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Abstract

The chemical reactions and phase transitions at high voltages determine the electrochemical
properties of high voltage layered cathodes such as Ni-rich rhombohedral materials. Here, we
performed a comprehensive and comparative study of the cationic and anionic redox reactions, as
well as the structural evolution of a series of industrial Ni-rich layered cathode materials with and
without Al doping, which are being utilized in the cells made by LG Energy Solutions Co.. We
combined the results from X-ray spectroscopy, operando electrochemical mass spectrometry, and
neutron diffraction with electrochemical properties, and revealed the different oxygen activities

associated with structural and electrochemical degradations. We show that Al doping suppresses



the irreversible oxygen release thereby enhancing the reversible lattice oxygen redox resulting
from the interplay between static (doped Al) and dynamic disorders (reversible oxygen redox).
With this modulated oxygen activity, the Ni-rich cathode's notorious H2-H3 structural phase
transition becomes highly reversible. Our findings disentangle the different oxygen activities
during high-voltage cycling and clarify the role of dopants in the Ni-rich layered cathodes in terms
of structural and electrochemical stability finally making all the cell makers get back to the
fundamental investigation regarding whether high-Ni NCM chemistry (NCM811 or NCM 91/2

1/2) is substantially beneficial compared to its mid-Ni homologues (NCM622).

Main
In Ni-rich LiNixCoyMni.x.yO2 (NR-NCMs), most lithium-ion extraction occurs in a voltage range
that does not deviate from the chemical window of the electrolyte, due to the relatively low redox

2+/3+/4+

potential of Ni ! Increasing the Ni content of NCMs allows to access higher capacity by

avoiding excessive electrolyte decomposition that can deteriorate the cell performance. 2*
However, the increased Ni content significantly worsens the structural and thermal stability of the
layered cathode materials and intensifies accompanying parasitic reactions such as cracking, gas
evolution, and surface degradation. >® The degradation of NR-NCM: s is typically accompanied by
oxygen deficiency resulting from the formation of oxygen-deficient phases coupled with the
release of oxygen-containing gases. Thus, the origin leading to oxygen loss might be primarily
responsible for the overall deterioration of the layered cathodes. Traditionally, surface oxygen loss
has been mainly attributed to electrolyte decomposition reactions. >!' On the other hand, oxygen

redox reactions have been shown to also occur in most of layered cathodes utilizing non-alkali rich

chemistry, including rhombohedral symmetry-based cathodes like NR-NCMs. 122 Compared with



transition metal (TM) redox centers, the involvement of oxygen redox reactions often activates
irreversible reactions such as oxygen loss. Moreover, the increased Ni content in NCMs and the
resulting active formation of NiO could render the charging reaction to be completely irreversible
depending on its chemical composition. Therefore, understanding the oxygen activities within NR-
NCMs and the relationship between oxygen redox and parasitic reactions looks crucial in

providing a clear design direction for the stabilization of NR-NCMs.

The extensive efforts during the last decade for investigating the fundamental mechanism and
practical route to utilize the optimal oxygen redox reactions have witnessed the power of two
particular techniques directly associated with oxygen activities: operando electrochemical mass
spectrometry (OEMS) and resonant inelastic X-ray scattering (RIXS). 2?12 OEMS detects the
different forms of oxygen release, including oxygen and other gas release made from radical
oxygen. 222928 It helps to detect the irreversible oxygen activities that often occur through oxygen
oxidation at high voltages. On the other hand, RIXS has been established for probing the oxidized
oxygen species, which remain stable in the lattice, i.e., without release, through spectroscopic

fingerprints of oxidized oxygen. !7-%-32

So, here, we studied a series of NR-NCMs industrially employed in electric vehicles by correlating
OEMS and mapping of RIXS (mRIXS), with other structural and electrochemical
characterizations. Unexpectedly, the mRIXS results displayed an absence of lattice oxygen redox
features, even though Li-stoichiometric layered oxides in non-Ni-rich compositions typically
exhibited such features. '>*33 By contrast, when incorporating a minor quantity of Al dopant into
NR-NCMs (NR-NCMAs), oxygen redox features were evidentially revived. The oxygen evolution
behaviors of NR-NCMs and NR-NCMAs observed through OEMS clearly demonstrate that the

oxygen redox or activity of NR-NCMS is unstable resultantly leading to serious oxygen gas



evolution, while that of NR-NCMAs looks stabilized only with a minimal amount of oxygen
evolution. More importantly, in concert with the different oxygen activities in NR-NCMs and NR-
NCMAs, we found the reversibility of the notorious H2-H3 phase transition in NR-NCMs got
greatly improved thanks to the stabilized oxygen activity Al doping. The combination of our results
suggests that the H2-H3 phase transition itself may not be the culprit responsible for the parasitic
degradation of NR-NCMs, and instead controlling the oxygen activities of NR-NCMs at high

voltages is critical for improving its structural and electrochemical stability.



Structural and electrochemical properties of NR-NCMs
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Figure 1. Physicochemical properties of pristine NR-NCMs. a-¢ Scanning electron microscopy (SEM) images of
NCM622 (blue), NCM712 (pink), and NCM&11 (green). d Neutron diffraction patterns and fitted results of NCM622,
NCM712, and NCM811. e Galvanostatic voltage profiles of NCM622, NCM712, and NCMS811 for the first cycle. f
Elemental composition of TMs in NR-NCMs based on the ICP-OES results (Table S1).

The materials used in this study are industrial NR-NCMs (LG Energy Solution) that have strictly
similar physicochemical properties and manufacturing processes between samples. See Table S1
for the exact elemental composition of the cathodes. Fig. 1 shows the structural and
electrochemical properties of the pristine NR-NCMs, including morphologies, crystallinity, and
elemental compositions. All NR-NCMs show similar spherical morphologies in 100 nm-sized
primary particles. The neutron diffraction (ND) patterns of the pristine electrodes show narrow full
width at half maximum (FWHM) reflection peaks and do not show any scattering peaks other than
the R3m symmetry. This indicates that the NR-NCMs exhibit high purity and crystallinity. In

addition, ND has higher sensitivity to light elements like Li than X-ray diffraction (XRD) due to



the larger scattering cross-section, which helps with accurate Li/Ni anti-site defect quantification.
Table S2 shows the results of Rietveld refinement of the NR-NCM ND patterns, indicating a

limited number of Li/Ni anti-site defects.

The NR-NCMs show capacities of 250 mAh g™! in the first charging process under 4.8 V cut-off
conditions, meaning that most of the Li ions have been extracted (~93 % vs. theoretical capacity).
The shape of the voltage profile is consistent with the shape of previously reported NR-NCMs,
and the plateau for the H2-H3 phase transition that occurs characteristically at ~4.2 V is also clearly
shown for NCM712 and NCMS811. The 4.2 V plateau has been reported to strengthen as the Ni
content increases to Ni 70%, and Fig. 1e also shows that the plateau elongates with higher Ni

content in NR-NCMs. *



Redox behavior of NR-NCMs
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Figure 2. a mRIXS spectra of 4.8 V charged LiNi¢33C0033Mng 3302 (NCM111) and NR-NCMs. '? Reproduced with
permission. Copyright 2020, Wiley. b Redox trend of Ni and Co based on the sXAS spectra of L3;-edges. sXAS spectra
of Ni & Co Ls-edges were collected using TFY mode (Fig. S1 and S2). Semi-quantitatively fitted Ni oxidation state
trends were extracted from the Ni-L3 spectra. The fitted value was generated by the linear combination of the simulated
NiZ"3*4 spectra plotted at the bottom of the boxes (Upper panel). Co peak energy trends during the cycling, extracted
from the Co Ls-edge spectra (Lower panel). ¢ Integrated RIXS cuts extracted from the white dotted boxes in Fig. 3a.
d The Peak III vs. II trend as a function of Ni content in NR-NCMs. The dotted trendline in the panel shows a linear
correlation that depends on the NCM Ni content. e An illustration of the contrast in redox centers between NCM111
and NR-NCMs.

Many studies of Li-stoichiometric rhombohedral cathodes (LiTMO2) have suggested a
contribution of oxygen in charge compensation, and mRIXS has experimentally revealed the
existence of oxidized oxygen in the cathodes. 142131 Although the TM dependency of the oxygen

redox behavior is still elusive, 27 mRIXS has been established as the tool to detect the oxidized



oxygen, at least in states with O-O bonding, e.g., peroxo- or O, *** through two fingerprinting
features at 531 eV excitation energy, one at about 523.7 eV emission energy, the other close to the

elastic peak (NCM111 in Fig. 2a). 2>3%32

The O-K mRIXS spectrum of the 3d TM-based cathode material shows two types of peaks in the
range 527-532 eV. As shown in our previous reports on oxygen redox activity for fully charged
NCMI111, presented in Fig. 2a, there is a peak with a broad emission energy width near the
excitation energy of about 528-531 eV originated by TM-O hybridization. *° The other feature
appears at an excitation energy of 531.2 eV (red dotted box in Fig. 2a), which has been considered
a peak related to O-O bonding formation from oxygen redox. 12172332 Additionally, low-energy
loss features close to the elastic peak always appear together with the aforementioned feature. 2%°
Fig. 2a shows mRIXS spectra of NR-NCMs fully charged to 4.8 V, along with the previously
reported NCM111. '2 In sharp contrast with NCM111, no oxygen redox features are found in NR-
NCMs, as shown in the area indicated by the dotted box. Fig. 2¢ further clarifies by showing the
integration of RIXS intensity within the excitation range indicated by the white dotted boxes in
Fig. 2a. For a direct comparison, these integrated RIXS intensities are normalized based on the
intensity of Peak II, and important peaks are classified into Peak I, Peak III, and low-energy loss
features with the elastic peak. A strong Peak I is observed in only NCM 111, which represents
oxidized lattice oxygen. '? Additionally, the low-energy loss feature close to the elastic peak gets
strongly enhanced, as mentioned above. In sharp contrast, none of the NR-NCMs display clear

signatures of such oxidized oxygen states, indicating a negligible amount of oxidized oxygen

detected by RIXS.

The origin of Peak III has been observed in Ni systems before but has not been understood. 162 In

Fig. 2d, the Peak III vs. II values of fully charged NR-NCMs are plotted against Ni content, and



the intensities show a linear correlation. Since the 4+ oxidation state of Ni is dominant in NR-
NCMs in the fully charged state, the corresponding intensity is presumably due to the increase in
Ni** content. Therefore, our comparative study here finally clarifies that Peak III stems from the

nominal Ni*' state hybridized with O.

Fig. 2b and S3a show the quantification results of the oxidation number of Ni through the semi-
quantitative fitting of the Ni-L3 total fluorescence yield (TFY) and total electron yield (TEY) soft
X-ray absorption spectroscopy (sXAS) spectra (Fig. S1 and S3). Transition metal L-edge
spectroscopy directly probes 3d orbitals by utilizing the 2p to 3d transition of a 3d TM. 324044 In
particular, various transition metals, including Ni and Mn, have unique absorption spectral shapes
for each oxidation number, as shown in the box in Fig. S1 and S3, which enables semi-quantitative
fitting. '>** TFY and TEY modes have detection limits of up to 200 nm and 10 nm depth from
the surface, respectively. Therefore, the difference in materials between the surface and the relative

bulk can be compared by comparing the spectra obtained in the two modes. **

Once NR-NCMs are charged up to 4.3 V in the first charge, an increase in the oxidation number
of Niis observed in both the TEY and TFY. In subsequent charging, upon 4.8 V in all three samples,
the TFY oxidation number tends to be reduced compared to the number when the SOC was 4.3 V.
For TEY results, the oxidation slows down or is more reduced at the SOC of 4.8 V compared to
4.3 V, as the Ni content of the NR-NCM increases. In general, the reduction of the oxidation
number of Ni in the charging process indicates the loss of oxygen. As a result, it irreversibly forms
a relatively oxygen-deficient phase and reduces the total amount of available lithium during the
discharge process, which is a cause of cycle decay. For all samples, the SOC at 4.3 V increases as
the Ni content in NR-NCMs increases. Therefore, relatively more oxidation of redox centers at 4.3

V is expected for NCM811 than NCM712 and NCM622. Likewise, during the initial charging



process, Ni is shown to undergo irreversible oxidation, both on the surface and in the bulk. After
the second cycle, the oxidation number on the surface at 4.8 V is significantly increased compared
to at 4.3 V, and the oxidation number is decreased in the fully charged state of the tenth cycle,
indicating the oxygen loss is reduced upon extended cycling. On the other hand, in the second
cycle, the bulk-sensitive TFY data show that NCM712 and NCM811 slightly increased oxidation
number at 4.8 V compared to 4.3 V. The oxidation number of Ni in the fully charged state of the
tenth cycle, compared to the second cycle, decreased slightly for NCM811 and showed similar
levels for NCM622 and NCM712. In the NR-NCMs, Mn exists as 4+ in all SOCs (Fig. S5). Ni is
a dominant contributor to redox up to 4.3 V, and Co acts as an active redox center over the entire
redox range. Since there is a redox center that can be qualitatively explained for all sections, the
redox behavior of NCMs has been understood to come from the TM centers. The observation of

the redox trends of TMs in NR-NCMs corresponds well with previous reports. 49->2

Based on the oxidation behavior of redox centers in NCMs shown in Fig. 2, cationic redox is
dominant in NR-NCMs, and it seems that oxygen redox hardly occurs, or at least cannot be
detected by RIXS as in NCM111. However, this conclusion contrasts with the strong oxygen redox
peak found in other Li-stoichiometric layered oxide cathodes, such as LCO, NCMIII,
LiNio.85C00.10Al0.0502 (NCA), and LiNiO2 (LNO). '>!¢1¥ Strong oxygen redox features found in
the rhombohedral cathodes with various chemical compositions impose difficulties in the
interpretation of the oxygen redox behaviors in Fig. 2 for the following reasons: (1) Despite the
same symmetry and Li content, only NR-NCMs do not show strong oxygen redox features at high
voltages. (2) Oxygen redox features were found even in cathodes with relatively high (NCA and
LNO) or low (LCO and NCM111) Ni content. This non-linearity suggests that mRIXS does not

reflect the total oxidation amount of lattice oxygen. The observations of oxygen redox feature



through mRIXS do not include oxygen species that are irreversibly lost during oxidation. Therefore,
the absence of an oxygen redox feature in RIXS could have two contrary possibilities: (1) The
lattice oxygen is not oxidized; (2) The oxidized-oxygen species are lost through mechanisms such

as gas evolution.



The contrast in oxygen redox peak intensities from Al-doped NR-NCMs (NR-NCMAs)
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Figure 3. a-c Enhanced oxygen redox features of Al-doped NR-NCMs (NR-NCMAs). a mRIXS spectra of fully
charged LiNio,nCOo,ogMnQ19A10,()0702 (NCM712-A1) and LiNi()‘ggCOolosMno,mAlo,osz (NCM811-A1). b Integrated
RIXS cuts extracted from the white dotted boxes in Fig. 3a. ¢ Oxygen redox feature intensity (calculated by Peak I
vs. II) comparison between Al-doped and pristine samples at a 4.8 V charged state. d Semi-quantitatively fitted Ni
oxidation state trend extracted from Ni-L3; TFY spectra. (Fig. S7) e Cyclability and coulombic efficiency comparison
for NR-NCMs and NR-NCMAs. f OEMS results of NCM712, NCM712-Al, NCM811 and NCMS811-Al. g An
illustration of the reason for the contrast of oxygen redox features in NR-NCMs and NR-NCMAs. The irreversibly
oxidized oxygen in NR-NCMs was not observed by RIXS, while the Al-stabilized oxidized oxygen was observed in
NR-NCMAs.

When a specific amount of doping is performed on an NCM, the adjusted physicochemical

properties of the cathodes improve the reversibility during cycling, as well as hysteresis, gas



evolution, thermal stability, and surface stability. 1°3** Al is one of the most representative dopants
for NCMs, and it has been known to be effective in relieving the referred parasitic reactions. More
specifically, it has been suggested that introducing Al positively affects oxygen redox, and there is
some indirect evidence that oxygen redox is stabilized or generated. !'>333¢ The
LiNig.72C00.00Mno.19Al0.00702 (NCM712-Al; 0.7 at% Al vs. TMs) and LiNio.88C00.0sMno.07Al0.01902
(NCMS811-Al; 1.9 at% Al vs. TMs), hereafter named NR-NCMAs, used in our experiment were
manufactured by the same industry supplier (LG Energy Solution), and were structurally almost
identical to the NR-NCMs, except that they contained a small amount of Al. The small amount of

doping does not significantly change the elemental composition of the NR-NCMs, 153334

Fig. 3a shows the mRIXS spectra of the fully charged NR-NCMAs in the first cycle. The summed
RIXS cuts in Fig. 3b clearly reveal the occurrence of features regarding oxidized oxygen. In the
spectrum from NCM811-Al, Peak I is a clear peak, and the same peak is shown as a shoulder for
NCM712-Al, which has relatively low Al content. Although the Peak I intensity of NCM712-Al
is relatively weak, there is a clear intensity enhancement compared to the summed RIXS cuts of
NCM712 (Fig. 2¢). Fig. 3¢ compares the relative intensities of Peak I vs. Il between the NR-NCMs
and NR-NCMAs. The increase of oxygen redox feature intensity through Al doping is clear, and
the increment seems associated with the amount of Al. An important question is how the trace

amounts of Al doping dramatically change oxygen activity.

Fig. 3f and Table S3 present the OEMS results. The decrease in gas evolution after Al doping has
been found to be consistent with the improved reversibility of Al-doped systems. The less oxygen
evolution found in OEMS results and stronger oxygen redox intensity found in RIXS results of the
NR-NCMAs, compared with NCMs, are very counterintuitive. Naively, Al tends to introduce a

relatively more ionic environment for oxygen, which could be considered a factor that promotes



oxygen oxidation. However, our combined OEMS and RIXS results strongly suggest that Al
doping in the NR-NCM system actually stabilizes oxygen oxidation, leading to less oxygen release
but stronger lattice oxygen redox. A recent report from Oswald et al. based on OEMS claims that
irreversible oxygen release from NR-NCMs at high SOC dominates the cycle stability. > In the
cyclability results in Fig. 3e, NR-NCMs and NR-NCMAs, charged and discharged under the cut-
off conditions of 3.0—4.8 V, both show a rapid capacity decrease during ten repeated cycles, but
NR-NCMAs show a relatively slow capacity decay. This result is consistent with the scenario of
the stabilization effect of Al doping. Based on the comprehensive analyses in Fig. 2 and 3, Fig. 3g
illustrates the reason for the absence of oxygen redox peaks in NR-NCMs. While the NR-NCMs
lose lattice oxygen in an irreversible oxidation environment, Al-stabilizes oxidized oxygen and

suppresses oxygen release.



Reversibility of structural phase transformation through Al-doping
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It has been reported that the irreversible parasitic reactions are accompanied by oxygen redox at
the high SoC of NR-NCMs. Hysteresis, cationic rearrangement, structural evolution, and oxygen
gas evolution have been revealed through various methodologies, such as XRD/ND, X-ray
absorption fine structure (XAFS), Raman spectroscopy, OEMS, and electron microscopy. >#3%3%
53 These irreversible behaviors start or show the most remarkable change around 75% SOC, where
the H2-H3 phase transition occurs, which is considered the main cause of cycle degradation. These
studies demonstrate that the occurrence of the H2-H3 phase transition depends more on the SOC
than on the reaction potential. Interestingly, as shown in Fig. S9 and S10, the oxygen redox in NR-
NCMAs is also observed at a 4.3 V cut-off voltage. The oxygen redox in the Li-rich layered
cathodes is often believed to occur around 4.5 V, as it indicates a distinct contrast in oxygen redox
intensity before and after the long plateau near 4.5 V. However, it’s worth noting that oxygen redox
starts from around 4.3 V in NCM712-Al and NCMS811-Al, which show stable oxygen redox
behaviors through the fully charged state. The 4.3 V correspond to 78 % and 83 % SoC for
NCM712-Al and NCMS811-Al, respectively, which are immediately after 75 % of the H2-H3 phase

transition. Thus, the oxygen redox demonstrating SoC dependence rather than being solely

potential-driven adds another interesting similarity with the H2-H3 phase transition.

According to crystallographic analyses, the H2-H3 phase transition also leads to a sharp decrease
in the c-lattice parameter of cathodes. Several factors, including oxygen oxidation, have also been
considered to cause the H2-H3 phase transition. Saubanere et al. argue that interlayer O-O
formation occurs when oxygen oxidation occurs in 3d metal Li-rich layered oxides due to the
weakening of the repulsive force and the shortening of the distance between two TM-O slabs. *°
In addition, Zhang et al. argue that interlayer O-O formation may also occur in NCM, causing the

H2-H3 phase transition. >’ Conversely, Liu et al. observed changes in detailed slab distance



according to SOC through ND. They claim that the decrease in slab distance at about 75% of SOC
is due to the weakening of covalency by oxygen oxidation. * Similar slab changes were also
observed by Lee et al., * and a decrease in covalency at high SOC was also observed by Raman
spectroscopy by Flores et al. 7 Likewise, the correlation between the irreversible H2-H3 phase

transition and the oxygen redox is still elusive, including their causality.

To further elucidate the correlation between the reversibility of oxygen oxidation and degradation
behaviors, we perform ND and electrochemical analysis of the NR-NCMs and NR-NCMAs to
reveal the degradation behaviors in terms of structural reversibility (Fig. 4). Fig. 4a-d shows the
dQ/dV results of NCM712/712-Al and NCM811/811-Al. In Fig. 4a, the intensity of the NCM712
H2-H3 peak around 4.2 V significantly decreases, with a large peak broadening through ten cycles,
and the peak position shifts to a higher voltage. NCM811 (Fig. 4c¢) shows more dramatic changes
due to the higher Ni content. The H2-H3 transition peak gets diminished, and a slight peak shift
occurs after ten cycles. Similar changes in dQ/dV peaks are also observed during the discharging
process: peak intensity decay, shifts, and broadenings are also observed around 4.2, 4.0, and 3.7 V.

On the other hand, in NR-NCMAs, these changes are significantly alleviated.

Fig. 4e-h, which compares the ND patterns of the first and tenth cycles, shows the initial
irreversible structural evolution of NR-NCMs. For NR-NCMs, in addition to the (107), (108),
(210), and (213) diffraction peaks highlighted by dashed lines, additional peaks, indicated by
asterisks, occur. As reported by Liu et al., the four diffraction peaks for r-3m symmetry are
monotonically shifted to a higher degree from their original position in pristine NCMs, and the
additional peaks have not been observed for pristine NCMs. * Fig. S11 shows ND patterns over
the full two-theta range (25-120°), supporting the structural hysteresis. Each additional peak

appears at an angle that is a certain level away from each diffraction peak, presumably from the



phase separation. In the case of NCM712, the new peak occurs on the lower angle of the three
diffraction peaks. On the other hand, in NCMS811, an additional peak is observed to occur at a
higher angle than the peaks. Interestingly, after this peak is found in the first cycle, it is found to
be very weak upon reaching the tenth cycle. In sharp contrast, the ND patterns of the first and tenth
cycles are very similar in NR-NCMAs. The limited phase separation of NCM811-Al supports the

structural reversibility enhancement by Al doping.

As combined OEMS and RIXS results discussed earlier, the ND results clarify that the lattice
oxygen redox itself is not necessarily responsible for the irreversibility of the structural phase
transition. The observation of the stronger lattice oxygen redox features in NR-NCMAs, compared
with NR-NCMs, indicates that controlled oxygen oxidation is not the culprit of irreversible

behaviors in electrochemistry and structure.

Conclusions

A comparative study of a series of industrial NR-NCMs and NR-NCMAs with different
compositions shows that the oxygen activities of Ni-rich layered materials determine their
structural and electrochemical degradation phenomena, especially at high voltages. These
industrial NR-NCMs display negligible lattice oxygen redox features in their mRIXS spectra while
showing strong oxygen gas release through OEMS. Interestingly, introducing a trace amount of Al
(0.7-1.9 at%) into NR-NCMs activates a clear lattice oxygen redox feature in the mRIXS spectra
while significantly suppressing the oxygen gas release during OEMS. A comparative in situ
structural investigation between NR-NCMs and NR-NCMAss also demonstrates a stark contrast in
the H2-H3 phase transition behavior, with the Al dopant playing a key role in enhancing its

structural reversibility and electrochemical cyclability during the extended cycling. The



observation on stable or unstable oxygen redoxes through mRIXS combined with OEMS probing
oxygen release behavior suggests that controlling the oxygen activities of NR-NCMs at high
voltages plays a pivotal role to improve the structural reversibility through controlling the parasitic
H2-H3 phase transition and so on, which is achievable through elemental doping and critical for
improving the electrochemical performances of Li-stoichiometric layered cathodes. This discovery
made a significant milestone which rendered all the battery industry to not only reconsider mid-Ni
NCMs away from sticking to developing the potentially unstable NCMs with above 80% of Ni but

also understand why NCMA s should be advantageous compared with NCMs in every aspect.
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Methods
General characterizations (ICP-AES, XRD, ND, SEM)

All cathode materials (NCM622, NCM712, NCM712-Al, NCM&811, NCM811-Al) used in this work are provided by
LG Energy Solution. The ICP-AES results were collected with a PerkinElmer OPTIMA 8300 ICP mass spectrometer
installed at the National Center for Inter-university Research Facilities (NCIRF) at Seoul National University. X-ray
diffraction (XRD) patterns were collected by Rigaku Smartlab X-ray diffractometer equipped with a Cu target and
HyPix-3000 detector. Neutron powder diffraction data were collected on the high-resolution powder diffractometer
Echidna® with neutron wavelength of 1.541 A. Rietveld refinements of ND patterns were conducted using the TOPAS
software. Field emission scanning electron microscopy (FE-SEM) images were obtained on an AIS 2000C scanning
electron microscope.

Electrochemical evaluation of cathodes

The cathode materials are mixed with a carbon additive (acetylene black), binder (KF1100, Kureha corporation), and
N-Methylpyrrolidone (Sigma-Aldrich) by mortar and pestle to prepare a slurry. The ratio of active material, carbon
additive, and binder is 92:1:7. The slurries are cast on the Al foil by a doctor blade and dried for 5 hours in a vacuum
oven at 120 °C. The average tap density of electrodes was c.a. 10 mg cm™. The electrodes are cut into 12 cm? sized
rectangle shape, and pouch cells are used for the electrochemical test. 200 pL of 1.3 M LiPFs in EC:DEC (1:1 vol.%)
and polypropylene separator (Celgard) was used for the cell fabrication. Galvanostatic charge-discharge tests of the
cells were performed with a current density of 30 mAh g-'.

Ex-situ resonant inelastic X-ray scattering (RIXS)

The O K-edge RIXS spectra were collected by iRIXS endstation at beamline 8.0.1 in Advanced Light Source,
Lawrence Berkeley National Laboratory. A homemade transfer kit was used to transfer the species from the Ar-filled
glovebox to the measurement chamber to avoid any air exposure to the samples. The RIXS spectra were continuously
scanned through the O-K pre-edge region with the excitation energy step size of 0.2 eV and dwelling time of 90
seconds. To minimize beam damage, the specimen was repeatedly moved up and down by 0.5 mm during measurement,
and it was confirmed that the spectrum was well averaged due to the long dwelling time. The collected spectra were
fabricated to 2D RIXS maps as functions of emission and excitation energies. Further processing, including
normalization, cosmic ray removal, etc., has been conducted for the 2D map as used in our previous work. '

X-ray Absorption Spectroscopy (XAS)

The Ni and Co L3-edge XAS spectra were collected by iRIXS endstation at beamline 8.0.1 in Advanced Light Source,
Lawrence Berkeley National Laboratory. The species are transferred in the same way as used for the RIXS experiments.
The iRIXS endstation has two channels to collect the total fluorescence yield (TFY) and total electron yield (TEY),
and both TFY and TEY signals are collected simultaneously.

Inverse partial fluorescence yield (iPFY)

Mn-L3 iPFY was extracted through the formula iPFY = a/PFY_O, where a is a normalization coefficient, PFY O is
extracted by integrating the fluorescence intensity within the O-K emission energy range (490 to 530 eV) on the Mn-



L3 mRIXS. Mn-L; iPFY was used in this work instead of TFY to avoid the distortion observed in the conventional
TFY caused by emission signals from oxygen.

Operando electrochemical mass spectroscopy (OEMS)
Electrode preparation for OEMS experiments

NCM electrodes for operando gas measurements were prepared by grinding NCM, acetylene black (Alfa Aesar, 50 %
compressed, S.A. 75 m? g, bulk density 80-120 g L™, 99.9%+) and polyvinylidene difluoride (Solvay, Solef
6010/1001) in an 85:8:7 mass ratio with an agate mortar and pestle inside an argon-filled glovebox (O, and H,O
<1 ppm). N-methyl-2-pyrrolidone (NMP, 99.5%, anhydrous, Sigma-Aldrich) was added to form a slurry, which was
drop-cast onto stainless-steel mesh discs (12 mm @; 1.13 cm?). The electrodes were dried first at 60 °C for 2 hours and
then at 120 °C under vacuum overnight. The active material loading was 3.5 — 4.5 mg cm 2.

OEMS experiments

For the operando gas measurements, a custom-built setup and gas-tight cell, which have been described in detail in
previous publications, %> were used.

Custom Swagelok cells were assembled inside an argon-filled glovebox as follows: a lithium foil disc (12 mm @), a
quartz microfiber separator (Whatman, QM-A; 12.7 mm @ ) wetted with 80 puL of electrolyte solution, an NMC
electrode on stainless-steel mesh current collector (12 mm @), a stainless-steel mesh disc (12 mm @) and a stainless-
steel ring spacer (12 mm @) were compressed inside a modified Swagelok cell. The spacer ring creates a headspace
(~100 pL) for gases to accumulate during battery operation. 1.5 M LiPFe in EC was chosen as the electrolyte solution
for its low vapor pressure, thus contributing a smaller background signal in the mass spectra compared to electrolyte
solutions containing linear alkyl carbonates.

After assembly, the NMC/Li cells were connected to the DEMS equipment and the headspace of the cell was filled
with a positive argon pressure (~1.45 bar). During the electrochemical measurements, the cell headspace was flushed
with 500 pL of argon by the DEMS instrument every 10 minutes, and any accumulated gases were swept to the mass
spectrometer chamber for analysis. The mass spectrometer was calibrated for O, (research grade, Linde) and CO, (>
99.9%, Linde), allowing for the conversion of the ion current to partial pressure for O, and CO,, which could then be
used to quantify the gas formation using the ideal gas law (temperature and volume are known).

Electrochemical measurements were performed at 25 °C using a Biologic VSP potentiostat/galvanostat instrument

running EC-lab software. After a 2-hour OCV period to establish a baseline value for all mass traces, the NMC/Li

cells were cycled between 4.8 — 3.0 Ven. Charging was performed at C/10 in constant current-constant voltage (CCCV)
mode with a current limitation corresponding to C/100, and discharging was performed at C/5 in constant current (CC)

mode.
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Table S1. The elemental composition of NR-NCMs and NR-NCMAs analyzed by ICP-OES

Elemental composition
Samples
Li Ni Co Mn Al
622 0.99 0.62 0.19 0.19 N/A
712 1.00 0.72 0.09 0.19 N/A
712-Al 0.98 0.73 0.09 0.19 0.007
811 0.97 0.87 0.1 0.06 N/A
811-Al 0.98 0.89 0.05 0.07 0.019

*Similar levels of impurities (> 2000 ppm) like Zr and B are detected through all samples




Table S2. Rietveld refinement results of neutron diffraction patterns of NR-NCMs and NR-NCMAs

NCM622 (space group: R3m)

Ruwp =3.67 %, Rc = 1.49 %, R, =2.99 %, S (= Ryp/Re) = 2.46
Lattice parameters: a =b =2.86797(15) A, ¢ = 14.2172(10) A, a.= B=90°, y= 120°

Atom Site X y z Occupancy Biso (A)
Ni 3a 0 0 0 0.576(2) 0
Co 3a 0 0 0 0.210(6) 0
Mn 3a 0 0 0 0.194(10) 0
Li 3a 0 0 0 0.020(12) 0
Li2 3b 0 0 0.5 1 0
o 6¢c 0 0 0.25881(10) 1 0
NCM712 (space group: R3m)
Rwp =2.90 %, R. =2.24 %, R, =2.34 %, S (= Rwp/Re) = 1.30
Lattice parameters: a=b =2.87326(3) A, ¢ = 14.22389(19) A, a. = B= 90°, y= 120°
Atom Site X y z Occupancy Biso (A)
Ni 3a 0 0 0 0.646(2) 0
Co 3a 0 0 0 0.102(6) 0
Mn 3a 0 0 0 0.161(10) 0
Li 3a 0 0 0 0.091(12) 0
Li2 3b 0 0 0.5 0.956 0
Ni2 3b 0 0 0.5 0.044(12)
o 6¢c 0 0 0.25881(10) 1 0
NCM712-Al (space group: R3m)
Ruwp =3.86 %, R = 1.47 %, R, =3.17 %, S (= Rup/Re) = 2.63
Lattice parameters: a=b = 2.86568(19) A, ¢ = 14.1868(10) A, a = B= 90°, y= 120°
Atom Site X y z Occupancy Biso (A)
Ni 3a 0 0 0 0.671(1) 0
Co 3a 0 0 0 0.0787(9) 0
Mn 3a 0 0 0 0.2483(2) 0
Li 3a 0 0 0 0.0015(15) 0
Li2 3b 0 0 0.5 1 0
o 6¢ 0 0 0.25869(12) 1 0
NCM811 (space group: R3m)
Ruwp =4.66 %, R =1.31 %, R, =3.77 %, S (= Rwp/Re) = 3.56
Lattice parameters: a = b = 2.86320(20) A, ¢ = 14.1526(11) A, a.= p=90°, y= 120°
Atom Site X y z Occupancy Biso (A)
Ni 3a 0 0 0 0.804(2) 0
Co 3a 0 0 0 0.152(5) 0
Mn 3a 0 0 0 0.044(5) 0
Li 3a 0 0 0 0 0
Li2 3b 0 0 0.5 0.981(5) 0
Ni2 3b 0 0 0.5 0.019(5) 0
) 6¢ 0 0 0.25881(10) 1 0




NCMS811-Al (space group: R3m)

Ruwp =3.92 %, Re = 1.59 %, R, =3.10 %, S (= Rwp/Re) =2.47
Lattice parameters: a=b =2.86973(0) A, ¢ = 14.22726(0) A, o.= = 90°, y= 120°

Atom Site X y z Occupancy Biso (A)

Ni 3a 0 0 0 0.788(4) 0
Co 3a 0 0 0 0.030(20) 0
Mn 3a 0 0 0 0.093(14) 0
Al 3a 0 0 0 0.0090(12) 0
Li2 3b 0 0 0.5 0.981(5) 0
Ni2 3b 0 0 0.5 0.019(5) 0

0 6¢ 0 0 0.25881(10) 1 0




Table S3. Accumulated CO,/O, gas evolution during the cycling of NR-NCMs and NR-NCMAs

NCM622 O, (umol g) CO; (umol g)
Cycle 1 2.0041 104.3826
Cycle 2 0.2671 68.11

NCM712 O, (umol g) CO; (umol g)
Cycle 1 1.9817 113.3374
Cycle 2 0.9077 75.7738

NCM712-Al O, (umol g!) CO; (umol g1)
Cycle 1 1.4933 84.3190
Cycle 2 0.5023 58.1831

NCMS11 O, (umol g!) CO; (umol g1)
Cycle 1 1.5739 118.7847
Cycle 2 0.4572 72.9226

NCMS811-Al O, (umol g!) CO; (umol g1)
Cycle 1 1.2073 81.9391
Cycle 2 0.3577 53.0161
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Figure S1. Ni-L3 TFY analyses results of NR-NCMs. Soft X-ray absorption spectra of a-¢ Ni L3-edge collected
by total fluorescence yield (TFY) mode. Solid lines and dotted lines correspond to the experimental and fitted
values, respectively. The fitted value is generated by the linear combination of the simulated Ni>"**#" spectra

plotted at the bottom of the boxes.
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Figure S2. Co-L3 TEY analyses results of NR-NCMs. Soft X-ray absorption spectra of a-¢ Co L3-edge collected
by total fluorescence yield (TFY) mode.
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Figure S3. Ni-L3; TEY analyses results of NR-NCMs. Soft X-ray absorption spectra of (a-d) Ni Ls-edge collected
by total electron yield (TEY) mode. (a) Semi-quantitatively fitted Ni oxidation state trend extracted from Ni-L3
spectra. (b-d) Solid lines and dotted lines correspond to the experimental and fitted values, respectively. The fitted
value is generated by the linear combination of the simulated Ni***#* spectra plotted at the bottom of the boxes.

Co3, *  Co®%, *  Co%*t
NCM622 (C) NCM712 (d) NCM811

a)s12 ] —e NCMB22
(@) 72 o NCM712 (b)
s NCM811

i ___———//N\\‘\s_ ___——4/,\\“-

10t Cycle 3.0V Discharged

\

s - - - N
< o ' a —///‘\\ > __J\ > \ 10 Cycle 4.8V Charged
> 7808 . o s S o
5 o o ¢ > / N— > o N > N
E 780.6 -| . . ° g ,./ \ % | ,,/\ % — / \« 2
g . \* g B Sl I,
o . \ . A - 1st Cycle 3.0V Discharged
. L]
704 ¢ _A _‘/\_\ __’/\ 1%t Cycle 4.8V Charged
2nd
7502 1% cycle Charging 10" cycle A _,A ___/\\ 15 Cycle 4.3V Charged

Pristine

T T T T T T T T T T T T T T T T
0 }535‘900 180 w80 00 776 778 780 782 784 776 778 780 782 784 776 778 780 782 784

(\54“‘\?/ X X S o
? AS-T AG 208 g8 T gt AOR S o A
Cycle / SOC Excitation energy (eV) Excitation energy (eV) Excitation energy (eV)

Figure S4. Co-L3 TEY analyses results of NR-NCMs. Soft X-ray absorption spectra of (a-d) Co L3-edge collected
by total electron yield (TEY) mode. (a) Co peak energy trend during the cycling extracted from the (b-d) Co Ls-
edge spectra.
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Figure S5. Mn-L; iPFY results of NR-NCMs. (a-c) The iPFY spectra extracted from mRIXS spectra for NCM622,
NCM712, NCM8I11, respectively. Each panel includes the spectra at states of charge of pristine, first full charged
(4.8 V) and first discharged (3.0 V). The calculated reference spectra for Mn?*, Mn*" and Mn*" were plotted
together for the comparison. ! The similarity of all spectra with Mn*" reference indicates that Mn is kept to 4+
regardless of the material and the state of charge.
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Figure S6. Additional mRIXS spectra of NR-NCMs at various states of charge: (a-c) Pristine, (d-f) first 4.3 V
charged states and (g-i) first discharged states. (a, d, g) NCM 622, (b, e, h) NCM712 and (c, f, i) NCM811,
respectively.
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Figure S7. Ni-L3 TFY analyses results of NR-NCMAs. Soft X-ray absorption spectra of a, b Ni L3-edge collected
by total fluorescence yield (TFY) mode. Solid lines and dotted lines correspond to the experimental and fitted
values, respectively. The fitted value is generated by the linear combination of the simulated Ni>"***" spectra
plotted at the bottom of the boxes.
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Figure S8. Ni-L; TEY analyses results of NR-NCMAs. Soft X-ray absorption spectra of a, b Ni L3-edge
collected by total fluorescence yield (TEY) mode. Solid lines and dotted lines correspond to the experimental
and fitted values, respectively. The fitted value is generated by the linear combination of the simulated NiZ"3*/4*
spectra plotted at the bottom of the boxes.
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Figure S9. Additional mRIXS spectra of NR-NCMA s at various states of charge: (a, b) Pristine, (c,d) first 4.3 V
charged states and (e, f) first discharged states. (a, ¢, ¢) NCM712-Al, (b, d, f) NCM811-Al, respectively.
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Figure S10. The summed O-K RIXS cuts of NR-NCMAss in the excitation energy of 530.9 —531.3 eV at the

first cycle with different voltage cut-offs. (a) NCM712-Al (b) NCM811-Al. The red box highlights the low
energy emission features near the elastic lines arising from the oxygen redox
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Figure S11. Full-range ND patterns of NR-NCM & NR-NCMA for the first and tenth charged states
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