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ABSTRACT

The reversible and irreversible cationic and anionic charge compensation mechanisms occurring along the first charge and discharge cycle of Li- and Mn-rich Li
[Lig.2Nig.16Mng 56C00.08]102 cathode material at (dis)charge rates of 0.1C and 5C have been identified and quantified by X-ray absorption and emission spectroscopy.
The analysis provided the oxidation states of the transition metals, the Mn local coordination, and the lattice elastic constants. Lattice softening occurs along the first
charge, while a minor spinel phase forms irreversibly at the expense of the layered phase. Higher charge rate increases the spinel formation and induces an increased
softening in the delithiated lattice, which is expected to correspond to a reduced reversible anionic redox. The results evidence a comparable cationic and anionic
oxidation since the beginning of the charge, while only anions are contributing towards its end, equivalent to roughly 10% of structural oxygen irreversibly lost.
Higher charge rates resulted in a decreased reversible anionic redox, anticipating the cationic oxidation.

The reported results provide a reliable experimental approach to characterize the key parameters controlling the reversible and irreversible cationic and anionic

contributions to the charge compensation mechanism.

1. Introduction

Increasing the contribution of renewable energy sources is necessary
to meet the fast increase of global energy needs and match the COy
reduction targets [1-3]. In order to address these challenges, intensive
research efforts are ongoing both in energy harvesting and storage
technologies such as solar panels, fuel cells, supercapacitors and batte-
ries [4-7]. The latter are required to match the energy demand and
supply; in fact, batteries are by far the most ubiquitous energy storage
technology currently employed [8].

Despite the relative scarcity of lithium and other raw materials, Li-
ion batteries (LIBs) are cost-effective and affordable offering superior
energy and power performance as well as a good cycle life, while being
relatively safe [9-11]. As a result, LIBs are currently employed in
portable electronics, power tools, stationary storage and, increasingly,
electric vehicles [12,13]. Such a widespread use is keeping LIBs in the
focus of extensive investigation. LiCoO, has long been the most
exploited cathode in commercial Li-ion batteries [14,15], but is
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providing a rather low practical capacity (maximum achievable 140
mAh g™ [7] and relatively high cost associated to the criticality of
cobalt [10,16]. The need for reducing cost and increasing energy density
pushed to partially substitute Co with other transition metals, i.e., Mn
and Ni, leading to the well-established LiNiyMnyCo,02 (NMCyy,) cath-
odes with specific capacities over 200 mAh g™ ! at elevated Ni contents
(x > 0.8) [17]. However, the increasing Ni content also introduces new
challenges, such as the pronounced sensitivity of the material towards
water leading to difficulties during electrode preparation which requires
strictly controlled atmosphere. Moreover, safety risks exist due to the
lower thermal stability of Ni-rich materials (e.g., NMCg11) [18,19].
Therefore, a newer class of Li-rich layered oxides (LR-NMC), where part
of the transition metals is substituted by Li, are in the focus as a very
promising alternative due to the very low Ni and Co content as well the
significantly higher energy density, theoretically reaching 1000 Wh
kg’1 with respect to the cathode active material [1,7].

The high specific capacity of LR-NMC, exceeding 250 mAh g},
originates from the contribution of the anionic redox activity [20-22], i.
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e., the partial oxidation of the oxide anions upon additional Li extraction
from the transition metal layer, accompanied by a partial irreversible
capacity loss especially pronounced during the first cycle [23-26]. The
electronic and structural reasons for this irreversibility have been
intensively investigated in the past years. Generally, it is accepted that
during the initial delithiation LR-NMC crystals undergo a structural
transformation involving the cation migration from the transition metal
(TM) layer into the lithium layer. This results in the formation of antisite
TM cation-vacancy (V) defect pairs (TMy;-Vm). The reversibility of the
TM migration has a crucial impact on the capacity and voltage fading of
LR-NMC [5,27,28]. Particularly, it was shown that the structural and
electronic properties of Li[Lig 2Nip.16Mng 56C00.0s]02 are substantially
affected by the electrochemical de-/intercalation of lithium cations [20,
21,29], having a direct impact on the formation of different local phases
[22]. During the first charge, an irreversible spinel-like reconstruction
layer occurs at the expenses of the pristine Li-rich layered phase [30].
Along the first charge, the out-of-plane cation migration [27,31-33]
appears to correlate with the phase transition from the layered to the
spinel-like phase [28,34-37] and the oxygen oxidation [22,29], poten-
tially accompanied by irreversible O, release. Moreover, it has been
recently proposed that a larger degree of overlap between the transition
metal and oxygen electronic states introduces a more rigid oxygen
sublattice upon lithium deintercalation and results in a more reversible
oxygen redox [38]. All these parameters are considered to affect the
cycling and voltage stability of LR-NMC and need to be considered for
design guidelines for novel high-energy positive electrode materials.

The increase of the dis-/charge rate, which is key for the practical
application in, e.g., electric vehicles, is expected to affect the ion
diffusion and local strains. Indeed, ion kinetics variations can alter the
local equilibrium in between coexisting phases along the active material
and during the charge compensation, also affecting local strains. The key
role of such strains in governing the competing Mn phases (spinel and
layered) in Li- and Mn-rich NMC cathodes has been very recently
highlighted [22]. In particular, the local strains induced by the Ni
oxidation have been found to induce the formation of a low spin (LS)
Mn®" in the layered structure in parallel to the irreversible formation of
the spinel phase in the bulk particles. The charge balance, affected by
the partial Mn reduction, requires a certain reversible fraction of oxygen
oxidation along the charge, enabling the outstanding cathode capacity.
From one other point of view, different oxide local phases show different
degrees of metal and oxygen density of states (DOS) overlap near the
Fermi level. A lower DOS overlap is expected to correspond to a higher
tendency to form O-O dimers within the octahedron due to
less-directional M—O bonding and lower lattice stiffness, favoring a
higher irreversible oxygen oxidation fraction [38].

Here, we report the investigation of the local structural and elec-
tronic properties of Li[Lig 2Nig 16Mng 56C00.08]02 at different states of
charge and for different charge rates. Temperature-dependent Mn, Co
and Ni K-edge X-ray absorption spectra have been acquired to access
quantitatively the spinel phase formation and local bond characteristics
in terms of local strains, lattice rigidity and structural disorder, which
are expected to directly correlate with the electrochemical behavior [22,
38-40]. In particular, the temperature-dependent investigation revealed
experimentally the evolution of the lattice rigidity which directly affects
the reversible anionic redox contribution [38]. Finally, the combination
of the absorption measurements and room temperature Mn K X-ray
emission spectroscopy results allowed to fully characterize the charge
transfer mechanism, including quantitative determination of the O
oxidation along the first charge.

2. Experimental METHODS
2.1. Material synthesis and electrode preparation

The Li[Lip oNig.16Mng 56C00.08]O2 samples were synthetized by co-
precipitation, followed by a solid-state reaction, using the transition
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metal acetates and LiOH-H;O as precursors [41]. The electrode
composition was 85 wt% LR-NMC, 10 wt% conductive carbon
(C-NERGY Super C45, Imerys) and 5 wt% carboxymethyl cellulose
(CMC; Dow Wolff Cellulosics, Walocel CRT 2000). To prepare the
electrodes, CMC was first dissolved in deionized H,0. Next, the active
material and the conductive carbon were dispersed in the CMC-based
solution by planetary ball milling (Pulverisette 4, Fritsch) for 3 h.
Finally, the resulting slurry was coated on Al foil using a doctor blade
method. The resulting electrode sheets were dried at 60 °C for 10 min
and at room temperature in the dry room (dew point <70 °C) overnight.
Disk-shaped electrodes with a diameter of 12 mm were punched out of
the electrode sheets, pressed at 4 t cm™2, and dried at 180 °C under
vacuum for 14 h. The active material mass loading was around 3.1 mg
em 2 [42].

2.2. Electrochemical characterization and sample preparation

The electrodes were cycled in two-electrode pouch-type cells with
lithium metal foil (Honjo, battery grade) serving as counter electrode.
The cells were assembled in the dry room (dew point <70 °C). Whatman
glass fiber sheets (GF/A) served as the separator and were drenched with
100 pL of the electrolyte (1 M LiPFe in a 1:1 wt mixture of ethylene
carbonate and dimethyl carbonate; UBE). The galvanostatic cycling was
conducted using a battery tester (Maccor 4300), setting the anodic and
cathodic cut-off potentials to 4.8 and 2.5 V, respectively. The dis-/
charge rate of 1C corresponds to a specific current of 200 mA g~ !. The
cells were stopped at selected states of charge, i.e., the pristine state
(P01), the beginning (P03, charge to 100 mAh g’l) and the end (P04,
charge to 200 mAh g1) of the high-voltage plateau, and the fully
charged state (P05) as well as the subsequently discharged state (P08,
see Fig. 1a), both obtained at the cut-off potentials. Subsequently, the
cells were disassembled in an argon-filled glove box. In order to mini-
mize the contribution of the conducting salt or other possible soluble
species from the electrolyte, the samples were rinsed with dimethyl
carbonate (UBE) and the active material was recovered from the
electrodes.

2.3. Hard X-ray absorption and emission measurements

Mn, Co, and Ni K-edge X-ray absorption spectroscopy (XAS) and Mn
Kp emission spectroscopy (XES) were performed at the CLZASS beamline
of the ALBA synchrotron (Spain) [43]. For the XAS measurements, the
synchrotron radiation emitted by a wiggler source was mono-
chromatized using a double crystal Si(111) monochromator. Higher
harmonics’ rejection was done by choosing proper angles and coatings
of the collimating and focusing mirrors. The electrodes were mounted
into a liquid nitrogen cryostat, and the spectra were recorded in trans-
mission mode at different temperatures from 80 to 300 K (within an
accuracy of 1 K) by means of two ionization chambers. X-ray absorption
spectra were treated using the Demeter package [44], involving a
standard procedure based on the cubic spline fit to the pre-edge sub-
tracted absorption spectra to extract the extended X-ray absorption fine
structure (EXAFS) signal [45].

XES data were collected in backscattering geometry by means of the
CLEAR emission spectrometer. The spectrometer is based on a diced Si
(333) analyzer crystal (bending radius R = 1 m) and a 1D position-
sensitive Mythen detector. The emission spectra were acquired by
exciting the sample well above the Mn K-edge, monochromatizing the
incoming beam with the Si(311) double crystal monochromator, and
detecting the emitted Mn Kf emission lines with a total energy resolu-
tion around 0.5 eV. The XES measurements were performed at ambient
temperature under vacuum. Similarly to previous reports [20], pmmn
corresponding to the sample set have been extracted from the integrated
area of absolute difference (IAD) with respect to a reference. [46] MnO,
Mny03, and MnO, were used as references for known pyy, [47-50].
Several X-ray absorption and emission scans were measured to ensure
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Fig. 1. (a) Voltage profiles of Li[Lip oNip.16Mng 56C00.08]102 cathodes in half-cell configuration, where the different cut-off points PO1 (pristine), PO3 and P04
(beginning and end of the voltage plateau), and P05 (fully charged) are indicated. (b) The same voltage profiles being corrected taking into account the current-
induced overpotential and possible side reactions. (c,d) Magnitudes of the Fourier transforms (FTs) of the EXAFS signal at the Mn, Co, and Ni K-edge collected at
80 K of the Li[Lip 2Nip.16Mng.56C00.08]02 samples P01 (pristine), P03 and P04 (beginning and end of the voltage plateau) cycled at (c) 0.1C and (d) 5C.
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3. Results and DISCUSSION

The Li[Lig 2Nig 16Mng 56C00.08]02 cathode voltage profiles obtained
at different charge rates (0.1C, 1C and 5C) are reported in Fig. 1a,
together with the labeling of the charge points investigated herein.
Fig. 1b depicts the same voltage profiles, normalized by the current-
induced overpotential in order to estimate the capacity contribution
from side reactions with the electrolyte at elevated potentials (details
are provided in the Supporting Information). The approximation made
does not consider that high charge rates, besides accelerating side re-
actions due to the relatively higher overpotential, could also alter the
oxidation path, with possibly different structural evolution, as we
indeed observed within this study. However, the good empirical
matching of the normalized curves shown in Fig. 1b and Fig. S1 indicates
that the assumption is sufficiently accurate for the given purpose.
Temperature-dependent EXAFS at the Mn, Co, and Ni K-edges have been
measured for the electrodes charged at 0.1C and 5C. The corresponding
magnitude of the Fourier transforms (FTs) of the EXAFS signal collected
at 80 K are shown in Fig. 1c and d. The FT main peaks at ~1.5 A and
~2.4 A correspond to single scattering contributions from the first and
second coordination shell around the photo-absorbing atom (TM),
composed of O and TM (TM = Mn, Co, Ni) atoms, respectively. The
charge rate turns out to have generally a weak effect on the EXAFS os-
cillations, i.e. the FTs, highlighting no major effects on the global local
structural properties. Upon charge the Ni-O bond length substantially
shortens and its distribution becomes broader compared to Mn-O and

Co-O bonds, which implies a more disordered configuration. The
second-shell FT peak is more stable during the charge process, but as it
corresponds to different contributions, compensating variations cannot
be excluded. The absorption spectra were modeled considering a partial
structural degradation of the layered phase into a spinel phase as a
function of charge, as reported in the literature [21,22,26]. Particular
attention has been put in keeping the number of free fitting parameters
always below the intrinsic limit defined by the Nyquist theorem [45]
and the data quality. The full details of the EXAFS data modeling are
reported in the Supporting Information. The fitting results allow to
follow the evolution of the Mn layered and spinel phase ratio, as well as
the Co** and Ni** formation as a function of the charge point, as shown
in Fig. 2a and Fig. 2b, respectively. While the Mn layered and spinel ratio
has been obtained by modelling the EXAFS oscillations with a combi-
nation of the two structural phases, the Ni and Co oxidation states have
been determined indirectly from the Ni-O and Co-O bond distances.

Fig. 2a indicates that the strong increase of the charge rate from 0.1C
to 5C accelerates the spinel phase formation, presumably at the expense
of cycling stability. Indeed, the Jahn—Teller active high spin (HS) Mn>*
electronic phase, coexisting with the Mn** HS phase in the spinel
LiMny04 (Mn3>1), has been correlated to the capacity loss due to the
Jahn—Teller distortion destabilizing the structure upon electrochemical
cycling [51-53]. Moreover, a higher charge rate anticipates Co and Ni
oxidation (Fig. 2b). This suggests that the Li kinetics, directly affected by
the charge rate, influence the response of the different TM atomic cen-
ters, acting on the local charge compensation mechanism and induced
strains.

Even if generally XAS studies on battery materials are performed at a
single temperature to access the charge transfer mechanisms and
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structural evolutions along the cycling, ex-situ temperature dependent
measurements provide additional information on the local structure
affecting the battery performance. Details on the Mn-O, Co-O, and Ni-O
interatomic distances (R) and their corresponding mean square relative
displacements (MSRDs) (62) have been provided by fitting the Mn, Co,
and Ni K-edge EXAFS spectra collected as a function of temperature, as
shown in Fig. S3 and Fig. S4 for the Mn layered and Mn spinel structure,
respectively. The results agree with those reported in the literature
regarding the contraction of the Co-O, and Ni-O distances by charging
[21,22], while the forming spinel Mn-O bond shows a significantly
larger distance, accordingly to its bulk structure [22]. This further
confirms that while Co and Ni are oxidized, there is an effective Mn
reduction [24] during the first charge.

The temperature effect on the local bond distances and on the o; [2]
permits accessing the rigidity of the lattice. The local bond thermal
contraction (Fig. S3) tends to increase from the pristine to the charged
state, and from the layered to the spinel phase. This suggests a global
softening of the lattice upon charge, as also confirmed by the following
findings. Indeed, the quantitative direct access to the local force bond, i.
e., the lattice stiffness, is provided by the Einstein model, describing the
temperature evolution of o; [2], 6; [2] = 69 [2] + 62 (T), where o9 [2],
extrapolated for T = 0 K, corresponds to the static structural disorder
[38]. The Einstein frequency (wg = kgbg/#) and the effective local force
constant (K=p a)%) have been calculated for the Mn-O, Co-O, and Ni-O
atomic pairs. Details are reported in the supplementary information. The
static disorder oy [2] and the local force constant K obtained for the
different atomic pairs are presented in Fig. 2c and d, respectively. While
all 6 [2] values increase, consistent with the occurrence of coexisting
phases and induced strains [20,22], all K values decrease upon charge,
indicating the softening of the lattice, which is expected to favor the ion

diffusion [39,40]. From one other point of view, it has been demon-
strated that the electronic structure is coupled with the rigidity of
structure upon lithium deintercalation, where a larger degree of ener-
getic overlap between the TM and oxygen induces a more rigid oxygen
lattice and the reversibility of anionic redox scales with the degree of
overlap between the TM d and O 2p states [38].

The increase of the charge rate seems to anticipate the lattice soft-
ening, mainly along the voltage plateau, where Mn gets activated and
the spinel phase mainly forms [22]. The increase in the lattice softening
by increasing the charging rate suggest the increase of irreversible
anionic redox. The role of oxygen in the charge compensation mecha-
nism becomes accessible by combining the quantification of the spinel
phase formation and the Ni and Co oxidation state evolution, shown
above, with the local Mn magnetic moment () obtained by XES. This
latter allows for extracting the amount of Mn®>" in LS configurations,
forming in the layered phase during the charge process [20], and
probably accompanied by the trapping of O2 in the lattice [22,29].
Fig. 3a shows selected Mn Kf emission spectra, while Fig. 3b shows the
obtained Mn local magnetic moments. The inset in Fig. 3a shows a zoom
over the Kp; 3 main emission line. The energy position of the Kp 3
feature is as well related to the spin state, reflecting the effective number
of unpaired 3d electrons [54]. The Kp, 3 energy positions (Fig. 3c)
globally confirm the evolution of the local Mn magnetic moment along
the charge, anyway its precise identification is made difficult by the
coexisting Mn electronic phases. Upon the initial delithiation, py, drops
significantly in a partially irreversible manner (Fig. 3b). This evolution
corresponds to an increase of the Mn®* fraction forming in the layered
phase along the first charge. The increase in charge rate affects the Mn>*
LS formation, most likely because of a difference in local strains. Prior to
the voltage plateau (PO1 to P03, 0 — 100 mAh g’l) this behavior seems
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to slow down with an increasing charge rate, with 1C and 5C providing
similar results. Along the voltage plateau (P03 to P04, 100 — 200 mAh
g™ 1), while 1C charging seems to slower the Mn3* LS formation, 5C
charging is favoring it, probably because of different kinetics. The total
spinel formation (Fig. 2a) and its local strains affecting the Mn-O bond
distance (Fig. S3) could be at the origin of such different amount of Mn3*
LS phase formation, with a compressed Mn-O spinel network which
seems to slow down the formation of this phase.

By considering the average Mn local magnetic moment together with
the spinel phase formation, the relative fraction of the three Mn elec-
tronic configurations (Mn3* HS, Mn®* LS, Mn** HS) [47-50] can be
quantitatively determined (Fig. 4a). Combining these results with the
estimated Ni and Co oxidation states (Fig. 2b), the O oxidation state can
now be also quantitatively extracted (Fig. 4b). From the graph it is
possible to appreciate how the oxygen progressively oxidizes along the
first charge, with faster charge attenuating the phenomena.

Delithiation is driven by the compensation of the electronic charge
removed during the charge process. In the case of lithium-rich com-
pounds the electron is considered removed both from transition metals
and oxygen, which is known respectively as cationic and anionic charge
compensation. The data reported in Figs. 2b and 4a can be used to
determine the cationic compensation, and by imposing electroneutrality
the anionic component is determined as well. Fig. 5a reports the global
anionic and cationic (Mn, Ni, Co) charge vs. the Li content while the

insert represents the same amounts respect to pristine, so that values are
directly the variations that occurred to compensate Li* extraction. In
panel b are shown the fractions of anionic and cationic contribution to
the global charge compensation mechanism. Interestingly, the two
contributions increase in similar amount by delithiation up to P04, while
only the anionic contribution is significantly compensating the Li
extraction after this point. However, this anionic contribution is known
to be partially irreversible and, among others, leads to the release of
molecular oxygen especially at the end of the voltage plateau [25,38],
when the Li stoichiometry falls below 0.6. The amount of the irreversibly
lost structural oxygen can be deduced by the global anionic charge at
P08, the subsequent fully discharged state. Indeed, whereas the cationic
charge reverts to its initial value, the anionic charge changes from —4 in
the pristine (PO1) to —3.6 in the first fully discharged point (P08). This
difference indicates that up to 10% of oxygen is removed from the lat-
tice. We may note, though, that, in line with other reports, we did not
observe a significant amount of gas evolving, i.e., we did not notice any
inflation of the pouch cells used for cycling. Therefore, we assume that
this oxygen is either dissolved in the electrolyte or reacting with the
electrolyte, forming non-volatile oxidized species.

Instead, almost the 50% of the anionic contributions to the charge
compensation mechanism is reversible, and it corresponds to the anionic
contribution variation between the fully charged and discharged state
(inset in Fig. 5a), in agreement with the relatively high cyclability after
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symbols for 0.1C and open symbols for 5C. (b) Quantification of the corresponding O oxidation state evaluating the Li amount from the capacity corresponding to the
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Fig. 5. (a) Extracted global anionic (O) and cationic (TM) charge, where the inset is reporting the charge respect to pristine sample (P01). (b) Fraction of the anionic
and cationic contributions to the charge compensation mechanism, calculated as anionic(cationic) contribution/(anionic contribution + cationic contribution). (c)
Graphical representation of the main anionic and cationic contributions along the first charge. The full (open) symbols report the values obtained for slow (0.1C) and

fast (5C) charge rate.

the first charge [55].

Regarding the cationic contribution to the charge compensation
mechanism, the comparison of the fully discharge state (P08) and the
pristine (PO1) cationic charge shows a slight decrease that can be
attributed to the irreversible formation of around 7% of the spinel phase.
The rest of the cationic contributions to the charge compensation
mechanism is reversible.

Increasing the charge rate from 0.1C to 5C is anticipating the cation
oxidation, while decreasing the anion contribution along the voltage
plateau. This could be caused by a faster kinetics of the TM oxidation
compared to oxygen, probably due to the smaller activation implied by
more limited structural rearrangements that take place at these centers.
This, together with the detected increase in the lattice softening upon
delithiation, suggests a suppression of reversible anionic redox at
increased charge rates.

The here reported findings are summarized in Fig. 5c. The total TM
charge is directly compared with the voltage curve and the effect of a
high rate cycling is summarized. A color gradient represents three main
regions. The first one (violet) before the voltage plateau, where Ni and
Co are largely oxidized and the spinel phase forms irreversibly to a
minor amount. In this first region, the cationic and anionic contributions
are comparable and reversible, i.e. cycling does not show a quick ca-
pacity lost. The second region (pink) corresponds to the voltage plateau,
where Ni and Co are oxidized to a minor extent and almost the half of the
total irreversible spinel phase formation occurs. In this second region,
while the cationic contribution is almost reversible, the anionic contri-
bution is only partially reversible. The third and last region (red) is to-
ward the end of the voltage plateau, where Ni and Co are inactive
andfurther irreversible spinel formation occurs. Also in this region, the
anionic contributions are partially irreversible, probably with different
mechanisms, since the absence of cationic contributions, instead present

along the voltage plateau.
4. Conclusions

In this work the reversible and irreversible cationic and anionic
charge compensations occurring along the first charge and discharge
cycle of Li- and Mn-rich Li[Lig 2Nig.16Mng 56C00.08]O2 cathode material
have been quantified. The combination of Mn, Ni and Co K-edge ab-
sorption and Mn Kf emission spectroscopies allowed to identify all the
local co-existing TM electronic configurations and their evolution along
the first cycle. Particularly, in agreement with previous results, around
the 7% of a spinel phase forms irreversibly at the expenses of the layered
phase. The effect of 0.1C cycling has been compared with faster charge
rate. Higher charge rate increases the Mn spinel formation and induce a
deeper softening in the delithiated lattice, which is expected to corre-
spond to a less significant anionic reversible redox. Ni and Co redox
states have been indirectly quantified by the Ni-O and Co-O local dis-
tances, while the Mn redox was determined based on the amount of the
spinel phase formation and average local Mn magnetic moment.
Combining the characterization of the coexisting chemical phases with
the cathode capacity, the global cationic, and corresponding anionic,
charge evolution has been quantified. The results evidence a constant
comparable cationic and anionic oxidation up to the end of the voltage
plateau. While Ni and Co are mainly oxidizing before, the Mn spinel
formation occurs mainly along the voltage plateau. At the end of the
voltage plateau the cations do not contribute, while the anions are
compensating the charge. A total of 10% of irreversible structural oxy-
gen is lost, most likely during and at the end of the voltage plateau. The
application of higher charge rates decreases the reversible anionic
redox, anticipating the cationic oxidation.

In the past we identified the Ni oxidation as the major cause of strains



S.E. Ali et al.

in these materials [20,22]. However, the LR-NMC capacity is also
strongly affected by the Ni content. Thus, the identification of a good
compromise between these two properties seems key to achieve the best
performing materials.
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