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In the present work, the extent and the role of oxygen release during the first charge of lithium- and manganese-rich
Lij.17[Nip.22Co0.12Mno 66]0.8302 (also referred to as HE-NCM) was investigated with on-line electrochemical mass spectrometry
(OEMS). HE-NCM shows a unique voltage plateau at around 4.5 V in the first charge, which is often attributed to a decomposition
reaction of the Li-rich component Li;MnOs. For this so-called “activation”, it has been hypothesized that the electrochemically
inactive Li,MnQO3 would convert into MnO, while lattice oxide ions are oxidized and released as O, (or even CO;) from the host
structure. However, qualitative and quantitative examination of the O, and CO; evolution during the first charge shows that the onset
of both reactions is above the 4.5 V voltage plateau and that the amount of released oxygen is an order of magnitude too low to be
consistent with the commonly assumed Li;MnO3 activation. Instead, the amount of released oxygen can be correlated to a structural
rearrangement of the active material which occurs at the end of the first charge. In this process, oxygen depletion from the HE-NCM
host structure leads to the formation of a spinel-like phase. This phase transformation is restricted to the near-surface region of the
HE-NCM particles due to the poor mobility of oxide ions within the bulk. From the evolved amount of O, and COs, the thickness of
the spinel-like surface layer was estimated to be on the order of ~2-3 nm, in excellent agreement with previously reported (S)TEM
data.
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Since the discovery of the positive electrode material LiCoO, and
its commercialization in the Li-ion technology by Sony in 1991,
analogous layered oxides (LiMeO,, Me = Ni, Co, Mn, Al, etc.) were
studied, aiming at higher intrinsic specific capacity, energy, stability,
and lower costs.””’ Among others, Li[Ni;;3Co;,3Mn;;3]0, (NCM-111)
showed very interesting performances in terms of specific capacity
and stability.®® Recently, materials characterized by an increase of
exploitable Li* charge drew a lot of attention.'®!" These so-called Li-
rich compounds result from the substitution of part of the transition
metal ions by Li™, in a structural arrangement closely related to the
layered structure.''~'4

Li;,MnOs; (or Li[Li;3Mn,3]0;) is the simplest structure in this cat-
egory and crystallizes in the monoclinic system (space group C2/m),
while the common LiMeO,-based layered structures crystallize in the
hexagonal system (space group R-3m).'"!31% The two structures are
very close to each other despite this difference in symmetry, related
simply to the Li* ordering in the transition metal sites. This similarity
is evident in the structure of the Li-rich NCM Li;,,Me; O, (Me =
Ni, Co, Mn), also referred to as high-energy NCM (HE-NCM), where
the hexagonal symmetry of the layered structure is broken by the
superstructure of Li* in the transition metal sites, shown by the super-
lattice reflections in the diffractograms.'>!® This similarity makes the
Li,MnOs; crystalline domains difficult to detect, for which typically
the notation x Li,MnO; e (1-x) LiMeO, has been used.'*!7-18

The higher lithium content of the HE-NCM material results in an
increase in specific capacity and energy. Peculiar to this material is
that the amount of lithium ions that can be deintercalated is higher than
the possible increase in the valence of the transition metals. This was
initially rationalized by the formation of an oxygen-deficient layered
oxide throughout the bulk of the material, formed by oxygen loss dur-
ing the first activation cycle.'®?° Accordingly, subsequent on-line mass
spectrometry studies demonstrated the evolution of O, during the first
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charge.?'">3 The observed oxygen release was commonly attributed to
Li,MnQOj; activation and assigned to a unique plateau in the first charge
of HE-NCM.?** In the proposed process, lattice O>~ anions are 0x-
idized to O, and removed from the oxide bulk structure, while the
initially inactive manganese becomes electrochemically active after
the first activation charge. However, very recently, an alternative view
has been proposed, namely the direct involvement of lattice oxide ions
by oxygen redox in the reversible charge/discharge reaction.?%?’

The present paper will critically discuss the extent and the role
of oxygen release from the HE-NCM host structure during the first
activation charge. By means of quantitative on-line electrochemical
mass spectrometry (OEMS) analysis of the amount of evolved oxygen
and the onset potential of oxygen evolution it can be clearly shown
that the O, release does not take place during the 4.5 V plateau in the
first charge (the so-called “activation”). Instead, we provide evidence
that the O, release occurs due to a structural rearrangement, consistent
with the formation of a spinel-like surface layer observed in several
(S)TEM studies.?®3? This hypothesis is in good agreement with the
amount of oxygen observed in our study, which in turn would be too
low for the previously proposed Li,MnOj3 activation.'”*

Experimental

All experiments were conducted with Li;7[Nig22Coq 12
Mng ¢6]0.830, (further on referred to as HE-NCM; BET >>1m? g1,
BASF SE, Germany), which can also be written as 0.42 Li,MnO; e
0.58 Li[Nig33C0p21Mng 4;]0,. HE-NCM inks were prepared by mix-
ing 96 wt% of HE-NCM, 2 wt% of Super C65 conductive carbon (Tim-
cal, Switzerland), and 2 wt% of polyvinylidene fluoride binder (PVDF,
Kynar HSV 900, Arkema, France) with N-methyl-2-pyrrolidone
(NMP, anhydrous, 99.5%, Sigma-Aldrich, Germany) in a planetary
orbital mixer (Thinky, USA) in several steps. In the case of standard
electrodes for tests in Swagelok T-cells, the ink was coated onto an alu-
minum foil using a doctor blade at a wet-film thickness of 50 wm. For
the OEMS measurements conducted in a specially designed cell,?' the
ink was coated on a steel mesh (SS316, aperture 26 p.m, wire diameter
25 pm, The Mesh Company Ltd, UK) in order to allow access of the
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Figure 1. First cycle of HE-NCM (A) and the corresponding differential capacity (dQ/dV) plot (B). Panel C shows the differential capacity of the subsequent
cycles. In panel D, the dQ/dV plot of the first cycle is shown for different upper voltage cutoffs, illustrating its influence on the discharge peaks. HE-NCM was
cycled vs. metallic Li at a C-rate of C/10 and 25°C. In panel A-C, the first cycle was performed between 4.8 V and 2.0 V, while the upper cutoff voltage was 4.6 V

for the subsequent cycles.

evolved gases to the capillary leading to the mass spectrometer.*?
The electrodes were punched out (loading/diameter: ~4 mgay cm™2/
10 mm for T-cells and ~10 mgam cm~2/15 mm for OEMS cells),
pressed for 20 s with 2.5 tons, and dried overnight at 120°C under dy-
namic vacuum. Swagelok T-cells were built using two glass fiber sepa-
rators (glass microfiber filter, 691, VWR, Germany) and 120 WL LP57
electrolyte (1 M LiPF¢ in EC:EMC 3:7 by weight, <20 ppm H,O,
BASF SE). In contrast, OEMS cells were built using two porous poly-
olefin separators (H2013, Celgard, USA) and 100 pL LP57. Metallic
lithium foil (thickness 0.45 mm, 99.9%, Rockwood Lithium, USA)
was used as counter-electrode for all cells (diameter: 11 mm for T-
cells and 17 mm for OEMS cells), except in one OEMS experiment,
where a partially charged (delithiated) LFP counter-electrode with an
areal capacity of 3.5 mAh cm~2 was used (from Custom Cells Itzehoe
GmbH, Germany), which was charged at C/5 by 3.0 mAh cm™2, cor-
responding to ca. Lig 14FePO,. Prior to cycling, the head space of the
OEMS cells was purged for 2 min with argon to remove any gas traces
from the glove box atmosphere. A 4 h OCV step was applied prior
to starting the experiments. Conversion of the mass spectrometer cur-
rents to concentrations was done for O, and CO,, using a calibration
gas containing 2000 ppm of each gas in Ar (Westfalen AG, Germany).
C-rates are defined based on a specific capacity of 300 mAh g~ am
(AM = cathode active material, HE-NCM in our case).

Results and Discussion

Electrochemical characterization.—HE-NCM shows a unique
activation cycle with a plateau around 4.5 V in the first charge to
4.8 V (Figure 1A), yielding an overall capacity of ca. 320 mAh
g~ ! M, Which is close to the theoretical capacity of the material of
ca. 360 mAh g~!sy (if one were to assume that all lithium could
be extracted, based on Li; 17[Nig2Cog12Mnge6]0.830> with a molar
mass of 86.8 g mol™"). This can be seen more clearly in the differen-
tial capacity (dQ/dV) plot of the first charge/discharge cycle (Figure
1B), in which the activation plateau corresponds to a large peak at
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4.5 V (HE-NCM vs. Li*/Li). The presence of this peak is only ob-
served in the first charge but not in the following cycles (Figure 1C).
Depending on the voltage cutoff (before, on, or after the activation
plateau), additional peaks appear at ca. 3.2 V and 3.7 V in the subse-
quent discharge cycles and at 3.0 V in the charge cycles (Figure 1C).
The higher the end-of-charge voltage during the first activation cy-
cle, the more pronounced are the additional peaks in the dQ/dV plot
(Figure 1D). Apart from the electrochemical characterization, XRD
patterns of the pristine material and after the first cycle are shown in
the Supporting Information. The weak reflections between 9 and 12°
are consistent with a two-phase rhombohedral-monoclinic system,*
which clearly assign the material to the class of Li- and Mn-rich
layered oxides (see Section 1 of the Supporting Information).

Li;MnOj; activation.—In the past, most authors have ascribed
the origin of this so-called activation to the removal of oxy-
gen from the bulk structure, leading to an oxygen-deficient bulk
material.! 71921242534 Some of them attributed the activation of HE-
NCM to the formation of delithiated MnO, according to Eq. 1,'7%*
which can be reversibly lithiated in the following discharge:

LizMHO3 e 2L1+ —+ 2e” +M1'102 + 1/2 02 T [1]

If following Eq. 1, the quantitative activation of Li;MnO;
in our material with the composition 0.42 Li,MnO; e 0.58
Li[Nig33C0021Mng 4,10, (molar mass 104.8 g mol~") would lead to
the release of ca. 2000 pmolo, g*' M, corresponding to ca. 17% of
all oxygen atoms in HE-NCM (calculation given in Section 2 of the
Supporting Information). This requires transport of oxygen anions
from the bulk of the material to the surface during activation, from
where it could be released as molecular oxygen.

Gas evolution during first charge.—Figure 2 shows OEMS data
obtained while charging HE-NCM vs. metallic Li at C/20 up to 4.8 V.
Following the first constant current step (CC), one cell was held at
open circuit voltage (OCV, black curve in Figure 2A) for 10 h, while
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4 Figure 2. OEMS measurement of the first charge of HE-
(B) 1 NCM vs. metallic Li to 4.8 V at C/20 and 25°C, followed
by either an OCV step for 10 h (black curves) or a CV hold
at 4.8 V for 5 h (green curves). Panel A shows the voltage

curve vs. time (note that the curves are superimposed up
to the upper cutoff voltage, i.e., up to ca. 21 h). Panel B
illustrates the evolved amount of O, (solid curves) and CO,

(dashed curves) in units of wmol g’1 AM, Whereas the O,
and CO; evolution rates in units of wmol g~' sy h™! are
shown in the panels C and D, respectively. The dashed red
lines indicate the initial onset potential of CO; evolution; the

4 solid red lines indicate the onset potential of O, evolution
(as well as the second onset potential for CO; evolution); the
solid blue line marks the end of the CC charge at the cutoff
voltage of 4.8 V.
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another cell was held at 4.8 V in a constant voltage step (CV, green
curve in Figure 2A) for 5 h, recording continuously the O, and CO,
evolution in both cases (accumulated O, and CO, signals are shown
in Figure 2B, while the evolution rates of O, and CO, are shown in
Figure 2C and Figure 2D, respectively).

Starting with the CC-OCV experiment (black lines in Figure 2),
the CO, evolution begins at 4.2 V (before the plateau), followed by
a second increase at ~4.6 V (after the plateau), which coincides with
the onset potential for O, evolution. While the CO, release stops at
the beginning of the OCV step, interestingly, the O, evolution goes
on and does not complete within the measurement time. Let us first
examine the evolution of CO,. In agreement with Metzger et al.,
we attribute the initial CO, evolution starting at 4.2 V (marked by
the dashed red lines in Figure 2) to the decomposition of carbonate
impurities on the surface of the HE-NCM particles. The 4.2 V onset
potential agrees with the Li,CO;5 oxidation potential reported in the
literature,>>%3" whereby essentially one CO, molecule per Li,COj;
is produced.’” This first CO, evolution process continues up to a
potential of 4.6 V (marked by the solid red lines in Figure 2), be-
yond which a second increase of the CO, evolution is observed. Note
that the first process gradually levels off during the plateau, consis-
tent with the consumption of an impurity which is only present in
limited quantities. Up to ~4.6 V, ~80 pwmolco, g*1 am are evolved
(Figure 2B), which for a 1:1 stoichiometric ratio between oxidized
Li,CO; and evolved CO, would correspond to a Li,CO; content of
~0.6 wt% (from: 80 pmolco, £ 'am * 74 gri,co, mol™'1i,co,). The
calculated amount of Li,COs is to be expected on the HE-NCM par-
ticles (particularly in view of its rather high BET surface area®®). This

interpretation of the CO, signal is at variance with the mechanism pro-
posed by Streich et al.?} and by Luo et al.,>” who concluded that the
entire amount of CO, evolved during the initial charging of HE-NCM
materials (i.e., including the CO, evolved between ~4.2 and ~4.6 V
in their experiments) would originate from the attack of reactive oxy-
gen species (e.g., superoxide radicals) released from the HE-NCM
lattice on the electrolyte solvents. As evidence, Luo et al. noted the
detection of C'%'30, from their partially '*O-labeled active material,
but since their isotopic labeling process (heating the synthesized ma-
terial in '30,-containing gas at 800°C) would also lead to the labeling
of carbonate species, the formation of C'®'80, can equally well be
explained by the electrooxidation of Li,CO; surface impurities. The
latter are typically present in layered oxide materials.**** However,
the detection of C'*'80, during the entire charging curve shows that
the anodic oxidation of the electrolyte (without any involvement of
the active material), which would release solely C'®1°0, in the exper-
iment by Luo et al., is of minor importance for this class of materials.
Thus, while we disagree with the interpretation by Streich et al.>* and
by Luo et al.”’ that the evolved CO, below ~4.6 V originates from the
reaction of the electrolyte with released lattice oxygen, we do believe
that the second increase of the CO, evolution rate above 4.6 V, which
coincides with the onset of O, evolution, is indeed caused by this
reaction.

Next we will examine the O, evolution during the CC-OCV pro-
cedure. During the initial sloping region and during the high voltage
plateau, i.e., at potentials below ~4.6 V and a charge capacity of
~280 mAh g*IAM, only minute amounts of O, are observed (less
than 10 pmolo, ¢ 'am). This number could account for only
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~1 mAh g~y (assuming 4 electrons/O,) and would thus be negli-
gible compared to the overall charge capacity of ~280 mAh g~'y.
Therefore, since the lattice oxygen evolution happens only after the
plateau at 4.5 V, it cannot be correlated to the Li;,MnOj; activation ac-
cording to Eq. 1, as was done in some of the literature.'”** Only at po-
tentials above ~4.6 V, substantial O, evolution is observed, reaching a
total amount of ~60 pmolo, g~ ! am once the positive voltage cutoff of
4.8 V is reached (see solid blue line in Figure 2). At this point,
the charge capacity amounts to 2310 mAh g~! sy, of which only
~6.4 mAh g*l Am can be ascribed to the detected amount of O,. The
0, data may be compared to the study by Streich et al.,® who obtained
29 pmolo, g*IAM at a cutoff potential of 4.7 V, in excellent agreement
with the ~25 wmolo, g~ am which we recorded at 4.7 V (Figure 2B).
While the O, evolution rate (Figure 2C) is at its maximum at the posi-
tive voltage cutoff of 4.8 V, O, evolution continues even during the sub-
sequent OCV period at a rate which decreases with decreasing poten-
tial. After 10 h of OCYV, the potential decays to ~4.5 V, at which point
the total amount of O, approaches a value of ~200 wmolop, g*1 AM
and the O, evolution gradually stops. Consequently, the total amount
of evolved O, during the CC-OCV procedure amounts to only
10% of what would be predicted on the basis of Eq. 1 (i.e., of
2000 pmolo, g~ 'am; see Section 2 of the Supporting Information).
Note that the amount of O, dissolved in the electrolyte accounts
to ca. 0.1% of the overall O, and is thus negligible compared to
the gas phase which is detected by OEMS (calculation given in
Section 3 of the Supporting Information). Even if we were to as-
sume that all of the evolved CO, (*120 pmolcop, g 'am) would
derive from the oxidation of the electrolyte by released lattice oxy-
gen, as was suggested by Luo et al. (assuming the formation of
1 mol of CO, from 1 mol of released O,),”’ only ~16% of the evolved
O, predicted by Eq. 1 would be released during the CC-OCV pro-
cedure. More likely, however, only ~40 pmolco, g‘l am derive from
electrolyte oxidation by lattice oxygen (based on the above argument
that CO, formed up to 4.6 V is due to Li,CO; oxidation), so that the
maximum amount of released oxygen (*240 pmol g~ o) amounts
to &12% of what would be predicted by Eq. 1.

One remaining unresolved phenomenon in the CC-OCV data in
Figure 2 is the fact that the CO, evolution stops very shortly after
entering the OCV step (best seen by the CO, trace in Figure 2B),
despite the fact that the amount of O, still increases by a factor of
~3 (see O, trace in Figure 2B). This is clearly inconsistent with the
above assumption that released lattice oxygen attacks the electrolyte
solvents leading to CO, formation. As it seems to be required that
charge passes the external circuit, one could hypothesize an (inde-
pendent) oxidation step of the electrolyte which would be suppressed
during OCV. Furthermore, as the released lattice oxygen species is
not known, the absent CO, evolution might be explained by assuming
that the oxidation of the electrolyte is largely triggered by superoxide
radicals (O,*”) rather than by molecular oxygen, which was proposed
previously for alkyl carbonate-based electrolytes**? as well as for
the photo-assisted oxidation of organic dyes in aerated solutions.** At
cathode potentials significantly above 3 V, superoxide radicals could
only be formed by O, reduction at the lithium anode, where it might
proceed as long as lithium is deposited (i.e., as long as a fresh lithium
is being plated). Under this assumption, superoxide radicals to de-
compose the alkyl carbonates to CO, would be present during the CC
step, but could not be supplied anymore during the OCV period. This
will be discussed further when examining the gas evolution during the
CC-CV charge.

Layered-to-spinel transformation.—Let us now summarize our
observations so far: (i) almost no O, from the HE-NCM host struc-
ture is released during the activation plateau, (ii) the total amount
of evolved gases is roughly one order of magnitude lower than what
would be predicted based on Eq. 1, and (iii) the O, evolution con-
tinues during OCYV, i.e., when no charge is passed. This provides
strong evidence that the evolved O, is not related to the bulk ox-
idation of the Li,MnO; phase according to Eq. 1. In contrast, the
negligible amount of O, and the probably largely Li,COs-derived

CO; accumulated by the end of the voltage plateau (i.e., just below
4.6 V) suggests that the following oxygen release is associated with
a structural rearrangement of the surface of the HE-NCM material,
rather than being related to the electrochemically driven process de-
scribed traditionally by Eq. 1. Such reactions are well-known from
structurally related layered oxides and describe the chemical decom-
position of Li,MeQ, into a spinel-like structure with the composition
M’;04 (M’ = Me+Li), shown in Eq. 2.4 This phase transforma-
tion is consistent with the observed phase reported in several (S)TEM
studies from Li- and Mn-rich layered oxides (an overview is pro-
vided in Section 4 of the Supporting Information).?*=3%47-3% As the
transition metal content in Li-rich materials is smaller than that for
common layered oxides, the reaction is given in the generalized form
for LiyMe,0,. Especially in the case of Ni-rich materials,’'™ the
oxygen depletion of the near-surface region is a continuously ongo-
ing process during cycling and/or at elevated temperatures, leading
via the spinel structure to a rock-salt structure with the composi-
tion M’O (M’ = Me-+Li), described in Eq. 3.4** The restriction
of these reactions to the near-surface region can be rationalized by
the low O~ anion mobility within the bulk material at/near room
temperature.

32
LiyMe,0; — 5V i 5 Me s, 04+ 322HY) ) 4,
X+y X+y 3
where x < landy < 1 [2]
3-2
LiyMe,0, — 3V i 5 Me s, 0+ 3720V 6 4
3 o 3
. 2—(x+y)
—>(X+Y)L117XYTyMeﬁO+f02T [3]

In summary, Equations 2 and 3 present an alternative view to
Eq. 1 of the oxygen evolution mechanism for HE-NCM materials
during activation, assuming that oxygen is released by the conversion
of a layered oxide into a spinel (or rock-salt) structure at high poten-
tials. This picture would be by analogy with thermally induced phase
transformations observed for charged layered oxide materials.*4¢3

In the second experiment shown in Figure 2, a C/20 activation
charge to 4.8 V and then continued with a constant voltage step for
5 h was performed (see green curves). Up to the positive cutoff po-
tential of 4.8 V, the voltage and gas evolution responses are identical
with the foregoing experiment (compare green vs. black curves). The
O, evolution rate during the 4.8 V hold period is substantially larger
than during OCV (see black vs. green solid curves in Figure 2C), so
that the total amount of evolved oxygen is larger at the end of the CV
step (280 pmolo, g*1 am after 5 h CV compared to 2200 pmolo,
g~ Tam after 10 h OCV, see Figure 2B). This seems to be at variance
with our above assumption that the diffusion of O~ anions within the
bulk structure would limit the growth of the oxygen-depleted surface
layer, i.e., that it would restrict the release of molecular oxygen to the
near-surface region. However, since lithium deintercalation continues
during the CV step (amounting to ~20 mAh g~'sy), the oxide ma-
terial becomes even more unstable, so that it is not unreasonable to
assume that this would lead either to a slightly increased O*~ diffusion
and/or a further conversion of the spinel layer to a rock-salt structure
(Eq. 3). Both effects would be accompanied by further O, release. As
the O, evolution rate during the CV step diminishes in a similar way
than during OCV, we think that the oxygen depletion is still limited
to the external part of the particles and does not affect the core of the
particles. Note that Equation 2 and 3 describe the formation of the
spinel (metal/oxygen ratio 3:4) and rock-salt structure (metal/oxygen
ratio 1:1) with an ideal stoichiometry. However, it is also possible to
reach stoichiometries in between in which the metal to oxygen ratio
differs from the ideal case. Contrary to the CC-OCV experiment, the
CO; evolution continues at low rate during most of the CV step, which
would be consistent with an oxidation step of the alkyl carbonates or
the continuous formation of superoxide radicals during lithium plating
on the anode.
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Gas evolution during the first two cycles.— After having examined
the first activation charge, we now investigate whether O, release from
the HE-NCM host structure also occurs in the second cycle or not
(Figure 3). Therefore, using first the same electrode configuration as
was used in Figure 2 (viz., HE-NCM vs. Li), we performed a C/10
charge to 4.8 V completed with a CV step of 1 h and followed by a C/5
discharge to 2.0 V, with a subsequent second cycle at C/5 (see black
curves in Figure 3). Once the upper cutoff voltage is reached in this
first charge at C/10, the amounts of evolved O, and CO, are lower than
what we had observed at C/20 (~25 pmolo, g*1 am and ~90 pmolco,
g 'am at C/10 vs. 60 pmolo, g~'am and ~105 wmolco, g7 am
at C/20), which we ascribe to the slow kinetics of lattice oxygen
release. However, at the end of the subsequent 1 h hold at 4.8 V,
the amounts of evolved O, and CO, are essentially identical for first
cycle activation at either C/10 or C/20 (110 pmolo, g 'am and
~120 pmolco, g 'am at C/10 + 1 h CV vs. ~125 pmolo, g*'AM
and ~120 pmolco, g 'am at C/20 + 1 h CV). It is noteworthy that
the O, evolution immediately stops upon switching from the CV step
in the first cycle, during which O, is still being evolved, to the first
discharge step. The rapidly vanishing O, evolution rate (Figure 3C)
demonstrates that there is no delay between the O, evolution from the
HE-NCM material and its detection in the OEMS. As the near-surface
region is lithiated and thus stabilized first during discharge, the abrupt
end of the O, evolution also shows that it must originate from the
external part of the particles. Very surprising is the observation that
there is no O, evolution during the second charge, even though the
overall amount of evolved O, after the first charge at C/10 and 1 h

hold at 4.8 V (110 pmolo, g 'am) is less than what was measured
in the previous experiments with a C/20 charge and 5 h hold at 4.8 V
(~280 pmolp, g~ ! am). Consequently, any formed spinel-like surface
layer in the former case should be thinner and further O, evolution in
the second charge would be expected, contrary to what we and others>
have observed. In order to explain this discrepancy, we hypothesize
that the initially formed surface layer is modified during the first
discharge, thereby preventing further oxygen release in subsequent
charges. In addition, the change in the HE-NCM bulk structure upon
the initial release of almost all of its lithium ions during activation
(320 mAh g~!y in the first charge vs. a theoretical maximum of ca.
360 mAh g~'sy) leads to different bulk thermodynamic properties,
which might affect the oxygen release. Note that the overall capacity
during the second charge decreases to ca. 275 mAh g~! ,. The OEMS
measurement shows also a slight decrease in the O, and CO, signals
once the potential decreases below 3.0 V at the end of discharge,
which can be attributed to the formation of Li,O, and Li,CO3 on
the HE-NCM surface.?>>® This newly formed Li,CO; can then be
oxidized in a subsequent charge, which we believe is the reason for
the observed CO, evolution in the second charge, starting again at
4.2 V. This was already proposed previously.”®

In order to ensure that no gaseous products are consumed on
the Li counter-electrode, the same cycling procedure was applied to
HE-NCM but using partially delithiated LFP as counter-electrode
(green curves in Figure 3; see also in the experimental part). Neither
O, nor CO, are expected to be reduced at the LFP potential.”’ Its
potential was monitored in a T-cell with a Li reference-electrode to
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Table I. Estimation of the molar fraction and thickness of the spinel-like surface layer for Model A (lattice oxygen-derived CO; only above
~4.6 V) and Model B (CO; evolved prior to O, evolution at ~4.6 V also due to the reaction with lattice oxygen), based on the gas evolution for
the HE-NCM/Li cell data in Figure 3 (black lines). For CO,, we assume that both oxygen atoms come from the lattice 0>~ anions, as suggested
by Luo et al.2’ The capacity is also derived from the gas evolution, assuming that four electrons are exchanged per gas molecule. For details see

Section 5 and 6 of the Supporting Information.

Model A (>4.6 V) Model B (>4.2V)

1

Gas evolution AM]

n [wmol g~
Capacity (4e~ /0y & CO,)
Fraction of spinel phase
Spinel-like surface layer thickness

Cspec [mAh gilAM]
Xspinel [mol.%]
Ispinel [nm]

determine the voltage cutoffs in the HE-NCM/LFP full-cell for the
OEMS measurement (—1.45 V and 1.40 V selected as cell potential
for the lower and upper voltage cutoffs). That the chosen cutoffs are
reasonably comparable can be deduced from the close similarity of
the charge/discharge curve features for the HE-NCM/Li and the HE-
NCMY/LFP cells (compare black and green curve in Figure 3A). The
amount of evolved O, after the first cycle is slightly lower for the
HE-NCMY/LFP cell compared to the HE-NCM/Li cell (*85 pumolo,
g7 am vs. ~110 pmolo, g~! am, respectively), but this might be due to
small but finite differences in the upper voltage hold value. Regarding
the CO, evolution, there are clear differences prior to the onset of
O, evolution (reaching ~90 pwmolco, g*1 am for HE-NCM/LFP vs.
~60 pmolco, ¢~ 1am for HE-NCM/Li), which might be due to an
inhomogeneous distribution of carbonate impurities among different
electrodes. Overall, however, the differences in total gas evolution are
not very large, so that any possible “cross-talk” effects between anode
and cathode are either negligible or very similar.

Thickness of the spinel-like surface layer.—Assuming that the
detected O, as well as the associated CO, obtained from Figure 3
derives from the formation of a near-surface spinel layer and not from
the removal of oxygen from the bulk of the material, we will now
estimate its thickness. The latter can be calculated by taking into
account the amount of oxygen atoms which are released from the HE-
NCM host structure according to Eq. 2. To perform this calculation,
we will use two different models. Model A: We only consider the
amount of gases evolved at a voltage higher than 4.6 V, i.e., once the
onset of O, evolution is observed, which, without doubt, will derive
from HE-NCM lattice oxygen. Model B: As some authors assume that
the CO, observed prior to O, evolution (i.e., between 4.2 V and 4.6 V)
originates from electrolyte oxidation by reaction with released lattice
oxygen,”>?’ we will also provide an estimate for the near-surface
layer thickness using the overall gas evolution (i.e., including the CO,
evolution starting at 4.2 V), even though we believe that it is more
likely due to the electrooxidation of Li,COj; impurities. These two
models will now be applied to the HE-NCMY/Li cell data shown in
Figure 3 (black lines). The formation of a spinel structure (M’304, M’
= Me-+Li) at 4.6 V, corresponding to a charge capacity of ~275 mAh
g ! am at C/10, can be written as follows (see Supporting Information
for more details):

Lig,sMey 330, — 0.37 Lig76Me; 2404 +0.26 0, 1 (4]

Comparing the results in Table I, the difference between the two
models is less than 1 nm which is reasonably small compared to the
estimated average HE-NCM particle radius of ~110 nm (see Section 6
of the Supporting Information) and based on the approximations used
for this calculation. Nevertheless, the estimated thickness of ~2-3 nm
for the spinel-like phase is in excellent agreement with recent (S)TEM
results, which propose also a 2-3 nm thick surface layer formed during
the first cycle.”®° As already mentioned in the discussion of Figure
2, it is not possible to determine whether the transformation of the
near-surface region stops at the spinel structure (as described in Eq. 2)
and to what extent it may proceed all the way to the rock-salt structure
(as described in Eq. 3). In the latter case, the estimated thickness of the
near-surface layer would be smaller by a factor of ca. 2. The overall

0, 110 0, 110
CO, 60 CO, 120
18 25
5.7 7.7
2.1 2.9

maximum estimated capacity of ~25 mAh g~y is five times lower
than the capacity provided by HE-NCM during the plateau. However,
the gas evolution does not occur during the plateau but mostly after
plateau at potentials of 4.6 V and above, proceeding even if HE-NCM
is hold at open circuit potential after the first charge.

Conclusions

In the present work, we show the gas evolution of HE-NCM during
the first two cycles using OEMS. The gas evolution can be divided into
a CO, evolution starting at 4.2 V and ending before 4.6 V, followed by
a second CO, production starting at 4.6 V after the activation plateau
and coinciding with the onset of the evolution of O,. In agreement
with the literature?>3337¢ and according to the use of a Li excess in
HE-NCM synthesis, we attribute the CO, evolution at low voltages
mainly to the electrooxidation of Li, CO3 impurities, while the O, and
CO; evolution at voltages higher than 4.6 V are both attributed to
oxygen evolved from the HE-NCM lattice. We exclude any possible
gas consumption on the Li counter-electrode by comparing the results
obtained with LFP as counter-electrode. The maximum recorded gas
evolution due to lattice oxygen upon extended potential hold at 4.8 V
(see CC-CV experiment in Figure 2), 22420 wmol g~ sy (assuming
that CO, evolution at low potentials is due to electrolyte oxidation
by released lattice oxygen) or 340 pumol g ! s\ (assuming that CO,
evolution at low potentials is due to the oxidation of Li,CO3 impuri-
ties), is, in any case, at least 5-fold lower than what would be expected
for the so-called Li,MnOs activation (2000 pwmol g=' ) assumed
in the literature.!”?* This led us to propose an alternative reaction to
the Li,MnOj activation, namely, the formation of a spinel-like near-
surface structure analogous to the known structural rearrangements in
layered oxides. From the amount of evolved gases, we estimated the
thickness of such a spinel-like surface layer on the HE-NCM particles
to be on the order of &2-3 nm, in excellent agreement with previously
observed (S)TEM data.?$-30
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