | Ex situ Ni K-edge XANES spectra white-line energies and the calculated oxidation states of Ni

Sample Ni K-edge Calculated
description white-line energy (eV) | average Ni valence state
oL .(L.NR?) 8352.29 +2.89%
pristine
OL (LNRO)
2. 2.
after ~100 cycles 8352.30 +2.90
L.NBS 8352.51 +2.97
pristine
L.NF.B 8352.59 +3.00
pristine
L.N 37 8352.70 +3.04
pristine
'.‘N,Rgﬂ 8352.87 +3.10**
pristine
DL(9)
LNR after 1 cycle 8352.36 292
DL(9)
LNR after 2 cycles 83%2.27 +2.88
DL(9)
2.11 2.
LNR after ~50 cycles 835 +2.83
DL(9)
2.1 2.82
LNR after ~100 cycles 8352.10 28

* Reference for valence state fitting.

* Assumed to be stoichiometric Li1_000Ni0,900Mn0_10002.

** Reference for valence state fitting.

** Assumed to be Liq.0ggNig.g21 Mng 091 O2 with Li content from ICP+NMR.
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3.4. Summary of composition analysis results.

By deploying measurements based on different principles (ICP: total chemical analysis, NMR: local magnetic environment, XRD:
diffraction, XANES: electronic structure), we determined chemical compositions for the electrochemically-active phases from the
following independent approaches: coupled ICP+NMR, XRD refinement, and XANES analysis (Supplementary Table 5). The values
obtained for each sample with different approaches agree well with each other.

Supplementary Table 5 | Compositions determined by different approaches and the chemical formula used for converting capacity to composition

Sample Composition Average composition***
description (used in electrochemical conversion)
from ICP+NMR from XRD** from XANES**
OL (LNRO) N/A (reference)
pristine Lio.ge2Nio.020Mno.0ssO2  Li1.009Nio.892Mno.0geO2  (assumed composition: Li1.000Nio.900Mno.10002-Bo.oto
Li1.000Nio.900Mno.10002)
OL (LNRO) . ) . .

N/A Li Ni Mng.1000: N/A Li Ni Mng.10002-B;
after 1 cycle 0.996Ni0.904Mn0.10002 0.996 Ni0.904Mn0.10002-Bo.o10
OL (LNRO o N T

( ) N/A Lio.o88Nio.911Mno.10102  Li1.003Nio.897Mno.10002 Lio.996Ni0.004Mng.10002-Bo.oto
after ~100 cycles
LNR3 . . . . . .
pristine N/A Li1.019Nio.883Mno.09sO2  Li1.035Nio.869Mn0.09702 Li1.027Nio.876Mno.09702-Bo.o10
LNR5 . . . . . .
pristine N/A Li1.050Nio.e55Mno.09502  Li1.047Nio.858Mno.09502 Li1.048Nio.856MNo.09502-Bo.o11
DL(5) . : . .
N/A Li Ni Mng.0990: N/A Li Ni Mng.09902-B;
LNRS after 1 cycle 1.014Nio.887Mng 09902 1.014Nio.887Mno.09902-Bo 011
DL(5) . . . .
N/A L N M N/A L N M -B,
LNRS after 5 cycles / i0.992Nio.g07Mno.101 Oz / i0.992Ni0.907Mno.101 O2-Bo.o11
DL(5) S .
N/A Li Ni Mng.1020: N/A Li Ni Mng.10202-B;
LNRS5 after ~100 cycles 0.9781%10.920¥Tl0.102°2 0.978Nio.s20Mno0.10202-Bo.o11
LNR7 N o
st N/A N/A Li1.063Nio.843MN0.09402 Li1.063Nio.843MnNg.09402-Bo 011
pristine
LNR9 N/A (reference)
ristine* Li1.088Nio.g14Mno 09902 Li1.106Nio.805sMno.0s902  (assumed composition: Li1.088Nio.g21 Mng 091 O2-Bo 011
i Li1.088Nio.821Mno 091 O2)
DL(9)

LNR after 1 cycle

Lio.o92Nio.895Mno.111O2

Li1.019Nio.883Mno.008 02

Li1.012Nio.880Mno.0909 02

Li1.008Nio.893Mn0.00902-Bo.012

DL(9)
LNR after 2 cycles

Li1.009Nio.883Mng. 10802

Li1.002Nio.898Mno.10002

Lio.997Ni0.903Mng.100O2

Li1.003Nio.898Mno.10002-Bo.o12

DL(9)
LNR after 5 cycles

Li1.020Nio.881Mno.09902

Lio.990Nio.900Mno.101 02

N/A

Li1.005Nio.896Mno.10002-Bo.012

DL(9)
LNR after ~50 cycles

N/A

Lio.973Nio.924Mng 10302

Lio.971Nio.026Mno.10302

Lio.972Nio.925Mno.10302-Bo.o12

DL(9)
LNR after ~100 cycles

N/A

Lio.o85Ni0.913Mng.101O2

Lio.99Nio.928Mno.10302

Lio.977Nio.920Mno.10202-Bo 012

DL(9)
LNR9 after ~100 cycles
(4.7 - 4.3V)

Li1.019Nio.882Mn0.0909 02

Lio.994Nio.90sMno.101 02

N/A

Li1.006Nio.894Mn0.00902-Bo.012

* Consistent Li content (£ 0.01 standard deviation) were obtained from multiple batches of this sample using coupled ICP+NMR quantification.
* Average composition was set to ICP+NMR result.
** Ni:Mn atomic ratio fixed to 9:1.

*** B amount is estimated (based on nominal B:TM ratio in precursor), not measured.

In all associated analyses, we assumed the absence of crystallographic oxygen vacancies. Although it has been proposed that
persistent oxygen vacancies can be present in a cycled Mn-rich cathode®®, we do not believe the evidences suggest this to be the case
for these Ni-rich systems. The presence of nanoscale oxygen gas pockets inside cathode particles%?° is possible, but we cannot
verify it at this stage since these vacancy pockets have no impact on the measurements we did here. Another assumption we had is
that samples are in the fully discharged (lithiated) state with no cation site vacancy. We prepared all discharged samples used for
composition analyses by lithiating at 2.5 V (vs. Li/Li*) with prolonged CV holds to make sure this assumption is met as closely as
possible.
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We note here that if the above two assumptions were invalid, the three methods would yield conflicting results. If oxygen vacancies
were indeed present (Lii4+,TM;i.,O2.,) and we erroneously assumed v = 0, we would still accurately estimate the amount of TM per
unit formula from ICP+NMR and XRD, but we would overestimate TM per formula unit from XANES. If the material could not
fully lithiate and was left behind with Li vacancies (Li14y.,TMji.,,O2), by assuming v = 0, we would overestimate TM per formula
unit from ICP4+NMR, underestimate TM per formula unit from XANES, but TM per formula unit estimated from XRD remain
relatively unaffected. Since consistent compositions are obtained in Supplementary Table 5, we conclude that it is unlikely that
substantial bulk oxygen vacancies or Li vacancies are present in this material system. However, we acknowledge that we could not
rule out the possibility of the existence of a small fraction (/1%) of overall oxygen vacancy or Li vacancy, either persistent in the
bulk or localized at the surface, which is beyond the accuracy and sensitivity limit of these methods.

3.5. Extra note: Specific capacity and Li count in cell testing and operando measurements.

For some figures showing the electrochemical or operando measurement results, we plotted the number of Li remaining in the
electrochemically-active phase of cathode (LizTM;i.5,O2). The values of z were derived directly from the nominally measured
capacity from cell cycling according to Az = (Q - F.-W.)/(n - F) where @ is the specific capacity based on direct CAM mass, F.W. is
the adjusted formula weight for the electrochemically-active phase of cathode, F' is the Faraday constant, and the electron transfer
number n = 1 for Lit. The starting value of z1; in the discharged state before operando measurement is taken from the composition
determined from ez situ sample having a similar condition (Supplementary Table 5).

The adjusted formula weight for the electrochemically-active phase of cathode (F.W.) is calculated based on the column ‘average
composition’ in Supplementary Table 5. The pristine electrodes were made from slurries containing 80 wt% CAM. For regular
cell tests other than operando measurement, the reported specific capacities are always based on the CAM mass from the pristine
electrodes. For operando measurement of non-pristine state samples, the electrodes were harvested from coin cells to make the
operando pouch cells. However, because DL(7) has a different chemical composition of the electrochemically-active phase than that of
its predecessor LNR4, the CAM weight fraction in electrode is expected to be slightly lower for DL(¢). To have a more accurate
estimation on CAM percentage in electrode, conversions are done by assuming CAM can be represented by the ‘average composition’
in Supplementary Table 5 and that the total TM in the electrode remain unchanged from LNRi to DL(7). Total masses of the
inactive electrode ingredients (C and PVDF) in electrodes are assumed unchanged as well. The operando specific capacities we
report are calculated using these corrected CAM masses for harvested DL(¢) electrodes.

We note that in the calculation of F.W., inactive components within CAM are either not counted ((e.g. LioCOs3)) or under-counted
(B is used to represent the B-based surface coating expected to have composition between LiBO2 and B2Os 23’25’26’82). Therefore,
F.W. used is a preservative lower-bound. This factor would cause an underestimate of the calculated Azy;. Additionally, we suspect
the existence of some small amount of ‘corrosion’ current (é.e. current not from the lithiation or delithiation of CAM, e.g., corrosion
of the metallic cell components or electrolyte degradation), particularly at high potentials during the early cycles (during which
we have observed some cells displaying capacities higher than theoretically predicted in our lab tests). This factor will cause an
overestimation of the calculated Azy;. Overall, it is inconclusive how our calculated Azr,; compares to the true value. However, both
errors (due to formula weight uncertainty and corrosion current) are small, and we expect the calculated Azr; to be very close to the
true value, with a deviation not exceeding 5%.
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4. Supplementary Discussion: Electrochemical Activation of LNR to DL

4.1. Oxygen oxidation and oxygen release.

The oxidation of oxygen anions is believed to be the trigger for the electrochemical activation of LNR into DL. Supplementary
Fig. 9 shows the data (voltage profile and absorption spectra) collected from operando Ni K-edge XANES measurement during
the 15° charge of LNR9, whose analysis result is presented in Fig. 1b. It is clear from Supplementary Fig. 9a that the XANES
spectra shift in the direction of higher X-ray energy at the beginning of delithiation, corresponding to the oxidation of Ni (é.e., the
depopulation of hybridized Ni 3d—O 2p band). However, that shift stopped towards the end, at which point the oxidation of oxygen
anions (i.e., the depopulation of states with predominantly O 2p character) charge-compensates the removal of Li™ 18,27,28,31,66-73

a
300 0.0
> 1.2
= -0.2822
£ 200 = 10
é 0.4C')r: 0.8
& 3
2z 06< 0.6
@ E
2 100 loss Qo4
O c
= 0.2
1.0
: , T 0.0
8330 8340 8350 8360 8370
X-ray Energy (eV)
b X in LixTMp 910, (LNR9) ©
1.0 0.8 0.6 0.4 0.2
4.7 1.5 charge
4.5
43} k
> 4.1 1.0
(0]
3.9 3
5 3.7
3.5] 0.5
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3.1 0.0
0 100 200 78330 8340 8350 8360 8370
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Supplementary Fig. 9 | Ni K-edge operando XANES data during the first charge of LNR9. a, Intensity map of XANES spectra against capacity / composition of the electrochemically-
active phase of cathode. b, Associated voltage profile during operando measurement. ¢, XANES spectra collected. The analyzed result of these data is shown in Fig. 1b.

The relithiation during the 1°* discharge of LNRY is charge-compensated almost solely by Ni reduction (Fig. 1b), which is supported
by the numerical results of Coulombic mismatch (Fig. 1a), chemical analysis (Supplementary Information section 3.1), and ez situ
XANES measurement (Supplementary Information section 3.3). Therefore, certain process of chemical disproportion reaction is
expected to happen for the oxidized oxygen species, converting some back to O ions in the cathode lattice and some to O gas.

This release of Oz gas from the cathode lattice is supported by the operando DEMS measurement during 15 charge of LNR9
(Supplementary Fig. 10a,b). As elaborated in the discussion of the main article, this caused a structural evolution of LNR9 to
DL(9). For comparison, operando DEMS result with the same setup on a future charge half-cycle of activated DL(9) is presented in
Supplementary Fig. 10a,c. No significant Oz or CO2 release was detected for DL(9) up to 4.7 V UCV. This confirms that the O2
DEMS signal observed during the activation charge of LNR9 came from lattice oxygen release rather than electrolyte decomposition.
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Supplementary Fig. 10 | a, Voltage profiles of the initial activation charge of LNR9 and 5t charge of DL(9) post initial activation obtained during operando DEMS measurements. Both
specific capacities are based on CAM mass of pristine LNR9 in electrode. The estimated Li content per formula unit of LNR9 and DL(9) are also displayed. b, The detected O, and
CO; gas pressures (normalized by pristine LNR9 CAM mass in electrode) from DEMS measurement during initial activation charge of LNR9. This is a duplicate of Fig. 1c. ¢, Detected
O, and CO» from DEMS measurement during charge of DL(9) " charge after the initial activation cycle). During operando DEMS for both cells: 10 mA g™ CC charge to 4.7 V without
CV hold. Pre-cycling for the DL(9) electrode (in a sealed coin half-cell): 10 mA g™ CC charge to 4.7 V without CV hold, 10 mA g™ CC discharge to 2.5 V with CV hold until discharge
capacity matches charge capacity, repeated for a total of 5 cycles.
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4.2. Lattice parameter evolution during the electrochemical activation cycle of LNR.

Supplementary Figs. 11 and 12 show the operando XRD results and evolution of lattice parameters during the 15° charge of
LNR5 and LNR9, respectively. It is evident that changes in the c lattice parameter remain small during the activation cycle where
LNR evolves to DL. The small c-strain during activation probably has some differences in its origin compared to stabilized DL.
Though the exact reason is not clear, active oxygen oxidation or reduction seem to have a strong impact on the behavior of ¢ during
(de)lithiation, and small c-strains have been observed in many material systems during O-redox 283 Similar observations are

made here for delithiated LNR5 and LNR9: changes in ¢ remain small in the Li-scarce states when active oxygen oxidation is taking
place.
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Supplementary Fig. 11 | a—c, Voltage profile (a), evolution of (003) diffraction peak (b), changes in c lattice parameter (c) from operando XRD during the activation of LNR5 where it
evolves to DL(5) (i.e., 1% charge of LNR5). X-ray source: Mo K.
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4.3. Stability of DL post activation.

We verify the rigidity of the microstructure after LNR activates to DL, as well as the chemical and structural stability of DL post
activation.

Microstructural rigidity is verified by cross-sectional SEM. As shown in Supplementary Fig. 13, the interior of the secondary
particle remains intact and compact after pristine LNR9 is activated into DL(9), despite the release of O2. The activation does not
result in the generation of extended cracks. No apparent difference in shape or size of the secondary particles, primary particles, or
porosity within the secondary particles is observed between LNR9 and DL(9).

a

Supplementary Fig. 13 | a,b, Representative FIB cross-section images of pristine LNR9 (a) and DL(9) (LNR9 after 1 cycle) (b).

Post-activation stability of DL is evaluated by subjecting samples to further aggressive electrochemical cycling with 4.7 V UCV
(same as activation).

The gas release behavior is tested using operando DEMS on activated DL(9) (Supplementary Fig. 10a,c). Negligible Oz and CO»
gases are detected during the charging of activated DL(9) to 4.7 V (at least two orders of magnitude smaller than Os released in
the first activation cycle). This confirms bulk structural evolution is not a chronic process after initial activation cycles, and the
activation process is quickly finished. Some trace CO2 signals can be identified in DL(9) after being deeply delithiated beyond
zLi < 0.25 (Supplementary Fig. 10c inset), similar to conventional stoichiometric lithium TM oxide and the responsible process is
probably confined to the particle surface3%3484,

The results of composition and structure analyses (Supplementary Information section 3) for samples under different numbers of
4.7 UCV cycles are summarized in Supplementary Fig. 14. LNRO has no significant change in composition or structure even after 100
cycles, and it remains ordered. This conclusion matches the observation of a stable lineshape in the “Li NMR data (Supplementary
Fig. 4a). For LNR5 and LNR9, large changes to the composition and structure of their electrochemically-active phases happen
after the first cycle, and we denote the activated materials DL(5) and DL(9), respectively. Relatively small changes are seen in
DL(5) and DL(9) with further 4.7 V UCV cycles. With a small number of 4.7 V UCV cycles (<5), both DL(5) and DL(9) have
close-to-stoichiometric compositions as OL. The increased TMry; concentration in DL(%) correlates positively with ¢ (4.e. pristine
Li-excess in LNR4). For the TMru concentration, the difference between pristine LNR4 and activated DL(¢) is small.

However, if such aggressive 4.7 V UCV cycling continued extensively for 50 or 100 cycles, some changes can be noticed in DL(5)
and DL(9). The results suggest a decrease in the overall Li stoichiometry of the electrochemically-active phase and an increase in
structural disorder. It is possible these are the manifestation of accumulated surface degradation. DEMS result in Supplementary
Fig. 10c show tiny CO2 formation at high voltage. These CO2 can likely be traced to minor oxygen release at the cathode particle
surface, which is well-reported in over-charged conventional cathodes, especially if they are Ni-rich 33348485 The origin of this
long-term degradation can be complicated. One possibility is the continued participation of minor oxygen-redox even if DL is no
longer Li-excess. This deviation from the idealized scenario in Supplementary Fig. 3 is not unexpected since energy overlap between
Nitt / Ni®** couple and O 2p band is known', and the sequence of redox mechanisms is structure- and kinetics-dependent ”®. Such
low levels of oxidized oxygen may not be able to drive bulk cathode evolution, but they may gradually change the surface layer.
Surface layer with a rock salt-type crystal structure is commonly seen in degraded Ni-rich cathodes®?. If the lattice of the surface
rock salt is coherent to the bulk cathode lattice, no extra diffraction peak will appear but the outcome of Rietveld refinement will be
affected. After 50 or 100 cycles at 4.7 V UCV, it is reasonable that surface rock salt layers form on DL(5) and DL(9). These surface
layers will be Li-poor and highly disordered, even if the bulk of DL(5) and DL(9) cathodes do not change.

An effective way to minimize surface degradation is to avoid high potentials*>%587 and for the activated DL, there is little extra
capacity from 4.3 V to 4.7 V. Supplementary Fig. 15 shows that having an extra ~100 cycles with a 4.3 V UCV (besides five cycles
with a 4.7 V UCV) does not cause a significant difference in the composition of the electrochemically-active phase and structure
disorder. Comparing Supplementary Figs. 14 and 15, it can be seen that the impact of high-potential surface degradation to DL(9)
is much less severe if UCV is limited to 4.3 V after activation. This finding suggests that effective operation of DL(9) LIB can be
carried out with initial 4.7 V UCV activation cycles, followed by 4.3 V UCV usage cycles.
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Supplementary Fig. 14 | a—c, Changes in composition (a) (determined by ICP+NMR, XRD, and XANES), TMy; concentration (b) and TMmy concentration (c) (determined by XRD) for

as-synthesized LNRO, LNR5 and LNR9, as well as the activated DL(5) and DL(9), against the total number of electrochemical cycles (2.5-4.7 V). A condensed plot of these results is
shown in Fig. 2a.
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2100 cycled sample had a combination of 4.7 V UCV (5 cycles) and 4.3 V UCV (the rest), while the other samples only had 4.7 V UCV cycles. A condensed plot of these results is
shown in Fig. 3c.
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5. Supplementary Discussion: Lattice Parameter Evolution During Delithiation

5.1. Lattice parameter evolution during delithiation of OL, DL(5), and DL(9).

Supplementary Figs. 16—-18 show the voltage profiles and XRD spectra for the delithiation of OL, DL(5), and DL(9). Based on
Supplementary Fig. 14, DL(5) may require more cycles to plateau TMy;. Therefore, operando XRD for DL(5) was conducted on
its 5*® charge (6" if counting from LNRS5) to ensure structural activation has completed beforehand. In Supplementary Fig. 19,
lattice parameters, unit cell volume, and quantities related to strain anisotropy (c/a ratio and the difference between c- and a-strain)
are plotted against remaining Li per formula unit (z1;) of the electrochemically-active phase of cathode. It can be seen from
Supplementary Fig. 19b that the trend in a (representing in-plane dimension) is very similar between OL and DL(9), with an almost
linear decrease with Li content at large xp;. This behavior matches closely with the theory presented in Supplementary Information
section 2.2, which states that a is mostly influenced by the ionic radii and hence oxidation state of TM ions. The similarity in the
behaviors of a testifies that the redox mechanism is similar between OL and DL, being almost entirely Ni-redox. The trend in ¢
(Supplementary Fig. 19a) is very different between the samples, which we show to be TMr;-dependent and is discussed in more
depth in the main article. The inhibition of c-collapse in DL(9) also suppressed its volume shrinkage (Supplementary Fig. 19c¢).

Besides dimensional changes, anisotropic strain during cathode cycling is another critical factor causing particle cracking®®
Supplementary Fig. 19d,e shows two parameters often used to represent anisotropic strain. During charging of OL, the decrease of a
coupled with increase of c¢ resulted in particle shape stretching along the c-direction at low SOC. Whereas at high SOC, c-collapse
resulted in a sudden change to shape compression along c. It is obvious that strain anisotropy was limited to a very small extent due
to the almost invariant ¢ in DL(9).
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Supplementary Fig. 16 | a,b, Voltage profile (a) and evolution of (003), (101), and (104) diffraction peaks (b) during the 15! charge of OL (LNRO) from operando XRD measurement.
X-ray wavelength: 0.97625 A.
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Supplementary Fig. 17 | a,b, Voltage profile (a) and evolution of (003) diffraction peak (b) during charging of DL(5) (6"‘ charge of LNR5) from operando XRD measurement. Specific
capacity is based on the estimated CAM mass in the harvested DL(5) electrode prior to operando cell assembly. X-ray source: Mo K.
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Supplementary Fig. 18 | a,b, Voltage profile (a) and evolution of (003), (101), and (104) diffraction peaks (b) during charging of DL(9) (2”d charge of LNR9) from operando XRD
measurement. Specific capacity is based on the estimated CAM mass in the harvested DL(9) electrode prior to operando cell assembly. X-ray wavelength: 0.24058 A.
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Supplementary Fig. 19 | a, Changes in ¢ lattice parameter for OL, activated DL(5) and DL(9) upon delithiation. The percentages of c-collapse from maximum to 80% delithiation are
highlighted. This is a duplicate of Fig. 2c. b—e, Changes in a lattice parameter (b), unit cell volume (c), lattice c/a ratio (d), and strain differential between the c- and a-directions (e)
upon delithiation for OL and activated DL(9) determined from operando XRD. DL(9): 1% charge (i.e., LNR9 — 2" charge). DL(5): 5" charge (i.e., LNR5 — 6" charge). OL (i.e. LNRO):
1% charge.
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563 In Supplementary Fig. 20, the same measurement results are plotted against voltage. With CC 4.3 V cut-off as the baseline for
se4  comparison, c-strain maximum was 2.6% for OL, 1.6% for DL(5), and 0.6% for DL(9).
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Supplementary Fig. 20 | a, Changes in ¢ lattice parameter for OL, activated DL(5) and DL(9) upon charging. The percentages of c-collapse from maximum to 4.3 V are highlighted.
b—e, Changes in a lattice parameter (b), unit cell volume (c), lattice c/a ratio (d), and strain differential between the c- and a-directions (e) against voltage (vs. Li/Li*) for OL and
activated DL(9) determined from operando XRD. DL(9): 1% charge (i.e., LNR9 — 2" charge). DL(5): 5" charge (i.e., LNR5 — 6" charge). OL (i.e. LNRO): 1! charge.
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5.2. Lattice parameter evolution during delithiation of aged DL(9).
Supplementary Fig. 21 shows the voltage profile and XRD spectra for the 100" 2.5-4.7 V cycle of DL(9). Supplementary Fig. 22
further compares the lattice parameters and strain anisotropy between the 15¢ and 100®® charge of DL(9). It can be seen that there

is no difference in lattice parameters between the 1°° and 100" charge of DL(9) when z1; of the electrochemically-active phase of
cathode is the same.
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Supplementary Fig. 21 | a,b, Voltage profile (a) and evolution of (003), (101), and (104) diffraction peaks (b) during charging of aged DL(9) (101”‘ charge of LNR9) from operando
XRD measurement. Specific capacity is based on the estimated CAM mass in the harvested DL(9) electrode prior to operando cell assembly. The sample underwent 100 cycles of
2.5-4.7 V cycling prior to operando measurement. X-ray wavelength: 0.24058 A.
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590 In Supplementary Fig. 23, the same measurement results are plotted against voltage. It can be seen that although the lattice
sot  parameter values overlap when plotted against z1;, there is a very small offset when plotted against voltage. This small offset is
sz related to the build-up of polarization over extended cycling.
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Supplementary Fig. 23 | a—e, Changes in c lattice parameter (a), a lattice parameter (b), unit cell volume (c), lattice c/a ratio (d), and strain differential between the c- and a-directions
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6. Supplementary Discussion: Electrochemical Evaluation

6.1. Capacity retention test with 2.5-4.3 V voltage window.

The behavior of DL(9) tested with the protocol of 5 initial 4.7 V UCV cycles followed by extended 4.3 V UCV usage cycles is

discussed in the main article (Fig. 3b,d). Supplementary data to this test is presented in Supplementary Fig. 24, showing the voltage
profiles, discharge capacities, and different types of mean voltages.
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Supplementary Fig. 24 | Supplementary data on the capacity retention test of DL(9) using the cycling protocol of a few 4.7 UCV cycles followed by extended 4.3 V UCV usage cycles.
Cycle 0 denotes first activation cycle that leads to the evolution of LNR9 to DL(9). a, Voltage profiles during the entire test. The charge profile of cycle 0 is excluded (because of the
drastically different activation profile). The CC current used for each cycle is labeled. b, Change of discharge capacity with cycle number. ¢, Change of capacity-averaged voltage
during charge and discharge. CC+CV quantities are calculated from the combined CC and CV segments of the test, whereas CC quantities are calculated based only on the CC

segment. CV hold limit: 4 mA g'1 current for charge; 0.4 mA g'1 current for discharge. Test temperature: 30 °C. Power outages impacted several cycles during the test, and the affected
cycles are excluded from the plots.
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598 Supplementary Fig. 25 presents the data of OL half-cell test using similar protocol (i.e., extended 4.3 V UCV usage cycling). The
se9 only difference is that there is only one cycle with 4.7 V UCV since OL does not require high voltage activation, and an even slower
e current was used during CC segments.
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Supplementary Fig. 25 | Capacity retention test of OL with mostly 4.3 V UCV cycling. The first cycle with 4.7 V UCV cutoff is denoted as cycle 0. a, Voltage profiles during the entire
test. The CC current used for each cycle is labeled. b, Differential capacity vs. voltage curves for selected cycles. ¢, Change of discharge capacity with cycle number. d, Change of
capacity-averaged voltage during charge and discharge. CC+CV quantities are calculated from the combined CC and CV segments of the test, whereas CC quantities are calculated
based only on the CC segment. CV hold limit: 4 mA g™* current for charge; 0.4 mA g™' current for discharge. Test temperature: 30 °C. Power outages impacted several cycles during
the test, and the affected cycles are excluded from the plots.
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Supplementary Fig. 26 compares the capacity retention and voltage hysteresis between DL(9) and OL within the 4.3 V UCV usage
cycles. It can be seen from Supplementary Fig. 26a,b that the initial discharge capacity is comparable between OL and DL(9).
However, capacity retention is much better for DL(9) after 100 cycles, even if a higher rate was used during the test of DL(9) than OL
(18.5 mA g CC for OL ws. 20.0 mA g* CC for DL(9)). OL has initial total & CC discharge capacities of 216.8 and 203.8 mAh g™*,
respectively, with only 74.4% and 70.0% total & CC capacity retention after 100 cycles. This percentage of capacity retention is
similar to the other Ni-rich cathodes reported in recent literature 3. For DL(9), the initial total & CC discharge capacities are 227.2
and 193.9 mAh g™', respectively, and remarkably higher 92.2% and 85.3% total & CC capacity retention is delivered after 100 cycles.

[V

300
S —— DL(9)
E —— OL
< . P
E 200 ==
2
O
@©
3
& 100
s
e
0 . -
0 20 40 60 80 100
Cycle Number
b 300
. —— DL(9)
o —— OL
<
<
E
ey
‘S
3
o 100
o
@)
O
ok . ’ - - .
0 20 40 60 80 100
Cycle Number
¢ 0.3
— —e— DL(9)
Z —e— OL
]
$0.2
9]
i
>
T
g0.1
S
S
0.0 v . - . .
0 20 40 60 80 100

Cycle Number

Supplementary Fig. 26 | a—c, Comparison between DL(9) and OL with the same 4.3 V UCV cycles, showing the change of total discharge capacity (a), CC discharge capacity (b), and
CC voltage hysteresis (i.e. difference in mean CC voltage between charge and discharge) (c) with cycle number. OL was tested with a slightly slower rate: OL: 18.5 mA g™ CC; DL(9):
20.0 mA g'1 CC. Power outages impacted several cycles during the test, and the affected cycles are excluded from the plots.

In addition, DL(9) displays more stable mean voltage and voltage hysteresis than OL (Supplementary Figs. 24c, 25d, and 26c¢).
While the voltage hysteresis increased from 53 mV to 127 mV during the 100 cycles for OL, the voltage hysteresis remained relatively
stable over 100 cycles for DL(9), averaging 81 mV hysteresis. From Supplementary Fig. 25b,d, it can be seen that changes in mean
voltage for OL is mainly due to increased overpotentials. This is most obvious at the H2-H3 phase transition at around 4.2 V, where
its associated d@/dV peaks shift to higher potentials during charge and to lower potentials during discharge. In addition, decrease
in the H2-H3 intensities with cycling are observed for OL. These changes to H2-H3 peak are commonly observed in Ni-rich cathodes
and are likely manifestations of increased surface parasitic reactions due to microcrack formation and electrolyte penetration”°. For
DL(9), the M-H2 and H2-H3 transitions (Fig. 3d) are less abrupt from the start, which is probably a result of partial disorder in the
crystal structure. Little change happens to both the potential and intensity of these dQ/dV peaks in DL(9) throughout the 100
cycles, suggesting high electrochemical stability at both the crystal structure and microstructure levels.

36



618
619
620
621

622
623
624
625
626
627
628

629

6.2. Rate capability test (2.5-4.7 V voltage window).

The discharge rate capability test result for DL(9) (2.5-4.7 V voltage window) is presented in Supplementary Fig. 27. As can be
seen in Supplementary Fig. 27a, DL(9) attains 229.3 mAh g™ initial C/20 capacity. When the discharge rate gradually increases,
the average discharge capacity (over the two same-rate cycles) for DL(9) becomes 209.9 mAh g™* at C/10, 162.3 mAh g™' at C/2,
136.8 mAh g at 1C, 87.0 mAh g at 3C, and 69.1 mAh g™ at 5C. When the discharge condition is reverted back to C/20 CC with
CV hold at the end of the test, DL(9) attains 210.7 mAh g™* CC capacity in the last test cycle. Referencing to its C/10 capacity (as
100%), its discharge capacity is 77%, 65%, and 41% at C/2, 1C, and 3C, respectively. Compared to typical well-ordered Ni-rich
layered cathodes tested under similar conditions 2, DL(9) exhibits approximately 10-15% lower 1C rate performance, which is
anticipated based on the expected decrease in Li diffusivity with disorder (Supplementary Information section 2.1). Despite this, it is
important to note that the voltage profile for DL(9) has a similar shape regardless of discharge rate (Supplementary Fig. 27c), and
therefore the impact of rate on average voltage is limited (Supplementary Fig. 27b). In this regard, the high-rate behavior of DL(9)
is significantly better than other anion-redox cathodes known to have large voltage hysteresis, such as LMR.
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Supplementary Fig. 27 | Result of discharge rate performance test (4.7 V UCV) for DL(9). Cycle 0 denotes the first activation cycle that leads to the evolution of LNR9 to DL(9). a,b,
CC discharge capacity (a), and CC discharge capacity-averaged voltage (b) obtained during rate test. ¢, Selected voltage profiles. For each discharge rate, the first discharge half-cycle

and the subsequent charge half-cycle are plotted. 1C is defined as 200 mA g™' current. All charge half-cycles used 20 mA g CC followed by CV hold until 4 mA g' to ensure the
cathode is similarly delithiated prior to discharge. For discharge, C/20 half-cycles had CV hold until 0.4 mA g”'. All other discharge half-cycles had no CV hold. Test temperature: 30 °C.
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The rate performance of LMR (Liy.34(Mng.34Nio.66)0.6602) is evaluated to demonstrate the differences (Supplementary Fig. 28).
LMR is a promising family of high-capacity cathodes attracting significant interest in recent years 3536, Oxygen redox is utilized
in LMR to boost its capacity. However, it suffers from voltage hysteresis, poor rate performance, and voltage decay over cycling. As
can been seen in Supplementary Fig. 28a, with a 2.5-4.7 V voltage window, LMR attained 218.4 mAh g™ initial C/20 capacity.
When the discharge rate gradually increases, the average discharge capacity (over the two same-rate cycles) for LMR becomes
203.0 mAh ¢! at C/10, 188.1 mAh g at C/5, 139.3 mAh g at 1C, 76.5 mAh g' at 3C, and 36.8 mAh g at 5C. When the
discharge condition is reverted back to C/20 CC at the end of the test, LMR attains 216.7 mAh g™! capacity in the last test cycle. In
terms of relative capacity, the rate performance of LMR is similar to DL(9): 67% at 1C, and 38% at 3C (with 100% referenced
to C/10 capacity). However, the voltage behavior of LMR is significantly worse than DL(9). Severe distortions to the shape of
voltage profile can be seen for LMR at high C-rates (Supplementary Fig. 28c). This leads to a dramatic reduction in average voltage

(Supplementary Fig. 28b) and therefore very low discharge energy of LMR at high rates.
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Supplementary Fig. 28 | Result of discharge rate performance test (4.7 V UCV) for LMR. Cycle 0 is the first cycle. a,b, CC discharge capacity (a), and CC discharge capacity-averaged
voltage (b) obtained during rate test. ¢, Selected voltage profiles. For each discharge rate, the first discharge half-cycle and the subsequent charge half-cycle are plotted. 1C is defined
as 200 mA g'1 current. All charge half-cycles used 20 mA g" CC followed by CV hold until 4 mA g'1 to ensure the cathode is fully delithiated prior to discharge. All discharge half-cycles

had no CV hold. Test temperature: 30 °C.
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