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Bond formation and breakage is crucial upon energy storage in lithium transition metal oxides (LiMeO,, Me = Ni, Co, Mn), i.e.,
the conventional cathode materials in Li ion batteries. Near-edge X-ray absorption finestructure spectroscopy (NEXAFS) of the Me
L and O K edge performed upon the first discharge of LiNixCo; _xy2Mn; 205 (x = 0.33: NCM111, x = 0.6: NCM622, x = 0.8:
NCMS811) in combination with charge transfer multiplet (CTM) calculations provide unambiguous evidence that redox reactions in
NCMs proceed via a reversible oxidation of Ni associated with the formation of covalent bonds to O neighbors, and not, as widely
assumed, via pure cationic or more recently discussed, pure anionic redox processes. Correlating these electronic changes with
crystallographic data using operando synchrotron X-ray powder diffraction (SXPD) shows that the amount of ionic Ni limits the
reversible capacity— at states of charge where all ionic Ni is oxidized (above 155 mAh g™ '), the lattice parameters collapse, and
irreversible reactions are observed. Yet the covalence of the Ni—O bonds also triggers the electronic structure and thus the operation
potential of the cathodes.
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Reaching global emission targets requires a widespread adoption
of environmentally sustainable electric vehicles since the heavy
reliance of the transport industry on fossil fuels means it is currently
producing more than 30% of all greenhouse gas emissions." Li ion
battery driven vehicles offer a Well-to-Wheel efficiency of up to
70% with the possibility of zero greenhouse gas emissions upon
driving if the electricity is supplied by renewable energy sources.’
Thus electric vehicles (EVs) cannot only mitigate pollution issues
from traffic, in fact greenhouse gas emissions can exclusively be
generated in the manufacturing and recycling process which allows
for large-scale treatment to further reduce the CO, footprint of the
technology.* Although electric vehicles which use Li ion batteries as
power supply have reached market maturity,® even higher energy
densities (capacity x discharge voltage) and longer lifetimes are
required for a widespread adoption and a use for heavy traffic. The
limiting component in current generations of Li-ion batteries is the
cathode material.”~"”

The most commercially used and promising future cathode
materials belong to the class of rhombohedral, layered oxides
(LiMeO,, Me = Ni, Co, Mn, Li, Al, Mg) or structurally related
materials.”'' A large number of these materials exist and Ni- and
Li-rich layered oxides show the highest energy densities.”'* Cathode
materials undergo reversible electron exchange (redox) reactions
when they release and accommodate Li ions upon charge and
discharge. This is challenging from a materials perspective due to
the associated large crystallographic and electronic changes that lead
to a limitation in energy density and to severe degradation reactions,
in particular for Ni containing layered oxides.'*~"> While changes in
the crystallographic structure are relatively easy to monitor and are
consequently well understood,'*!'® the investigation of electronic
properties and changes remains more challenging due to the need of
either soft X-ray absorption or emission spectroscopy, for which the
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techniques require ultra-high vacuum?®*~>° but also a complex many
body approach (ab intio calculations based on DFT) to understand
the electronic structure (the core level spectra) of the materials.>* 3¢
The advantage of soft X-rays (excitation energies < 1000 eV) over
hard X-rays (excitation energies > 1000 eV) for the analysis of
transition metal oxides originates from dipole selection rules: The
transition matrix element is non-zero only if the change in angular
momentum Al is +1. Thus, electron excitations from the Me L edge
into Me 3d and from the O K edge into O 2p valence states are dipole
allowed (energy requirements: 500 eV-1000 eV) while this is not the
case for excitations from the Me K edge into 3d orbitals (energy
requirements > 1000 eV).

Tarascon et al. showed early on that the charge compensation in
LixMeO, (0.56 < x < 1) is much more complex than the widely
accepted cationic redox process (Me*™ 3" = Me*t + 1 or2e7)
indicates:*” Based on changes in the Me—O distance upon charge and
discharge this work suggests that the reversible process includes
hybridizations of Me 3d and O 2p states (covalence) and thus shows
that lattice O contributes to the charge compensation. Many more
publications followed on this approach with a focus on the anionic
oxidation/reduction of O in Li/Na-rich layered oxides,*®*** a redox
mechanism which is even more complex if compared to NCMs.*’

The present work revisits the intriguing question about the
reversible redox process in NCMs and the covalence of Me-O
bonds while putting emphasis on its importance in understanding
capacity and voltage limitations. It also complements more recent
studies claiming that oxygen is reversibly oxidized/reduced upon
charge and discharge (0°~ = 0%~ 4 xe™, 0 < x < 1, so-called
“anionic redox”) in NCMs, especially at high states of charge.MH‘8
The capacity and the open cell voltage are determined by the valence
states of the redox active centers**>' which are investigated with
near edge X-ray absorption fine structure spectroscopy (NEXAFS) at
the transition metal (Me) L, ; and oxygen (O) K edges in combina-
tion with charge transfer multiplet (CTM) calculations. The results
provide unique insights into oxidation and reduction processes in Ni
containing layered oxides and enables the study of changes in the
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electronic nature of Me—O states (e.g., the ligand character of Me 3d
states and thus the covalence of Me—O bonds). The results suggest
that the redox processes at Me sites are always affiliated with a
change in Me—O hybridization, ruling out that pure cationic or
anionic redox processes occur at any point upon cycling. The
combination of the NEXAFS results with operando synchrotron
powder diffraction (SXPD) further enables the exploration of
stability limits of the cathodes.

Experimental

Synthesis and electrode preparation.—LiNi;;3Co;3Mn 30,
(NCM] 1 1), LiNiO'GCOO.zMno_Zoz (NCM622) and
LiNig gCog 1 Mng 0, (NCM811) were synthesized using a co-pre-
cipitation method in a continuous stirred tank reactor as described in
Refs. 52, 53. LiNiO, (LNO) and LiCoO, (LCO) were synthesized
using a sol-gel approach® and Li,MnO; (LLO) was synthesized via
a solid-state route.> Electrode preparation was performed using 92.5
wt-% of the cathode material (powder), 4 wt-% Imerys Super C65,
3.5 wt-% PvDF (Solef, Polyvinylidene difluoride, PvdF) and NMP
(N-methylpyrrolidone) as processing solvent (6.5 mg). The ink was
casted on an Al-foil (250 pm wet film thickness) and dried at 80 °C.
11 mm in diameter samples were punched out of the electrodes,
pressed to achieve a tab density of ~30%, again dried in a Biichi
oven (120 °C, 10> mbar, air free transfer into the glovebox) and
assembled to a battery cell in an argon filled glovebox using
Swagelok cells with two glass-fiber separators (11 mm in diameter,
glass micro fiber 691, VWR, Germany), 60 pl LP57 (1 M LiPFg in
ethylene carbonate (EC):ethyl methyl carbonate (EMC), 3:7 by
weight, <20 ppm of H,O, BASF SE, Germany) and lithium foil as
counter electrodes (11 mm in diameter, 99.9% Rockwood Lithium,
United States). The underlying capacity used to calculate the C-rate
for NCM111, NCM622, NCM811, LNO, LCO and LLO was 160
mAh g', 175 mAh g~', 180 mAh g~', 180 mAh g, 140 mAh
g~ ', 250 mAh g~ ', respectively. The applied voltage cut-offs upon
galvanostatic cycling were chosen to be 4.3 V and 3.0 V.

Sample preparation for NEXAFS spectroscopy.—For NEXAFS
sample preparation different electrodes were cycled with C/20 at 25
°C to the charged state, to a remaining capacity of 150 mAh g™', 100
mAh g=' and 50 mAh g' in the first discharge and to the
discharged state. After cycling, the cells were disassembled in an
argon filled glovebox. Additional NCM111 samples cycled for 100
cycles were measured after disassembly, rinsed with dimethyl
carbonate (DMC, BASF SE, Germany) and measured again in order
to probe the impact of electrolyte decomposition products on the
fluorescence yield NEXAFS spectra (Appendix A). All samples
were dried in a Biichi oven (107> mbar, 25 °C) prior to the
measurements without contact to air to avoid outgassing in the
UHYV chamber. An argon filled transfer case was used for the sample
transfer from the glovebox to the load lock of the beamline since
NCMs (especially in their charged state) are air sensitive.

NEXAFS.—NEXAFS measurements were performed at IQMT’s
soft X-ray beamline WERA at the Karlsruhe synchrotron light
source KARA (Germany). NEXAFS measurements at the Ni L 3,
Co L, 3 Mn L, ; O K and F K edge were carried out in fluorescence
yield (FY) detection mode. For the Co L, ; edge measurements, the
FY detection window (width 0.24 keV) was shifted up in energy
from its nominal center position to minimize crosstalk of the signal
from the preceding F K edge (see discussion in Appendix A). In the
case of the Mn L, ; edge, inverse partial FY detection (IPFY)’” using
the O K fluorescence was employed. The photon-energy resolution
in the spectra was set to 0.2-0.4 eV. Energy calibration (using a NiO
reference), dark current subtraction, division by I, background
subtraction, data normalization and absorption correction was
performed as described in Refs. 56, 57. The background treatment
of the Ni L, ; and Co L, ; edges was more challenging due to the
presence of F K EXAFS features and a detailed description is given

in Appendix A. Data evaluation of the Me L, ; edges was done using
charge-transfer multiplet calculations (CTM4XAS, Crispy and
Quanty®®>%). The calculated spectra were fitted to the measured
data with our Excel macro, applying a least squares method to
minimize the difference in area between the data and the fit by
shifting the calculated spectra along the energy axis and varying the
intensity.

Synchrotron X-ray powder diffraction.—Time-resolved oper-
ando synchrotron X-ray powder diffraction (SXPD) of the first
discharge (and after 50 cycles at 45 °C) was performed at beamline
I11 (Diamond Light Source, UK) using the position sensitive
detector (PSD) of the beamline.’® The energy of the X-ray beam
was tuned to 25 keV and the calibrated wavelength was 0.489951
(10) A. The battery cells were mounted on a xyz-stage and each cell
was adjusted to the center of diffraction. The 2D data was refined
using the software package Fullprof (260 range: 5°-65°).>° Due to
preferential orientations of Al (current collector of the NCM
electrode) and Li (counter electrode), the phases were included in
the refinements using the Le Bail method. The structural input
parameters for the refinements of NCM111, NCM622 and NCM811
(in the pristine state) were obtained from crystallographic data
files.%*%> Upon charge anisotropic micro-strain is increasing, which
was implemented as described in Ref. 16.

Results

NCMS811 (LiNiQsCOO'IMno‘]Oz) and NCM622
(LiNig ¢C0p-Mng,0,) show a 20 mAh g '-25 mAh g~ ' higher
capacity than NCM111 (LiNig 33C0¢ 33Mng 3305), Fig. 1A. The rate
capability of the layered oxides, however, is remarkably similar
although NCMS811 suffers from a faster capacity decay at high
cycling rates (after 25 cycles) if compared to NCMI111 and
NCM622. More information on the characteristics and the long
term performance of the NCMs is provided in Appendix B and C.
The dg/dV plots of the first cycle, for which the peaks can be
assigned to reduction and oxidation processes, are given in Fig. 1B.
Reference dg/dV plots of LiNiO, (LNO), LiCoO, (LCO) and
Li,MnO; (LLO) (dashed lines in Fig. 1B) reveal that redox reactions
observed in NCMs occur at similar voltages as it is the case for
LNO. The dq/dV peaks in LCO appear at significantly higher
voltages while LLO does not show any significant redox activity
between 3.0V and 4.3 V, the operation voltage of NCMs. The choice
of the reference material is discussed in Appendix D. NEXAFS
spectra were taken upon the first discharge of the materials (Fig. 1C,
blue circles 1-5). The spectra are shown in Figs. 1D-1F (Ni L, ; and
O K edges, also labelled with blue circles 1-5) and Appendix C ( Mn
L, ; and Co L, ; edges).

NEXAFS is a powerful technique to study the electronic structure
of materials if analyzed on edges allowing core electrons to be
excited into valence states (3d and O 2p orbitals in case of NCMs)
following dipole selection rules.”’® Allowed transitions of the Ist
order do correspond to the type Me 2p°® 3d™ — Me 2p° 3d™"' (Me
L, ;). Herein, Me—O hybridizations are included by admixing
transitions of the type Me 2p°® 3d™™" O 2p° — Me 2p° 3d"™ O
2p° (0 2p° = L), where a ligand-to-metal charge-transfer (LMCT)
leads to a hole L at oxygen sites. At the ligand sites, O 1s* O 2p* —
o1t o 2pX+T (O K) are allowed transitions of the 1st order.
Therefore NEXAFS at the Me L, ; and O K edge provides useful
information about the oxidation states of 3d metals and O 2 p states
as well as about the electronic nature of the Me—O bonds.**! Ni and
O are the main redox active elements in NCM111, NCM622 and
NCMSI11 since the Ni L, ; and O K NEXAFS spectra, recorded in
fluorescence yield (FY) with a sampling depth of ~100 nm, show
obvious differences between the charged and the discharged states
(Figs. 1D-1F). The Co L, ; and Mn L, ; spectra do not reveal any
differences between the two states of charge (see Appendix D)
implying that Co and Mn do barely contribute to the charge
compensation. Deviations from these findings reported in literature
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Figure 1. (A) Coulomb efficiency Eff. and discharge capacity Cap. of NCM111, NCM622 and NCM811. (B) Differential capacity (dg/dV) plot of the 1st NCM
cycles in comparison to the reference materials LNO (LiNiO,), LLO (Li[Li;,3Mn5/30,) and LCO (LiCoO,), measured with C/20 at 25 °C. (C) Voltage profile of
the 1st discharge (C/20, 25 °C) of the NCMs. The numbers 1 to 5 mark the points at which NEXAFS data was taken. The NEXAFS data is shown in (D)—(F),
with the Ni L, ; (1st diagram) and O K (2nd diagram) spectra of NCM111 (D), NCM622 (E) and NCM811 (F). The data is measured in fluorescence yield (FY).

can be due to (i) a difference in penetration depth of the applied
detection mode. The surface of the NCM particles degrades much
faster than the bulk, and surface sensitive measurements differ
significantly from bulk measurements; ®*** (ii) A higher end of
charge voltage leads to states of charge above the stability window
of the materials, forcing at least partially irreversible reactions.*®*’
Moreover, Co K and Mn K edges show significant changes at high
states of charge which are mainly attributed to distortions and
geometric effects in the local environment (the ligand field) of the
elements and not to a change in the electronic configuration.”®** In
the case of Me K edge spectroscopy (hard X-rays, experimental
setup does not require ultra-high vacuum), Me 1s* 3d" — Me 1s'
3d™*! excitations are quadrupole transitions only allowed due to

distortions in the structure or/and vibrations of the atoms.
Consequently, the peaks marking changes in the electronic config-
uration are relatively weak and Me 3d—O 2p interactions are often
neglected upon data analysis. In the present work structural and
electronic changes in the ligand field (O sites) are explicitly included
using the charge transfer multiplet (CTM) theory while many
NEXAFS studies simply relate shifts in peak positions, which can
also have their origin in changes of the ligand field, to changes in the
oxidation states of transition metals.

Upon discharge, low energy shoulders of the Ni L; (853 eV) and
L, edge (871 eV) appear (Figs. 1D-1F, lines I and II) while O K
peaks at 529 eV and 530 eV, which are assigned to excitations into
O 2p states,”** are decreasing (Figs. 1D-1F, lines III and IV). The
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Me L, ; edges are simulated with charge-transfer multiplet (CTM)
calculations to extract changes in the valence states of the transition
metals in the NCMs upon discharge, Fig. 2,>>°32%* CTM calcula-
tions are based on density functional theory (DFT) calculations of an
infinite crystal. From these calculations a projection of the wave-
functions to a small cluster of the structure, in the present case to a

MeQOg octahedron in the NCM host structure, is used to further
calculate the complex Me spectra.’'? Ligand-to-metal charge-
transfer (LMCT) and core hole - valence electron (hole) interactions,
which are unscreened in solids and need to be treated explicitly for
all core states except K edges, are then solved for the cluster in an
ab initio approach. CTM calculations have been performed over the
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Figure 2. (A) CTM calculations of Ni 3d* L* (x = 8, 7 and 6, O<y<1, L denotes a hole at O 2p sites) varying the ligand-field energy from 1 eV to 4 eV and the
charge-transfer-energy from —15 eV to 15 eV. (B-G) Measured (black dots) and simulated (red lines) Ni L3 edge spectra of charged (B-D) and discharged (E-G)

NCML111 (B, E), NCM622 (C, F) and NCM811 (D, G).



Journal of The Electrochemical Society, 2021 168 120533

A) —Discharged Samples--Charged Samples

545

540
Energy [eV]

525 535 550

o

B) = NCM 111 @ NCM 622 4 NCM 811

— . ... “AAA.A.A” H
o 310 TR T
o R
S 308, 7
3.06 d

= 1.96 I
E 123 ..'.'.'--p:q"-'}'::::.i:::.tm===
o 1. o
© 190/ “
€ 020 i
2 0.15 T
c e
S 0.10 " .
& 0.05[,,
< 0.00 =2

200 150 100 50 0

Capacity [mAh/g]

Figure 3. (A) O K NEXAFS spectra of NCM111, NCM622, NCM811, LNO (LiNiO,), LLO (Li[Li;;3Mn;,/3]0,) and LCO (LiCoO5) in the charged (solid line)
and discharged states (dashed lines). (B) O-O, distances of the tetrahedral sites in the Li layer, Me-O distances of the MeOg octahedron as well as the Ni2*

content upon the 1% discharge.

last 30 years and have proven to describe Me L, ; edges in correlated
systems such as the NCMs successfully.? -26,30-36,64 Fig. 2A gives an
overview of the CTM calculations of Ni 3d""> L with x = 8 (Ni*",
1™ row), x = 7 (Ni**, 2nd row) and x = 6 (Ni*", 3rd row). L denotes
a hole at O 2p sites and y, the probability with which the electron is
transferred from an O ligand to Ni (LMCT). The LMCT can also be
described with the chemical equilibrium Ni 3d*s Ni 3d*"' L where
y would give the ratio of [Ni 3d""'LJ/([Ni 3d*"'L] + [Ni 3d"]). If y
equals 0.5, the probability to find the electron at Ni 3d or O 2p sites
is 50% and the Ni—O bonds reach a maximum in covalence. For each
x, y was varied from 0 to 1 bz varying the LMCT energy from —15
eV to 15 eV in 1 eV steps.’® From the Ist to the 4th column in
Fig. 2A, the ligand-field (LF) energy was setto 1 eV, 2 eV, 3 eV and
4 eV, respectively. The core hole potential U,,; and the on-site
Coulomb interactions Uy, were kept constant (U,g — Ugg = 1 €V).

The best match of the charged NCM spectra and the CTM
calculations is obtained for the Ni*" configuration Ni 3d”” L*? with
a LF energy of ~3 eV, Fig. 2A (dotted line I) and Figs. 2B-2D. The
widely accepted cationic redox process (Me®t 3 = Me* + 1 or
2 e”) would suggest a Ni** configuration in the charged state.*®66-8
However, none of the calculated Ni*™ spectra show a good match
with the measured data (see Appendix E). Moreover, it is well
known that Ni** has a negative LMCT character which stabilizes the
ligand hole character (the Ni 3d® L configuration) and therefore
makes the formation of Ni** practically impossible.®” Due to the
LMCT the number of d-electrons around Ni in charged NCMs is 7.7
(Ni 3d”7 L) which does not differ much from Ni** (Ni 3d°®,
number of d-electrons = 8), the chemically preferred Ni configura-
tion because of the half-filled e, orbitals. Upon discharge the peaks
which belong to the covalent Ni*™ configuration, are still present
(shifted to slightly lower energies) but new peaks at 853 eV and 871
eV appear (Fizgs. 1D-1F, line I, IT). These peaks are assigned to a
very ionic Ni** configuration (Ni 3d"%¢ L 04 LF energy ~2 eV,
Fig. 2A, dashed line I, II and Figs. 2E-2G). The Ni*"/Ni*" ratio
increases upon discharge from <4% for all NCMs to 42% for
NCM111, 38% for NCM622 and 31% for NCMS811, respectively.
This means that the electronic structure changes from a very
covalent (>96% of covalent Ni*") in the charged state to a more
jonic character (58%—69% of covalent Ni*", 42%-31% of ionic

Ni*™) in the discharged state (Fig. 3A and Appendix D). The charge
compensation (via a change in the covalence of Ni-O bonds) is only
possible because of the high Ni>™ content in the discharged NCMs
(> 30%). Note that sometimes it is assumed, that the Ni>" content is
in the order of the Li/Me disorder (roughly 2% to 5%, see e.g. ""1)).
While powder diffraction data confirms a Li/Me disorder of ~2% for
all NCMs used in the present work (Appendix B, Fig.B 1G-L), the
determined Ni*" content is much higher. The presence of more than
30% Ni*" in the discharged state can partially be explained by the 4
+ configuration of the more electronegative Mn, determined with
Mn L, ; NEXAFS and CTM calculations (Appendix D). However,
there is more Ni*" present in NCM622 and NCM811 than expected
from the Mn content which might arise from an oxygen deﬁcif:ncP/.64

The probability to find a hole L at O sites (Ni 3d*s= Ni 3d*"' L)
directly probes the O character of the NCM valence states and L can
be detected using O K edge NEXAFS (peaks between 528 eV and
532 eV,2?%7%) The number of holes in O 2p orbitals decreases
upon discharge (Figs. 1D-1F, line III, IV, from the bottom to the
top) indicating a decrease in the covalent character of the Me—O
bonds which is consistent with the Ni L,; NEXAFS analysis.
Comparing the O K edge spectra of charged and discharged
NCM111, NCM622, and NCMS811 to O K reference spectra of LNO
(LiNiO,), LLO (Li[Li;3Mny/3]0,) and LCO (LiCoO,) (Fig. 3A)
helps to distinguish the individual contributions of Ni-, Co- and
Mn-O hybridizations. The peaks A-E are O 1s (O K shell) core
electron excitations into empty O 2p states.>>® The hybridization of
Ni and O orbitals leads to peaks at 529 eV (peak A) and 530 eV
(peak C) as evident from the pre-peaks in the O K spectra of
discharged LNO. One Co-O peak in the discharged LCO spectrum
is found at 531 eV (peak D) while electronic holes from the Mn—-O
hybridization (discharged LLO) lead to peaks at 530 eV and 532.5
eV (peak B and E). The peaks at energies around 534 eV (peak F and
G) are assigned to electron excitations into Hubbard bands*® and the
broader peaks above 535 eV to transitions into hybridized states of O
2p and Me 4s or higher unoccupied Me orbitals.*>**"° The changes
in the O K NCM spectra upon charge are comparable to changes
observed for LNO (Fig. 3A), confirming that mainly Ni contributes
to the charge compensation of layered oxides which agrees with the
results from the dq/dV plots and the Me L, ; NEXAFS analysis.
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structures.

These results also question that O is reversibly redox active in the
Me-O host structures at high states of charge (“anionic redox” or
“lone state” redox activity) as it was found for Li-rich materials.*>"'
The electron density at oxygen sites decreases due to the formation
of covalent bonds with its Ni neighbors and not independent of any
transition metal due to the redox process 0*~ = O™ 4+ x e7(0<
x <1).%* When Tarascon et al. first shaped the term “anionic
redox,” it described indeed redox processes affiliated with Me—O
hybrid orbitals.?’

The electronic changes in Li,MeO,, deduced with NEXAFS, are
highly correlated to crystallographic changes which are investi-
gated with operando synchrotron X-ray powder diffraction
(SXPD). The interstitial sites upon Li-diffusion are the tetrahedral
sites in the Li layer and the edge length of these tetrahedra (O—Oy,,
Fig. 3B I), which follows the ¢ lattice parameter (Fig. C-3E,
Appendix C), in turn defines the activation barrier for Li
motion.”>” The smaller the tetrahedra, the larger the attractive
interactions between Li and O and thus the higher the activation
barriers for the migration process. Upon discharge repulsive
interactions between negatively charged, opposing oxygen layers
decrease as Li ions, the positive charges placed between the layers,
are inserted. This leads to a decreasing size of the tetrahedral sites
and thus to an increase in the activation barrier which is found from
~155 mAh g™ to the discharged state. At the same time, the Me—O
distances (Fig. 3B II) and the a,b-lattice parameters (Fig. C-3C,
Appendix C) increase which is consistent with the decreasingly
covalent character of the Ni-O bonds.

The redox processes and crystallographic changes observed
between the charged state and ~155 mAh g~' are more complex.
The present picture suggests that Van der Waals interactions
between Li vacancies in adjacent Li layers, as e.g. derived from DFT
calculation,” drive the crystallographic changes (increasing O—Oye,
and Me—O distance) in this region. However, these calculations rely
on the assumption that all transition metals in LiMeO, (Me = Ni,
Co, Mn) reach a 4+ oxidation state which contrasts with the above
findings: Only Ni and O are redox active, Ni does not reach a 4 +
oxidation state upon charge and Ni is slightly oxidized from a less to
a more covalent configuration from the charged state to 155 mAh
g~ (Ni*" — covalent Ni*", Fig. 3B III). This is evident from the
decreasing Ni*" peaks in the Ni L, ; spectra (853 eV and 871 eV)
and the increasing Ni—O hybrid peaks in the O K spectra (529 eV
and 530 eV), Figs. 1D-I1F (spectra 1 and 2) and Fig. F-1D-F-11
(Appendix F). Thus, the expectation that the extracted electrons arise
from Me reduction is wrong. This goes along with the fact, that at
155 mAh g~' the amount of Ni*" is suppressed to almost zero
(Fig. 3B III, the corresponding simulations are shown in Fig. D-1,
Appendix D) ruling out that the reversible Ni*™ = covalent Ni*™ +
¢~ reaction can continue above 155 mAh g~' upon charge.

The contrary development of the Me—O distances and the Ni**
content between the charged state and 155 mAh g~', which means
that the Me—O bond length is increasing although the Me—O host
structures become more covalent, suggests that O depletion from
surface near regions of the NCM particles upon charge and the
partially reversible process upon discharge (MeO, < MeO + Y2 O,
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+ 2e7) followed by Me migration into Li sites, Me dissolution and
phase transformations from the rhombohedral via a spinel like
towards a rock salt type structure, are the underlying
processes.'>1® These crystallographic changes also alter the O—O
distances as discussed above. Indeed, beside a breakdown in
diffusion kinetics which is related to the breakdown of the O—O,
distance above 155 mAh g~ ! (Table F 1, Appendix F and Refs. 73,
75) irreversible reactions like gas formation, surface reconstruction
and transition metal dissolution are frequently reported (Table F-I,
Appendix F and Refs. 76-78). Note that only a tiny amount of O
released from the MeO, host structures is necessary to explain the
capacity above 155 mAh g~ since this comes along with electrolyte
decomposition,'>**7?% although it remains widely unclear to which
extent the reversible Li de-/intercalation continues. 10-30 mAh g~
of the capacity are reported to arise from gas evolution reactions at
high states of charge assuming that two to four electrons per O,, CO
and CO, are contributing to the charge compensation.'>**765% The
numbers slightly decrease for the subsequent cycles as the capacity
of the NCMs does (Fig. 1A).'>%°

The collapse of the tetrahedral sites from 155 mAh g ! to the
charged state (from the right to the left in Fig. 3B I) is much stronger
in the case of NCM811 compared to NCM622 and NCM111, which
can be related to the covalent character of the host structure. From
NCMI111 via NCM622 to NCM811 the covalent Ni*" content
increases from 14% to 37% and finally to 55% in the discharged
NCMs (32%, 57% and 77% in the charged materials), Fig. 4A. The
covalence seems to stabilize higher oxidation states and thus enables
a higher degree of delithiation upon charge. However, the extent of
irreversible reactions, especially on the surface of the particles, is
also prone to increase at a higher degree of delithiation and at a
related larger absence of ionic Ni*", which shortens the material
lifetime (Appendix C and Appendix F)."

Discussion

Knowing the reversible charge exchange reaction in NCMs helps
to unravel physical limitations. Theoretically one mole Li ions and
one mole electrons can be extracted per mole LiMeO, upon charge
(LiMeO, = MeO, + Lit + e7). However, at x < 0.56 in Li,MeO,
(states of charge > 155 mAh g~'), NCMs undergo irreversible
reactions (see Appendix F). At this point, the Ni*" content is
suppressed to zero which suggests that Ni*" present in the
discharged NCMs limits the reversible capacit;/. In other words,
the reversible reaction is the reaction of ionic Ni** to covalent Ni* "
(upon charge) and vice versa upon discharge and a revised picture of
reversible and irreversible processes in NCMs is given in Fig. 4B.
The findings above imply that if there is a way to increase the
available amount of Ni*", e.g., by substituting Me or O with stronger
electron donating cations or anions, the reversible capacity (which is
determined by the point where Ni** is suppressed to zero) would
increase along with it.¥'~3

The degree of covalence of the NCMs is also a key determinant
of the electrochemical potential and thus the electrode potential and
cell voltage (Figs. 4C and 4D), i.e. apart from the capacity, it is the
second most important parameter for the energy density of Li ion
batteries. Fig. 4C shows a molecular orbital scheme of Ni in an
octahedral O environment as deduced in Ref. 31. Please note that
this depiction does not put emphasis on the band gap between the
highest occupied molecular orbital (HOMO) and the lowest un-
occupied molecular orbital (LUMO) nor is it related to the nature (e.
g. isolator, semiconductor, metal) of the cathode material (deter-
mined by U, and the LF energy). It just depicts the stabilization of
bonding and destabilization of antibonding states in an NiOg
octahedron as the driving force for covalent interactions between
Ni and O orbitals.’*®> As it was proven with O K NEXAFS, the non-
bonding O 2p states do not participate in the charge compensation
and their relative energetic position is randomly chosen. The
spontaneous reaction of layered oxides is the intercalation of Li-
ions, which is the discharge reaction. This implies that electrons are

taken out of the HOMO of the anode and are filled into the LUMO of
the cathode (e~ and blue arrows, Fig. 4D).*! Therefore, the
LUMOs of the NCMs define the redox potential of the cathodes and
thus the open cell voltage of the batteries.**>! The LUMOs of the
NCMs, in turn, are antibonding Me—O* states as deduced with
NEXAFS. With an increasingly covalent character, the bonding
states decrease while the antibonding states increase in energy, as
depicted in Fig. 4D. With the antibonding states the HOMOs and
LUMOs shift up in energy with increasing covalent interactions and
the mean charge and discharge voltage decreases (Fig. 4D). Due to
the disproportionately high increase of covalent Ni** from NCM111
(14%) via NCM622 (37%) to NCM811 (55%), Fig. 4A, the covalent
character of the materials increases and thus the mean discharge
voltage decreases (NCM111: 3.85 V, NCM622: 3.79 V, NCM&811:
3.75 V). The mean discharge voltages are determined using the
galvanostatic intermittent titration technique (GITT, for more details
see Appendix G) to minimize kinetic effects on the values discussed.
Reducing the amount of covalent Ni*" in pristine NCMs would
therefore lower the LUMOs, leading to higher mean discharge
voltages.

Conclusions

In electrochemical devices energy is stored in chemical bonds—that
this is not only true for fuel cells and electrolysers but for Li ion batteries
as well is shown in the present work: Reversible charge compensation in
NCMs proceeds from Ni*™ to Ni*™ while electron density is shifted
from O towards Ni forming covalent Ni-O bonds. The high energy
densities of NCMs are thus obtained due a change in covalence of Ni-O
bonds. A main conclusion from these findings is that the ability to
increase the Ni*™ content without increasing the amount of more
covalent Ni** will lead to outstanding capacities AND voltages. Thus,
the physical limits of conventional cathode materials can still be pushed
without the need of massive changes in cell chemistry.
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Appendix A. Impact of Electrolyte Decomposition Products and
Binder on XAS Spectra

Decomposition products deposited on/as the cathode electrolyte
interphase are mainly Li salts like carbonates, fluorides, or
phosphates.®® Carbonates and phosphates lead to additional peaks in
the O K spectra (at ~533 eV and ~535 eV, respectively®”*®) while the
F K edge appears at ~698 eV with EXAFS features at higher energies
interfering with the Co L, ; and Ni L, ; edge. Fluorine is also present in
the materials due to PvdF (binder, see experimental section). An
overview spectrum of NCM111 (100 cycles, C/2, 2.0 V and 4.6 V)
before and after rinsing with dimethyl carbonate (DMC) for 5 min
(Fig. A-1A) is provided for three reasons: (i) To ensure that the O K
edge peaks in the FY spectra are correctly attributed to either the bulk
material or to electrolyte decomposition products, (ii) to prove to which
extent the Co L,; and Ni L,; edges are affected by the F K edge
EXAFS features and (iii) to figure out, whether rinsing can help to
minimize these effect. The F K edge dominates the overview spectra
showing that fluorine (stemming from electrolyte decomposition
products or binder) is the main component present in the cathode
electrolyte interphase. It also becomes obvious that rinsing the sample
with DMC does not reduce the amount of fluorine since the intensity of
the F K edge does not decrease. To reveal the effect of decomposition
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Figure A-1. (A) Overview spectra of NCM111 (TEY signal/I0) after 100 cycles (red, solid line) and rinsed with DMC for 5 min (black, dashed line). (B) FY O
K NEXAEFS of pristine NCM111 (blue line), NCM111 after 100 cycles (black line) and NCM111 after 100 cycles and rinsed with DMC for 5 min in an argon
filled glovebox. (C) Ni L, ; and (D) Co L, ; edge of NCM111 after 100 cycles (black lines) as well as after rinsing (red lines).

products on the O K spectra, Fig. A-1B shows the FY O K spectra of
pristine NCM111, NCM111 after 100 cycles as well as NCM111 after
100 cycles and rinsed for 5 min with DMC. No additional peaks are
found comparing pristine NCM111 (which was not exposed to
electrolyte) with NCM111 after 100 cycles, no matter if the sample
was rinsed or not. The absence of peaks at 533 eV and 535 eV, where O
K peaks of LiNiPO,4 and Li,COj3 are expected87’88 further confirms that
the effect of surface impurities can be neglected considering FY
spectra. Figs. A-1C and A-1D show FY spectra of the Ni L, ; and Co
L, ; edge of NCM111 after 100 cycles (black: without rinsing, red: with
rinsing). As discussed, rinsing does not lead to significant changes.
Nevertheless, it must be mentioned that the EXAFS features of the F K
edge overlap significantly with the Co L, ; and to a minor extent with
the Ni L, ; edge leading to difficulties in the background correction of
the spectra. Therefore, the slope of the background was determined
using an energy range after the L, edges. The line was then positioned
into the minimum before the edge jump (average of 5 points around the
minimum in intensity before the onset of the L; edge).

Appendix B. Pristine NCMs

Scanning electron microscopy (SEM) pictures of NCMI111
(Figs. B-1A, B-1D), NCM622 (Figs. B-1B, B-1E) and NCM811
(Figs. B-1C, B-1F) are measured using a Hitachi TM-1000 table top
instrument. The samples show spherical secondary particles with a

size of around 10 um. The size of the primary particles can hardly be
determined from these images. The Brunauer, Emmett, Teller (BET)
surface for NCM111 (0.41 m? g'), NCM622 (0.34 m*> g~') and
NCMS8I11 (0.36 m? gfl) was determined using a Quantachrome
autosorbe” iQ system. Please note that the surface area of layered
oxides can increase up to 50% upon long-term cycling due to crack
formation and in relation to that, the differences in the BET area
observed for the pristine materials are small.®® Layered oxides
crystallize in the space group R3m in which Li ions and transition
metals occupy edge-sharing oxygen octahedra in alternating layers.
Figs. B-1G-B-11 shows the powder diffraction patterns of NCM111,
NCM622, NCMS8I11 collected at beamline I11 with the high-
resolution MAC detector’® which can probe impurities with a phase
content < = 2%. The energy of the X-ray beam was tuned to 15 keV
and the calibrated wavelength was 0.825270(10) A. The pristine
materials are measured in a borosilicate capillary (0.5 mm outer
diameter) and the 2D data was rebind to a step size of 0.005° using a
Diamond software. The refinement was performed as described in
the experimental section. The corresponding refinements confirm
that the obtained powders are phase pure. The obtained crystal-
lographic data is given below the refinements, Figs. B-1J-B-1L.
With an increasing Ni content x in LiNi, Co _y,Mn; _y»0; the a,
b lattice parameter increases while the ¢ lattice parameter decreases.
The mean Li/Me disorder is 2.5% for NCM111, 2.1% for NCM622
and 2.4% for NCM811. The primary particles are larger than 300 nm
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Figure B-1. SEM pictures of NCM111 (A), (D), NCM622 (B), (E) and NCM811 (C), (F). (G) to (I) show powder diffraction data and refinements ((G):
NCMI111, (H): NCM622 and (I): NCM811) collected at beamline 111 with the MAC detector. The crystallographic information obtained from the refinements is

given below ((J): NCM111, (K): NCM622, (L): NCMS8I11).

(powder diffraction and Rietveld refinement) but since the reflection
broadening is dominated by microstrain and instrumental broad-
ening, the exact size cannot be derived.

Appendix C. Long Term Performance of NCM111, NCM622
and NCM811

Fig. C-1 shows the cycling performance of NCM111, NCM622
and NCMS811 over 84 cycles. For this data the rate test shown in
Fig. 1 (main text) is repeated 2 times with 3 cells (2 x (5 x C/10, 5 x

C/5,5xC/2,5x2C, 20 x 1C) 4 5 x C/10). Cycling is performed at
25 °C between 3.0 V and 4.3 V. Figs. C-1A and C-1B give and
overview of the mean discharge capacity and the corresponding
cycling efficiency of the cathodes in dependance on the cycle
number, Figs. C-1C-C 1H show the voltage profile (C 1C, C 1E
and C 1G) and the dg/dV plot (C 1D, C 1F and C 1H) of the 2nd, the
42nd and the 82nd C/10 cycle. The cycling performance of
NCMI111, NCM622 and NCM811 is compared to data reported in
literature (Table C-I:). The initial discharge capacity between 3.0 V
and 4.3 V of NCM111 is 163 mAh g~'. The reported values with the
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Figure C-1. Long term performance of NCM111, NCM622 and NCM811 with (A), mean discharge capacity and (B) cycling efficiency obtained with the
following cycling procedure: 2 x (5 x C/10, 5 x C/5,5 x C/2,5 x 2C, 20 x 1C) + 5 x C/10 at 25 °C between 3.0 and 4.3 V. (C), (E) and (G) show the voltage
profile, (D), (F) and (H) the differential capacity dg/dV of the 2nd, the 42nd and the 82nd cycle of NCM111 (C, D), NCM622 (E), (F) and NCMS811 (G), (H).

same cutoffs range from 145 mAh g' to 155 mAh g~ ' but by
increasing the end of charge voltage to 4.6 V, capacities of up to 170
mAh g~' can be achieved. NCM622 offers a discharge capacity of
around 182 mAh g™, the corresponding literature values range from

175 mAh g~ ' to 182 mAh g~ ' (190 mAh g~ ' with a cutoff voltage
of 4.6 V). The initial discharge capacity of NCMS811 corresponds
with 186 mAh g~' to the lower values of the values reported in
literature (184 mAh g~ '-210 mAh g™ ).



Table C-I. Discharge capacities of NCM111, NCM622 and NCM811 reported in literature.

Cy. No., C- NCM111 [mAh NCM622 [mAh NCM811 [mAh

References Cycling rate g g g
Qian et al. J. Mater. Chem. A, 7, 12723 (2019): Figs. 6a—-6d 2843V 1, 0.2C 150 178 184
Li|[NCM 80, 0.2C 145 140 184

Evertz et al. Anal. Bioanal. Chem. 411, 277-285 (2019): Fig. 1 3.0-4.6 1, 0.2C 170 190 210
Li||[NCM 55, 1C 150 150 175

De Biasi et al. J. Phys. Chem. C. 121, 26163 (2017): Fig. 2a 3.043V 1, 0.1C 155 178 187
Li||[NCM — — — —

Jung et al. J. Electrochem. Soc. 164, A1361 (2017): Figs. 1-3 3.0-4.2V 1, 0.1C 150 176 190
graphite|[NCM 80, 1C 140 158 160

Kondrakov et al. J. Phys. Chem. C. 121, 24381 (2017): Fig. 1 3.043V 1, 0.5CY — — 210
Li|[NCM 50, 0.5C¥ — — 178

Duan et al. Adv. Mater. 31, 1807789 (2019): Figs. 4b, 4d 2843V 1, 0.2C? — 182 185
Li|[NCM 80, 0.2C" — 160 180

Friedrich et al. J. Electrochem. Soc. 166, A3760 (2019): Fig. 2 3.045V 1, 0.1C — — 208
Li|[NCM 80, 0.5C — — 170

Xu et al. Nat. Mat. 20, 84 (2021): Extended Data Fig. 1 2.5-4.2V 1, 0.05C — — 192
graphite|[NCM 80, 0.05C — — 187

Mirker et al. Chem. Mater, 31, 2545: Fig. 1 3.0-4.4V 1, 0.05C — — 205
Li|[NCM — —

Laszczynski et al. J. Electrochem. Soc.166, A1853 (2019): 3.04.2v 1, 0.5C — — 184

Fig. 1.

graphite||[NCM 80, 0.5C — — 170

Zheng et al. ACS Appl. Energy Mater. 3, 2837 (2020): Fig. 2d 3.043V 1, 0.1C — — 180
Li|[NCM 80, 0.1C — — 170

Zhang et al. ACS Sustain. Chem. Eng. 8, 9875 (2020): Fig. 4d 3.043V 1, 0.05C — 180 —
Li|[NCM 80, 2C 135 —

Tao et al. Ceram. Int. 43, 15173 (2017): Fig. 3b 2843V 1, 0.1C — 178 —
Li|[NCM 80, 0.1C — 160 —

Kremer et al. Batter. Supercaps. 3, 1172 (2020): Fig. 5b 3043V 1,0.1C — 175 —
Li|[NCM — — — —

Yao et al. Mater. Today Commun. 19, 262 (2019): Fig. 4b 2843V 1, 1C — 175 —
Li|[NCM 80, 1C — 125 —

Kim et al. Energy Environ. Sci. 11, 1449 (2018): Fig. 2a 3043V 1,1C — — 200
Li|[NCM — — — —

Kim et al. Energy Environ. Sci. 11, 1449 (2018): Fig. 2c 2842V 1, 1C — — 160
graphite|[NCM 80, 1C — — 144

Doo et al. ACS Appl. Energy Mater. 2, 6246 (2019): Fig 8a 3.04.4vV 1, 0.5C — — 210
Li|[NCM 80, 0.5C — — 190

Woo et al. J. Electrochem. Soc. 154, A1005 (2007): Fig. 3b 3.043V 1, 0.5C¥ — — 210
Li|[NCM 80, 0.5CY — — 182

Noh et al. J. Power Sources. 233, 121 (2013): Fig. 4a 3.043V 1, 0.5C — — 190
Li|[NCM 80, 0.5C . — 170

a) Elevated temperatures. b) Different charge and discharge rate.

€€S0TT 89T 120T “A12120§ (021220419215 Y] fO [pUInOf



Journal of The Electrochemical Society, 2021 168 120533

A)
4.5 --=-Taylor reactor
R —Continous stirred tank reactor
— \\\ ---Lab synthesis
s .
= 4.0
oo
@©
: Cigy ~~‘\
S 35 2%
AR
3.0 [
0 50 100 150 200
Cycle No.

B)
200
180
160
140
120
100

80 | «Taylor reactor
60 | * Continous stirred tank reactor
40 +Lab Synthesis

0 20

Capacity [mAh g]

40 60 80
Cycle No.

Figure C-2. Initial discharge capacity (A) and long term performance (B) of NCMS811 synthesized using a laminar tank reactor, a batch reactor, and a lab
synthesis route. The cycling procedure for (B) was as follows: 2 x (§ x C/10, 5 x C/5, 5 x C/2, 5 x 2C, 20 x 1C) + 5 x C/10 at 25 °C between 3.0 and 4.3 V.

To investigate the initially low discharge capacity of NCMS811
and explore possible pathways to improve the cycling performance
of the material, the synthesis route was changed, Fig. C-2. Instead of
using a continuous stirred tank reactor">>* for the precipitation of
the Me(OH), precursors at pH values >11, a Taylor reactor was
used.”’ NCMS811 precursors are also synthesized on lab scale in a
bottom flask as comparison. Calcination and electrode preparation
are done as described in the experimental section. Interestingly,
samples synthesized in a reactor (either the Taylor or the tank
reactor) show a lower initial discharge capacity (Taylor reactor: 188
mAh g~ tank reactor: 186 mAh g~') if compared to NCM811
synthesized in the lab (193 mAh g™, Fig. C-2A). However, in the
case of the reactor synthesis the capacity retention is 97% after 80
cycles and 92% for NCM811 synthesized in the lab. Moreover, the
NCMS811 samples synthesized in a reactor show a discharge capacity
of >120 mAh g~ at 2C after 40 cycles while it is 115 mAh g~ ' in
the case of the lab synthesis. It is also found in literature, that
NCMS811 which shows an initial capacity >190 mAh g~ offers a
capacity retention of <95% after 80 cycles, cathodes with lower
initial capacities offer a capacity retention of >95% (see Table C-I)
although individual exception might exist, and a determination of the
value is difficult since the cycling procedures differ a lot.
Consequently, all samples in the present study were synthesized
using a continuous stirred tank reactor as described in the experi-
mental section. The capacity retention of NCM111 and NCM622
after 80 cycles, which seems a better value to evaluate the cycling
performance of layered oxides than the initial discharge capacity, is
in both cases 97%.

Time-resolved operando synchrotron X-ray powder diffraction
(SXPD, Beamline I11, DLS UK; PSD detector, 1 = 0.489951(10) A)
of the 1st and the 50th cycle is used to study the (long term)
performance of the NCMs. Cycling was performed between 3.0 V
and 4.3 V at a c-rate of C/5 using a 2 times overbalanced graphite

electrode (SGL) as counter electrode. The 1st and the 50th cycle
were measured at 25 °C while the 2nd to the 49th cycle was
performed at 45 °C outside the beamline hutch. Fig. C-3 shows the
003 reflections of NCM111, NCM622 and NCM811 upon the 1st
(A) and the 50th cycle (B) and the corresponding crystallographic
data (C-H) obtained from Rietveld refinement. The major difference
between the 1st and the 50th cycle is an inactive phase present after
50 cycles, as marked in Fig. C-3B with dashed lines (splitting of the
003 reflection). The electrochemically inactive phase of NCM&811
and NCM622 show lattice parameters in the order of the discharged,
completely lithiated materials while in NCM111 a less active phase
is present (the lattice parameters of both phases are changing
significantly) between 75 mAh g~' and 100 mAh g~' (Figs. C-3D
and C-3F) which indicates that the degradation of NCM111 is less
severe. The phase content of the less active or inactive phases drops
to zero before reaching the end of charge which means no capacity
loss is found. Upon extensive cycling (> 1000 cycles) the content of
the less active or inactive phase increases, leading to a point, where
(partially) discharged material is left even at the end of charge which
results in severe capacity losses.®**>™* Whether these electroche-
mically less or inactive phases occur due to isolated particles (crack
formation) and/or due to an incomplete delithiation of the NCM
particles (resistance rise due to surface degradation and reconstruc-
tion) is still under discussion.

Upon the 1st cycle no reflections splitting is observed. Instead,
smooth changes in microstrain (anisotropic predominantly in ¢
direction) between 0 and 100 mAh gf1 and a rapid rise after 155
mAh g~ is observed (Fig. C-3G). This correlates with the collapse
in the ¢ lattice parameter (Fig. C-3E) and the O-O, distance
discussed in the main text (Fig. C-3B). It is worth mentioning, that
no increase in the Li/Me disorder was observed, not within the 1st
nor from the 1st to the 50th cycle although the Li/Me disorder of
~2.5% is close to the detection limit.
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Figure C-3. Synchrotron powder diffraction data and analysis with (A), (B), the evolution of the 003 reflection, (C), (D) the a, b lattice parameter and (E), (F),
the ¢ lattice parameter evolution upon the 1st (A), (C) and (E) and the 50th cycle (B), (D) and (F) of NCM111, NCM622 and NCM811. (G) shows the evolution
of microstrain upon the Ist cycle, (H) the percentage of the observed, inactive phase upon the 50th cycle (charge).

Appendix D. Choice of Reference Material

Ni in NCMI11, NCM622 and NCMS8I11 shows a mixed
Ni**/Ni** = Ni*" L low spin configuration as discussed in the
main text, Fig. D-1. Table D-I lists the results of the Ni L, ; edge
simulations of NCM111, NCM622 and NCMS811 in the charged
state, at a 1st discharge capacity of 150 mAh g~', 100 mAh g™', 50

mAh g~" and in the discharged state. The corresponding NEXAFS
data is shown in Fig. D-1. The spectra are simulated using a
superposition of a Ni** (96% 3d° and 4% 3d° L) and Ni’*
(20%-30% 3d’ and 70%-80% 3d® L) as described in the main text.

The Co L,; and Mn L,; edge of charged and discharged
NCM111, NCM622 and NCMS8I11 are shown in Figs. D-2A and
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Figure D-1. Ni L, ; edge of NCM111, NCM622 and NCMS811 charged to 4.3 V (A), at 150 mAh g’1 (B), 100 mAh g’1 (C), 50 mAh g’1 (D) and in the

discharged state (E), simulated with charge-transfer multiplet calculations.

D-2B, respectively. Upon the first discharge no changes are observed
showing that Co and Mn are not redox active in the bulk. The
contrasts to literature are discussed in the main text.

Fig. D-3A shows the measured data (NCM111, black dots) and
the CTM calculation of Mn*" (red line and blue filling), obtained by
taking various, higher excited configurations such as 3d3Hx L* with 0
< x < 2 into account. The Co L,; spectra (although noisier

compared to Ni) can be described with a Co®" low spin configura-
tion (LF = 3.0 eV) as shown in Fig. D-3B. The CTM calculations
describe the spectra sufficiently without ligand-to-metal charge-
transfer (LMCT) from O to Co.

For the choice of the reference materials, the electronic config-
uration of the transition metals Me need to be the same as in the case
of NCM111, NCM622 and NCMS811. Moreover, the references
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Table D-I. Ni, Ni**, Ni**, Co and Mn ratio in relation to the overall Me content in NCM111, NCM622 and NCMS811.

Material State of charge [mAh g~ '] Ni [Me-%) NiZ" [Me-%) Ni*" [Me-%) Co/Mn [Me-%)]
NCM111 Li,Niy;3Co1,3Mny 30, 163 33 1 32 33
150 33 1 32 33
100 33 6 27 33
50 33 11 22 33
0 33 19 14 33
NCM622 Li,Ni0.6C00.2Mng,0, 182 60 3 57 20
150 60 1 59 20
100 60 7 53 20
50 60 14 46 20
0 60 23 37 20
NCMS811 Li,Nig5Cog ;Mng;0, 186 80 3 77 10
150 80 1 79 10
100 80 12 68 10
50 80 16 64 10
0 80 35 55 10
--Discharged —Charged
A) NCM111 NCM622 NCMs11
B 770778 786 794 802 810 770 778 786 794 802 810 770 778 786 794 802 810
) Energy [eV] Energy [eV] Energy [eV]
635 643 651 659 635 643 651 659 635 643 651 659
Energy [eV] Energy [eV] Energy [eV]

Figure D-2. Co L, ; (A) and Mn L, ; edge XAS spectra (B) of charged (blue) and discharged (red) NCM111, NCM622 and NCM811.

should be isostructural to (or at least should show a similar structure
than) the rhombohedral R3m structure of the layered oxides.
Therefore, rhombohedral LCO (LiCoO,, Co*t low spin) and LNO
(LiNiO,, Ni*** low spin) is used. Mn in LiMnO, has a t;," e’
(formal Mn>") configuration and is therefore not appropriate for a
comparison to a t2g3 ego (formal Mn**") configuration present in the
NCMs. Instead, LLO (leMl’lO:g = Li(Li1/3Mn2/3)02), which is
structurally related to rhombohedral layered oxides, ~ served as

reference. Fig. D-4 shows NEXAFS data and the refinement of the
crystallographic structure of LNO, LCO and LLO. All discharged
NEXAFS spectra look like the corresponding Ni L, 3 Co L, ; and
Mn L; ; edges of NCM111, NCM622 and NCMS811. The charged Co
L, ; and Mn L, ; spectra of LCO and LLO show slight changes if
compared to the discharged ones. While in NCM neither Co nor Mn
is electrochemically active, the transition metals show a certain
redox activity if no Ni is present.
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Figure D-3. (A) Mn L, ; spectra, calculated with Quanty. The Mn L, ; edge was simulated with a superposition of 3d** L* configurations. (B) 3d® configuration
of Co, fitted with CTM4XAS.
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Figure D-4. (A) Ni L, ; edge of LNO, (B) Co L, ; edge of LCO and (C), Mn L, ; edge of LLO, measured in the charged (red) and in discharged state (blue). (D)
and (E) shows the Rietveld refinement of LNO and LCO with the rhombohedral structure and (F), LLO with the monoclinic C/2m structure.

Appendix E. Comparison of the Ni L, ; edge of the charged

NCM:s to Ni** simulations right, and the core hole potential U,; and the on-site Coulomb

interactions U,y were kept constant (Upy - Ugqy = 1 €V).

In the following section the Ni L, ; edge of charged NCM111, The best match of the charged Ni L, ; NEXAFS spectra and the
NCM622 and NCMS811 is compared to the charge transfer multiplet Ni*" CTM calculations is obtained at ligand field energies > 3 eV
(CTM) calculations of Ni*" shown in the main text, Fig. 2A. All for y = 0. However, the energy difference between the main peaks of
spectra calculated with the configuration Ni 3d°™Y LY (0 < y < 1) are the L; and the L, edge of the measured and the calculated data differs

shown in Figs. E-1A-E-1D. L denotes a hole at O 2p sites, the significantly, as indicated in Figs. E-1C and E-1D with the vertical,
ligand-field energy was varied from 1 eV to 4 eV from the left to the dotted lines. Moreover, pronounced multiplet and satellite features
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Figure E-1. Charge transfer multiplet calculations of Ni 3d®"™Y LY (0 <y < 1) with a ligand field energy of 1 eV (A),2eV (B), 3 eV (C) and 4 eV (D). The data is
compared to the charged Ni L2,3 spectra of NCM111, NCM622 and NCM811 (panels below the waterfall plots of the CTM calculations).

~2 eV before and after the main peak of the L; edge and ~2 eV after
the L, edge present in the calculations are missing in the measured
NCM spectra. Moreover, low energetic shoulders observed for both
edges (main peaks) in the measured spectra (marked with arrows in
the NCM spectra, Fig. E-1, panels below the waterfall plots) are
absent in the calculations.

Appendix F. Degradation Reactions Upon the 1st Cycle

The cathode electrolyte interphase (CEI) was analyzed using
TEY NEXAFS spectroscopy which has a sampling depth of ~10 nm
and was measured simultaneously with the FY spectra. In the O K
spectra (Fig. F-1A), the decreasing Ni-O Hybrid peaks (528 eV—
530 eV) and the increasing Ni2* peaks (532 eV—535 eV) indicate
that covalent Ni*" reacts to more ionic Ni*™ as discussed for the
bulk in the main text. The occurrence of Ni** peaks between 531 eV
and 535 eV as well as their shift to lower energies upon extensive
cycling due to the formation of NiO or NiO-like phases on the
surface was discussed elsewhere.***> CEI products (peaks at e.g.
533 eV for LiINiPO, and 534 eV - 535 eV for Li,CO3,5"%%) are not
visible if not obscured by Me—O peaks. The F K spectra show the
presence of PvdF and/or LiF, Fig. F-1B%° but the spectra do not
reveal any change upon discharge. In innumerable publications it

was shown, that NCM111, NCM622 and NCM811 undergo irre-
versible reactions at capacities > 155 mAh g~ upon the Ist charge
(Table F-I). References which discuss the onset of these reactions are
marked with “*”. This agrees with the F K spectra of NCMS811
measured upon the 1st cycle, Fig. F-1C: Changes in the F K edge are
observed around 690 eV, where LiF is expected to have a shoulder.”®
The shoulder disappears above 155 mAh g™, which agrees with the
onset of gas evolution,97 the loss of Li salts®® and surface
reconstruction reactions’®?® listed in Table F-I. Whether the
decreasing LiF shoulder is due to volumetric changes NCMs
undergo at high potentials, transition metal dissolution with HF
involved'* or other chemical reactions'>**7%'% cannot be deduced
from the present data. The degradation reactions upon the 1st charge
(Table F-I) include gas formation, surface reconstruction reactions
(NiO formation), transition metal dissolution and electrolyte decom-
position reactions. The detrimental reactions are accompanied with a
breakdown in diffusion kinetics and all these reactions alter the
surfaces of the NCM particles, which has long-term effects on the
performance of the cathodes (see Appendix C). Between 155 mAh
g~" and the charged state of the NCMs Ni is slightly reduced as
indicated by the increasing shoulder at 853 eV (Figs. F-1D-F-1F). At
the same time, Ni-O hybrid peaks between 528 eV and 532 eV
decrease in intensity (Figs. F-1G-F-1I).



Table F-I. Literature survey on degradation reactions of layered oxides upon the 1st cycle and after extensive cycling. References which discuss the onset of irreversible reactions are marked with ¢+,

Gas formation

*]J. Electrochem. Soc. 163, A798
(2016).

* J. Phys. C. 121, 13481 (2017).

* ACS Appl. Mater. Interfaces
10, 38892 (2018).

J. Electrochem. Soc. 164 A1361
(2017).

J. Electrochem. Soc. 166, A1853
(2019).

* Mater. Today 21, 825 (2018).

Surface reconstructions/Crystallographic changes

ACS Appl. Energy Mater. 3,
4799 (2020).

Adyv. Energy Mater. 9, 1901597
(2019).

Adv. Energy Mater. 7, 1602888
(2017).

*Adv. Mater. 32, 2001741
(2020).

*Electrochem. Solid-State Lett.
5, A2 (2002).

* J. Phys. Chem. C 121, 3286
(2017).

Transition metal dissolution

Power Sources 329, 364 (2016).

J. Electrochem. Soc. 164 A389
(2017).

* J. Mater. Chem. A 4, 18300
(2016).

* J. Phys. Chem. A 122, 8828
(2018)

* Mater. Today 21, 825 (2018).

Breakdown in diffusion kinetics

*J. Mater. Chem. A 8, 8540
(2020).

* Chem. Mater. 31, 2545 (2019).

*J. Am. Chem. Soc. 140, 6767
(2018).

Electrolyte decomposition

*Chem.Mater.2018, 30, 958.

ACS Sustainable Chem. Eng. 8,
7316 (2020).

Adv. Mater. 32, 2001741 (2020).

Electrochem.Solid-State Lett. 5,
A2 (2002).

NCMI111 NCM622 Onset of CO2 and CO evolution at ca. 155 mAh g~ ' (Ist charge) - CO2: 4.1 V; CO: 4.0 V. Onset of 02
NCMS811 formation at 4.3 V.

NCM811 Variation of the cutoff voltage: O, release at > 4.3 V cause capacity fade.

NCMI111 NCM811 Singlet oxygen: Onset at ~155 mAh g~ '.

NCM111 NCM622 Mechanism of surface reconstruction.
NMCS811

NCM111 NCM622 Strong correlation between CO,/O, release and surface reconstruction.
NCMSI11

NCM622 CO, formation: Reaction of electrolyte and NCM.

NCMI111 NCM811 Anisotropic micro-strain rises at ~155 mAh g~ .

NCMI111 NCM523 Me dissolution is enhanced with higher cutoff voltages (4.3 V—4.6 V) and with an increasing number of
NCA cycles.

NCMI111 NCM811 Me caused by singlet oxygen - correlation with the onset of gas evolution.

NCMS811 Breakdown of kinetics upon the 1st cycle at. ~155 mAh g~ .

NCM622 Polarization rise at ~155 mAh g !

NCMS811 NCA Electrolyte decomposition (formation of LiF, Li,CO3, Li,POyFy, NiO) occurs mainly at elevated

temperatures. Loss of Li-impurities (LiF, Li,CO5) on the surface starts at ~4.0 V.

€€S0TT 89T 120T “A12120§ (021220419215 Y] fO [pUInOf



Table F-1. (Continued).

Formation of inactive or less active material/Crack formation/Impedance rise
ACS Appl. Energy Mater. 2, NCMS811 NCM
7375 (2019).
J. Phys. Chem. C 121, 26163 851005
(2017).
J. Electrochem. Soc. 166, A3760
(2019).
ACS Appl. Energy Mater. 3, NCM 851005
2821 (2020).

Charge transfer resistance increase upon long-term cycling along with crack formations & surface
morphology changes.

Formation of inactive or less active phases.

€€S0TT 89T 120T “A12120§ (021220419215 Y] fO [pUInOf



Journal of The Electrochemical Society, 2021 168 120533

* NCM 811, charged ® NCM 622, charged

® NCM 111, charged
e NCM 811, discharged @ NCM 622, discharged ® NCM 111, discharged

Charged -++-Prisitine

- -1st Discharge —150 mAh/g
©)

A) B) \
I \\\/- I
I / II
et 111 \.\,’_ I
1 T F‘_—L T 1 I T 1
525 535 545 555 680 690 700 710 685 695 700
Energy [eV] Energy [eV] Energy [eV]
D) E) ----Charged —150 mAh/g E)
851 853 855 857 859 851 853 855 857 859 851 853 855 857 859
Energy [eV] Energy [eV] Energy [eV]
G) H) D

Ty

I I I 1

526 528 530 532 534
Energy [eV]

526 528 530 532 534
Energy [eV]

1 T ! T T i

526 528 530 532 53
Energy [eV]

Figure F-1. Total electron yield (TEY) O K (A) and F K spectra (B) of charged and discharged NCM811 (I), NCM622 (II) and NCM111 (III). (C) TEY F K
edge of pristine NCM811 (dotted line), NCM811 after 150 mAh g~ charge (blue solid line), NCM811 in the charged state (green solid line) and after the 1st
cycle in the discharged state (dashed line). (D)-(I) depict the Ni L; (D)—(F) and O K spectra (G)—(I) of NCM111, NCM622 and NCMS811 (solid lines: charged

NCMs; dotted lines: samples discharged to 150 mAh g~ ' upon the 1st cycle).

Appendix G. Kinetic Limitations

The influence of kinetic issues on the presented data (e.g.,
voltage, capacity) is evaluated using the galvanostatic intermittent
titration technique (GITT, Fig. G-1A). NCM111, NCM622 and
NCMBS8I11 are charged and discharged in 3-electrode Swagelok cells
using 41 x 30 min C/20 current pulses followed by a 10 h rest (or a

rest until the voltage drop becomes < 0.001 V/20 s) to reach
conditions close to equilibrium. At the end of charge the cells are
charged to 4.3 V with C/20 and hold at this voltage for 5 h. Please
note that for the GITT measurements higher initial charge capacities
are achieved if compared to the C/20 cycle (NCM811: 227 mAh g™,
NCM622: 192 mAh g~!, NCM111: 167 mAh g~'). While upon
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Figure G-1. Galvanostatic intermittent titration technique (GITT) measurements of NCM111, NCM622 and NCM811 (A) with the equilibrium voltage curve
(B) and a depiction of a GITT pulse (C). AE; is the difference in the steady state potential of two consecutive pulses while AE; (which is a function of the square
root of time) is the magnitude of the voltage change (minus the IR drop). (D) gives the determined logarithmic diffusion coefficient Log D, the thermodynamic

factor ¢ and the logarithmic Li diffusion coefficient Log Dy,

charge all materials underwent 41 current pulses until they reached
the cutoff voltage, the number of current pulses performed upon
discharge in the case of NCMS811 is by two lower than that of
NCM622 and NCMI111 due to the lower, initial efficiency
(NCM811: 90.3%, NCM622: 96.7%, 96.8%). Fig. G-1B shows the
steady state potential E; (explanation see Fig. G-1C) obtained at the
end of each rest step upon the GITT-discharge of the NCMs. The
mean discharge voltage of NCM111 is 3.85 V, for NCM622 it is
3.79 V and of NCMB811 it is 3.75 V, respectively. To further explore
kinetic limitations and to correlate the findings to crystallographic
and spectroscopic observations, the discharge pulses were analyzed
to determine the chemical diffusions coefficients D, the

thermodynamic factor ¢ and the Li-mobility D;;, (Fig. G-1D).%
The chemical diffusion coefficient D can be derived using Fick’s 1st
law, it is a function of (AE, /E)? it is the product of a
thermodynamic factor ¢ (thermodynamic driving force, function of
AE/ox with x, the Li content in Li,MeO,) and the Li-ion mobility
D;;, (D = Dy, - ¢) and it describes the reaction kinetics of the rate
limiting step.

Differences in diffusion kinetics of NCM111, NCM622 and
NCMS11 are predominantly observed at low states of charge (< 75
mAh gfl) where the Li-content x in Li,MeO, is close to one and
almost no Li vacancies are present, Fig. G-1D (1st panel). Thus, no
Li hopping from the inside to the outside of the particles can take
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place (the Li mobility D;;, is relatively low, Fig. G-1D, middle
panel) and charge exchange reactions through the cathode electrolyte
interphase (CEI) are the rate limiting processes.®*'®! Differences in
the surface area, as deduced in Appendix B are probably the origin
of differences in kinetics at low states of charge: NCM111 has with
0.39 m?/g the highest BET area and thus charge exchange reactions
through the interface are faster. The BET area of NCM622 (0.34 m?
g—"") and NCM 811 (0.36 m> g™ "), both values are remarkably
close, show a lower BET area compared to NCM111. Consequently,
charge exchange reactions proceed slower since less redox active
sites (and mobile Li ions) are present on the surface and the diffusion
coefficients D (Li diffusion coefficients D;;,) are lower. With an
increasing state of charge, D and Dy, increase due to the formation
of Li-vacancies in the bulk material, which enables Li-hopping.
However, the thermodynamic driving force (the lithium gradient
depicted by ¢, Fig. G-1D, bottom panel) decreases relatively quickly
until it reaches an almost constant value because the surface near
regions of the particles become Li-depleted. The chemical diffusion
coefficient D increases through a minimum and reaches a plateau at
~50 mAh ¢! (x in Li,MeO, > 0.1). At ~155 mAh g~' (x in
Li,MeO, < 0.56) the number of mobile charge carriers in the bulk
material becomes limiting,**'°" resulting in a breakdown of diffu-
sion kinetics for all materials. This is the point where the crystal-
lographic structure (the O-O,, distances) collapses, see main text
Fig. 3B.
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