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ABSTRACT: Layered lithium nickel, manganese, and cobalt
oxides (NMC) are among the most promising commercial positive
electrodes in the past decades. Understanding the detailed surface
and bulk redox processes of Ni-rich NMC can provide useful
insights into material design options to boost reversible capacity
and cycle life. Both hard X-ray absorption (XAS) of metal K-edges
and soft XAS of metal L-edges collected from charged
LiNiy ¢Mng,Co0,0, (NMC622) and LiNiygMng ;Coy,0,
(NMC811) showed that the charge capacity up to removing
~0.7 Li/f.u. was accompanied with Ni oxidation in bulk and near
the surface (up to 100 nm). Of significance to note is that nickel
oxidation is primarily responsible for the charge capacity of
NMC622 and 811 up to similar lithium removal (~0.7 Li/fu.)
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albeit charged to different potentials, beyond which was followed by Ni reduction near the surface (up to 100 nm) due to oxygen
release and electrolyte parasitic reactions. This observation points toward several new strategies to enhance reversible redox
capacities of Ni-rich and/or Co-free electrodes for high-energy Li-ion batteries.
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1. INTRODUCTION

LiNi,Mn,Co;_,_,0, (NMC) materials are intensely studied
positive electrode materials for Li-ion batteries in the past
decades.' ™ By increasing the Ni content in the NMC series
from LiNi; 3Mn, 3Co0,/30, (NMC111) to Nirich NMCs
including LiNiy ¢Mng,Co,,0, (NMC622) and Li-
NiggMng;Coy;0, (NMC811), the discharge capacity can be
greatly increased to more than 180 mAh/g at cutoff voltages of
43 Vy; and above.””* However, the enhanced capacity
associated with enriching Ni in NMCs™° is accompanied
with reduced capacity retention”~” and lower onset potential **
of O, and CO, evolution upon charging. The decreased cycling
stability of NMCs”~ has been partially attributed to increased
oxidation™® of carbonate solvents in the electrolyte, specifically
the dissociative adsorption of carbonate solvents on surface
oxygen sites of NMC to produce protic species,””” which is
associated with greater metal—oxygen covalency in NMC'™"?
at given amounts of lithium removal."”'> Moreover, increased
0, loss from Ni-rich NMCs has also been correlated with a
more significant capacity loss of Ni-rich NMCs over cycling.
However, ambiguities still exist in the details of metal redox in
these Ni-rich NMCs regarding when O, loss commences upon
charging to high voltages, which limits the rational design of
stable high-energy positive electrode materials.

X-ray absorption spectroscopy (XAS)"*™'® and electron

energy loss spectroscopy (EELS)'*'”?" have been used for
revealing depth-dependent redox and structural evolution of
positive electrode materials.”>™° Tian et al.'* have used
oxygen K-edge and transition-metal L-edge soft XAS measure-
ments, which collect the information within 100 nm from the
surface, to show that nickel is oxidized consistently upon
charging NMC622 to 4.6 Vi; (removal of ~0.7—0.8 Li/fu.),
accompanied with minimal oxidation of Co and Mn. These
results are in agreement with the observation that no depth-
dependent change is noted for EELS spectra of transition
metals of charged NMC622 near the surface to 4.7 Vy; after 50
cycles (<20 nm)."* Similarly, Kondrakov et al."” have
combined hard X-ray (depth resolution of a few microns)
and soft X-ray (depth resolution of 100 nm) adsorption
spectroscopy of charged NMC811 to show continuous
oxidation of Ni on the surface and in bulk up to 4.6 Vy,
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Figure 1. (a) Ni L-edge, (b) Mn L-edge, and (c) Co L-edge XAS of pristine and charged Li,Niy ¢Mn,,Co,,0, (NMC622) to 4.1, 4.2, 4.4, 4.6, and
4.8 Vy; oxide-only pellets collected at total fluorescence yield mode (TFY) with a penetration depth of around 100 nm. (d) Ni L-edge, (¢) Mn L-
edge, and (f) Co L-edge XAS of pristine and charged Li,Niy sMn,,Co,,0, (NMC622) to 4.1, 4.2, 4.4, 4.6, and 4.8 V|; oxide-only pellets collected
at total electron yield mode (TEY) with a penetration depth of less than 10 nm. The reference experimental spectra of Mn**O,”” Mn,**0;*’
Mn*0,*” Co*0,”” LiCo®*0,”” Ni**0,”* LiNi**0,** and K,Ni* (H,I0;),** Mn L-edges and Co L-edges of charged and pristine NMC622 have
minimal changes as a function of lithium contents, indicating no significant participation in the redox process, as quantified in Figure 3. Ni L-edges
of NMC622 show consistent oxidation of Ni upon removing around 0.7 Li/fu. and then experience a (sub)surface reduction, as quantified in
Figure 3. The example charge profile of the pellets is shown in Figure S1. The computed reference spectra using the charge-transfer multiplet model

(CTM) are shown in Figure S2.

(removal of ~0.78 Li/f.u.), where the oxidation state of Co
and Mn remains largely unchanged. On the other hand, online
electrochemical mass spectrometry (OEMS) measurements of
0, loss from charged NMC622 and NMC811 to 4.4 V;;” have
allowed for thickness estimation of formed rocksalt NiO-like
surface layers, with a thickness of ~10 nm for charged
NMC622 and 14 nm for charged NMC811. These thickness
estimations are in reasonable agreement with the observed
thickness of ~6 nm of rocksalt on the surface of NMC811
cycled to 4.3 Vy; after 83 cycles using transmission electron
microscopy (TEM).'” It is of greater interest to understand
whether the formation of these microscopically observed
rocksalt layers (with much reduced oxidation state than layered
compounds) due to surface O, loss can be probed by

examining Ni oxidation state changes near the surface and in
bulk by X-ray adsorption spectroscopy and how Ni oxidation
changes near the surface differ with increasing Ni from
NMC622 to NMC811. This understanding is critical to
designing Ni-rich NMC or Co-free electrodes at high cutoff
voltages for high-energy Li-ion batteries.

In this work, we employ a combination of soft and hard X-
ray absorption spectroscopy (sXAS and hXAS) to probe the
surface with total electron yield (TEY) with a depth resolution
of <10 nm, total fluorescence yield (TFY) with a depth
resolution of 100 nm,"*'® and the bulk'"® (depth resolution >1
um) oxidation of charged NMC622 and NMCS811. We
examine oxide-only electrodes that are free of carbon and
binder obtained at different state-of-charge in the first cycle,
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Figure 2. (a) Ni L-edge, (b) Mn L-edge, and (c) Co L-edge XAS of pristine and charged Li,NijsMn,,Co,,0, (NMC811) to 4.1, 4.2, 4.4, 4.6, and
4.8 V|, oxide-only pellets collected at total fluorescence yield mode (TFY) with a penetration depth of around 100 nm. (d) Ni L-edge, (¢) Mn L-
edge, and (f) Co L-edge XAS of pristine and charged Li,NiysMn,;Coy;0, (NMC811) to 4.1, 4.2, 4.4, 4.6, and 4.8 V; oxide-only pellets collected
at total electron yield mode (TEY) with a penetration depth of less than 10 nm. The reference experimental spectra and computed spectra usin§
the charge-transfer multiplet model (CTM) of Mn**O,”” Mn,**0,*” Mn*0,*” Co**0,”” LiCo™0,*” Ni**0,” LiNi**0,** and K,Ni**(H,105),”
Mn L-edges and Co L-edges of charged and pristine NMC811 have minimal changes as a function of lithium contents, indicating no significant
participation in the redox process, as quantified in Figure 3. Ni L-edges of NMC811 show consistent oxidation of Ni upon removing around 0.7 Li/
fu. and then experience a (sub)surface reduction, as quantified in Figure 3. The example charge profile of the pellets is shown in Figure SI1. The
computed reference spectra using the charge-transfer multiplet model (CTM) are shown in Figure S2.

2. RESULT AND DISCUSSION

sXAS TFY and TEY measurements of metal L-edges collected
from pristine and charged NMC622 (Figure 1) and NMC811
(Figure 2) pellets revealed gradual nickel oxidation upon
lithium removal up to 0.7 Li/fu. (x; = ~0.3) while no
significant changes were found for cobalt and manganese. Nj,

focusing primarily on the high state-of-charge compared to

916 The use of the oxide-only electrode

previous studies.
allows us to decouple the oxide redox process with the binder
and carbon parasitic reaction products. sXAS, more sensitive to

surface redox than hXAS, revealed that surface redox began to

deviate from bulk upon charging NMC622 and NMC811 at
4.2 Vi, and above. By combining the oxidation state changes of
metal ions from near the surface to bulk, we show that Ni near
the surface and in bulk gradually become oxidized up to 4.2 Vi;
for NMC622 and 4.1 Vy; for NMC811 or upon lithium
removal of 0.7—0.8/f.u., beyond which is accompanied with Ni

reduction in the surface regions (10 nm).

Mn, and Co L-edges of these samples are composed of two
major regions (L; and L,). The region at low photon energy,
referred to as L; edge, is corresponding to the transition from
2p3/, to unoccupied 3d states, while the other feature located
at high photon energy (10—15 eV separation from the L,
features) is referred to as L, edge, corresponding to the
transition from 2p;,,.”*” As the L; edge of the 3d transition
metal is around twice as intense compared to the L, edge
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Figure 3. Quantification of the oxidation state of (a) Ni L;-edge, (b) Ni K-edge, (c) Mn L;-edge, and (d) Co L;-edge XAS of pristine and charged
LiNiy¢Mn,,Co0y,0, (NMC622) to 4.1, 4.2, 44, 4.6, and 4.8 V|; oxide-only pellets collected at TEY (closed circle) and TFY (open circle),
representing the redox process at less than 10 and 100 nm, respectively. The Ni K-edge is measured under transmission mode. (f) Ni K-edge, (g)
Mn L;-edge, and (h) Co L;-edge XAS of pristine and charged LiNiygMny;Co O, to 4.1, 4.2, 4.4, 4.6, and 4.8 V|; oxide-only pellets collected TEY
(open circle) and TFY (closed circle) (Figure 2), representing the redox process at less than 10 and 100 nm, respectively. The Ni K-edge is
measured under transmission mode, representing the redox process more than 1 ym, where the raw Ni K-edge, Mn K-edge, and Co K-edge spectra
are shown in Figure S5, and the quantlﬁcatlon is shown i in Figure S6. Quantification of experimental spectra of Mn>*0,”” Mn,>*0;>” Mn*0,*’

Co”*0,” LiCo*0,*” Ni**O,” LiNi**0, >

of lithium contents from previous OEMS studies” is shown as gray lines.

and L10 ,NiO,"¢ is shown as lines. Oxygen evolution of NMC622 and 811 (umol/cm, 4, ) as a function

because the occupancy ratio of the p;/, orbital is twice as that
of pyj,”°" therefore we primarily analyzed changes in metal
oxidation with the Ly edge.”'®*' The Ni L;-edge doublet of
NMC622 (Figure 1a) and NMC811 (Figure 2a) collected in
the TFY mode was found to have the high-energy peak (peak
b) grow at the expense of the low-energy peak (peak a) upon
charging to 4.2 V; (xy; (lithium content) = 0.36) and 4.1 V;
(x1; = 0.35), respectively, beyond which the trend was reserved
upon further lithium removal. Similar changes were found for
TEY Ni L;-edge data for NMC622 and 811. (Figures 1d and
2d) These changes are indicative of nickel oxidation up to
removing ~70% of Li, which is supported by similar changes
observed in reference compounds of nickel oxidation states
including Ni**O, LiNi**O,, and K,Ni*"(H,I0q),.”’ Further
support comes from the simulated spectra using a charge-
transfer multiplet model (CTM) developed by Groot et al.,”*
where increasing the oxidation state from Ni** to Ni** in an
octahedral coordination is accompanied by greater intensity of
the high-energy peak compared to the low-energy feature
(Figure S2). Such a trend in the intensity ratio is not captured

by ab initio based tools, for example, OCEAN, ,*° which focuses
on having an accurate description of density of states (DOS),
as shown in Figure S3. For example, by calculating the Ni L-
edges of Li,NiO, (x = 1, 0.5, 0.33) using OCEAN code, there
is no significant difference in the features by removing lithium,
coupled with only a tiny shift in the Ni L;-edge whiteline in the
relative energy scale, indicative of potential Ni oxidation. The
insensitivity of OCEAN to 3d metal L-edges lies in that for
highly correlated 3d transition metals, the L-edge is over-
whelmed by the exciton (electron—hole pair) effect instead of
the ground-state density of states,”' where OCEAN might be
not too sensitive in capturing the exciton effect as a function of
metal oxidation state. Such an observation is in contrast with a
relatively accurate description of 4d metal L-edge studied in
our previous work using OCEAN,”® where 4d metal L-edges
are predominantly dictated by ground-state DOS.”' On the
other hand, no noticeable changes were observed for Mn
(Figures 1b,e and 2b,e) and Co (Figures 1c,f and 2c,f) L-edges
of charged NMC622 and NMC811, suggesting insignificant
changes in their oxidation states upon charging the oxides.
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Figure 4. O K-edge sXAS of (a) TFY and (b) TEY of pristine and charged LiNiy¢Mn,,Co,,0, (NMC622) to 4.1, 4.2, 4.4, 4.6, and 4.8 V; oxide-
only pellets, where the quantification of the pre-edge area of O K-edge TFY is shown in (c). O K-edge sXAS of (d) TFY and (e) TEY of pristine
and charged LiNi; gMn,;Coy;0, (NMC811) to 4.1, 4.2, 4.4, 4.6, and 4.8 Vy; oxide-only pellets, where the quantification of the pre-edge area of O
K-edge TFY is shown in (f). It was shown that for NMC622 and NMC811, the prepeak area increases as a function of voltage upon charging to 4.2
Vy; (lithium removal 0.7—0.8 Li/fu.), indicating transition-metal oxidation upon charging followed by a prepeak area decrease with further lithium
removal, which is matching with the sXAS Ni L-edge shown in Figure 3. The quantification of the prepeak area in TEY is shown in Figure S7.

2.1. sXAS TFY and TEY Ni-L; and O-K-Edge Measure-
ments of Charged NMC622 and NMC811. The ratio of
high-energy to low-energy peak intensity in the Ni L; doublet
of TFY and TEY data was quantified to show the trends in the
oxidation state of transition metal in charged NMC622 and
NMC811 (Figure 3a,3e). It should be noted that these trends
found for TFY and TEY data are not dependent on the
methods of analyzing the oxidation state, where by using
centroid position to extract the oxidation state in Figure S4a,d,
we observe similar trends. The peak intensity ratio of pristine
NMC622 (Figure 3a) and NMC811 (Figure 3e) in the TFY
mode is close to that of LiNiO,, indicative of a nickel oxidation
state of ~3+. The peak intensity ratio of Ni TFY L; collected
from charged NMC622 and charged NMC811 was found to
increase up to 4.2 V; (lithium removal of ~0.66 Li/fu (xy; =
~0.34), Figure 3a) and 4.1 Vy; (lithium removal of ~0.65 Li/
fu (x; = ~0.35), Figure 3e), respectively, indicating nickel
oxidation in regions 100 nm below the surface. Further Li
removal is accompanied with the reduction in the TFY L; peak
intensity of charged NMC622 and peak intensity flattening of
charged NMC811. Further insights to nickel oxidation state
changes came from TFY oxygen K-edge sXAS measurements
of charged NMC622 and NMC811 pellets (Figure 4). The

prepeak area of oxygen K-edge TFY (Figure 4c,f) for charged
NMC622 and NMC811 was found to first increase upon
charging to 4.2 and 4.1 Vy;, respectively. As greater prepeak
area of oxygen K-edge indicates more unoccupied states for
TM 3d — O 2p states”™”” and greater Ni—O covalency,
increasing the prepeak area of charged NMC622 and NMC811
further supports the oxidation of Ni, in agreement with Ni TFY
L; measurements. Flattened prepeak area of oxygen K-edge
TFY (Figure 4cf) for charged NMC622 upon further Li
removal suggests no significant nickel reduction or oxygen loss
within regions 100 nm from the surface. This argument is
supported by the amount of oxygen evolution detected in the
previous OEMS measurements.” Considering oxygen evolution
only from previous OEMS measurements’ of charged
NMC622 would only translate to negligible nickel reduction
(a valence change of 0.007), where we assume oxygen loss
from regions within 100 nm of the surface and an average
primary particle size of 7 um based on the microscopy images
from previous work® (Supporting Information Notes 1 and 2).
However, the reduction in the ratio of high-energy to low-
energy peak intensity in the TFY Ni L; doublet of charged
NMC622 beyond lithium removal of ~0.66 Li/fu. (xy; =
~0.34) (Figure 3a), which is accompanied with the shift of the



TFY Ni L; peak centroid (Figure S4) toward lower photon
energy, is not well understood, which can be the result from
increasing redox contributions from other metal centers other
than Ni. For example, at low state-of-charge, slight Co
oxidation was observed in Co L-edge TFY (Figure 3d),
which was accompanied with more covalent interaction
between Co—O, resulting in a less covalent interaction
between Ni—O and Mn—O due to the inductive effect.’’
This argument may explain the reduction of Ni effective
charges upon further charge, requiring future studies. There-
fore, combining the TFY and previous OEMS results suggests
that charged NMC622 has no considerable oxygen loss and
nickel reduction within regions 100 nm from the surface with
lithium removal beyond ~0.8 Li/fu. (x; = ~0.2). In contrast,
the prepeak area of oxygen K-edge TFY (Figure 4cf) for
charged NMC811 was found to decrease significantly upon
charging to voltages greater than 4.1 Vy; (Figure 4f), indicating
considerable metal reduction within regions 100 nm from the
surface. Such nickel reduction of charged NMC811, observed
mostly pronouncedly at lithium removal of ~0.8 Li/fu. (xy; =
~0.2), can be attributed to oxygen loss from oxide lattice, as
reported by previous OEMS® and differential electrochemical
mass spectrometry (DEMS) measurements.”' ~** Oxygen loss
detected from previous OEMS measurements’ of charged
NMC811 would translate to some nickel reduction (Ni valence
reduction of 0.07) upon lithium removal beyond ~0.8 Li/fu.
(xy; = ~0.2) within regions 100 nm from the surface
(Supporting Information Note 2), and by attributing all of
CO, evolution from lattice oxygen, it results in a Ni valence
reduction of 2. Therefore, TFY Ni-L; and O-K measurements
with previous OEMS results suggests that charged NMC811
has considerable oxygen loss from the oxide lattice and nickel
reduction with lithium removal beyond ~0.8 Li/fu. (x; =
~0.2) within regions 100 nm from the surface. Moreover, by
combining with the previous DEMS result, some of the oxygen
loss could attribute to the CO, evolution during first charge.”*

We further compare Ni Ly TEY data (probing 10 nm from
the surface) with those of TFY (probing 100 nm from the
surface) for charged NMC622 and NMCS811. The ratio of
high-energy to low-energy peak intensity in the Ni L; doublet
of TEY data (10 nm) collected from pristine NMC622 (Figure
3a) and NMC811 (Figure 3e) was found lower than that of
TFY, indicating regions 10 nm from the surface more reduced
than regions 100 nm below the surface, which is commonly
observed in transition-metal oxides."”'”**** Ni reduction on
the surface of pristine NMC622 and NMCS811 can be
attributed to the formation of surface metal carbonate and/
or hydroxyl formation during synthesis and storage in the Ni-
rich positive electrode.’® The formation of Ni and/or Li
carbonate is further supported by the O K-edge TEY sXAS
data of pristine oxide-only pellets (Figure 4), as indicated by
the characteristic peak around $32—533 eV’’ of carbonates.
The ratio of high-energy to low-energy peak intensity in the
TEY Ni L; doublet of charged NMC622 (Figure 3a) was
shown to follow a similar trend to that of TFY (Figure 3a) but
with lowered values. These observations suggest that upon
charging Ni oxidation state evolution in regions 10 nm from
the surface regions traced that observed in 100 nm from the
surface but was more reduced. On the other hand, not only the
TEY data of charged NMC811 traced the trend of TFY data
(Figure 3e), but also the ratio of TEY Ni L; data of charged
NMC811 (Figure 3e) was close to that of TFY data upon
charging to 4.2 Vy; suggesting that NMC811 surface is less

reactive compared to NMC622 at low state-of-charge. These
results suggest that regions in ~10 nm from the surface have
similar nickel oxidation to bulk upon charging up to 4.2 Vi,
and become more reduced at a higher state-of-charge. The
decreased intensity ratio from the TEY data for charged
NMC622 (Figure 3a) and NMC811 (Figure 3e) beyond
lithium removal of 0.7 Li/fu.(x;; = ~0.3) could be attributed
to the formation of more reduced nickel species such as NiO
on the surface, resulting from surface oxygen release and
dissociative adsorption of carbonate solvents on surface oxygen
sites to reduce the transition metal.”” Unfortunately, further
examination of TEY O K-edge sXAS data of charged NMC622
and NMCS811 (Figures 4be and S7) revealed no further
insights due to lack of systematic trends with Li removal,
suggesting potentially greater influence from the formation of
oxygenated electrolyte decomposition products on the surface
compared to metal L-edges. From our previous work,” we have
shown that the electrode—electrolyte interface is limited to a
thickness of less than 10 nm due to the presence of obvious
lattice oxygen signal in the charged NMC from XPS Ols
spectra, therefore O K-edge XAS TEY could be largely affected
by the electrolyte decomposition parasitic products deposited
on the surface. Finally, the amounts of Li removal for the onset
of Ni reduction for regions 10 nm from the surface shown from
TEY measurements of charged NMC622 and NMC811 as well
as charged LiNiO,'® are comparable (~0.7 Li/fu (x;; = ~0.3))
and independent of the bulk Ni content. This observation of
this surface Ni reduction onset is comparable to the observed
onset voltages of oxygen release from charged NMC622 and
NMCS811 reported from previous literature.”**"** Much lower
Ni oxidation state from NMC622 charged to 4.8 V; compared
to NMC811 charged to that voltage is contradictory with more
reactive. NMC811 surface. Such discrepancies could be
reconciled by the very comparable oxygen evolution amount
at 4.8 and 5.0 V; from previous OEMS measurements.”
Moreover, due to the difference in the electronic structures of
NMC622 and 811 and the Ni L-edge doublet ratio,
quantitative comparison across these two different chemistries
might not be very rigorous. Further investigation using X-ray
microscopy”® should be employed to understand the spatial
distribution and morphology of the oxide particles charged to
such high potentials. It is worthy to note, even though we have
included the literature data of the intensity ratio of Ni doublet
for different Ni oxidation states in Figure 3 to qualitatively
compare the oxidation state of charged NMC with the
experimental reference, we did not extract the exact nominal
oxidation state of our samples because such comparison
requires corrections of the incident beam dynamics and the
quantum eficiency of the detectors for both the literature data
and the measurements in this work. We reported the
experimental reference for the doublet peak ratio just for a
comp&riséolr; with previous work on LiNiO,-derived sys-
tems. "

2.2, Connecting Ni sXAS With hXAS Measurements of
Charged NMC622 and NMC811. Ni K-edge energy
collected from charged NMC622 and NMC811 (depth
penetration greater than 1 um,”’ Figures 3b,f and SSa,d) was
found to shift positively upon charging to 4.2 and 4.1 Vi,
respectively, beyond which minimal change was observed.
Metal K-edge raw spectra comprise one major peak (Figure
S5), corresponding to the transition from 1s to 4p,40 and a
minor feature at 15 eV lower photon energy, corresponding to
Is to 3d transition state that is theoretically dipole-forbidden



but quadrupole allowed due to slight M-O octahedron
distortion.”” The Ni K-edge of charged NMC622 to 4.2 Vy,
(Figures 3b and SS5a) and NMC811 to 4.1 Vy; (Figures 3f and
S5d) was shifted significantly to higher photon energy. In
addition, the Ni K-edge shift is accompanied with shortened
Ni—O bond length (~1.97 to ~1.89 A) fitted from Extended
X-ray absorption fine structure (EXAFS) analysis of NMC622
(Figures S8a, S9, and S11la) and NMC811 (Figures S8b, S10,
and S11b). These observations indicate upon charging to 4.1
V1, nickel oxidation largely happens in bulk, in agreement with
previous studies of sXAS and hXAS." Further charging to
higher voltages (lithium removal beyond ~0.6 Li/f.u.) resulted
in minimal change observed in bulk coming from Ni K-edge
spectra of charged NMC622 (Figure 3b) and NMCS811
(Figure 3f). Different from the observation near the surface,
further removing more than ~0.7 Li/fu. (x; = ~0.3) results in
no noticeable further oxidation in the Ni K-edge data of
charged NMC622 and NMC811 (Figures 3b,f and S5a,d) as
well as no further reduction in the Ni—O bond length from the
EXAFS spectra (Figures S11,512). Similar observations in the
Ni—O bond length have been noted for charged Li-
Nig5C0g 150, where the Ni—O bond length was stabilized
at ~1.89 A by removing ~0.6 Li/fu. (x; = ~0.4) and more
(Figure S13). Therefore, Ni K-edge hXAS combined with Ni
L-edge and O K-edge sXAS shows bulk and surface nickel
oxidation upon lithium removal up to ~0.7 Li/fu. (x; =
~0.3), beyond which nickel can become reduced in regions 10
nm from the surface due to oxygen release and dissociative
adsorption of carbonate solvents on surface oxygen sites to
reduce the transition metal.>”

2.3. sXAS and hXAS Measurements of Mn and Co on
Charged NMC622 and NMC811. Unlike Ni, Co, and Mn in
charged NMC622 and NMCB811 exhibit small changes upon
lithium removal from sXAS measurements. The doublet
feature of TFY and TEY Mn L; edge of charged NMC622
(Figure 1be) and NMC811 (Figure 2be) is indicative of
Mn*, which is supported by the reference spectra used in this
study, simulated spectra from CTM (Figure S2) and previous
studies.*"** Moreover, for Mn L-edges, as we increase the
oxidation state of Mn in the experimental reference (Figure
1b) as well as CTM-simulated reference in Figure S2, there is
an obvious shift for the spectroscopic edge toward high photon
energy. It is worthy to note that the CTM model tends to have
an overestimation of such shift for Mn*'; this inaccuracy in
photon energy is also acknowledged in the previous study on
Fe-based systems.”” Upon charging, the TFY Mn L-edge
spectra of charged NMC622 and NMC811 remained largely
unchanged, with a small shift of the onset edge energy to lower
photon energy with increasing Li removal, indicative of slight
reduction from Mn*, presumably due to the inductive effect
associated with nickel oxidation. No significant changes were
found for the TEY Mn L-edge energy (probing 10 nm from the
surface) of charged NMC622 (Figure 3c), indicating negligible
Mn reduction, up Li removal to 0.9 Li/fu. (x; = ~0.1). In
contrast, the TFY Mn L-edge energy of charged NMC811
decreased monotonically with increasing Li removal (Figure
3g), suggesting potential subsurface Mn reduction, presumably
attributable to the formation of secondary phases such as Mn
spinel and/or rocksalt’”** on the surface. However, the
significance of the observed backshift of Mn, compared to the
energy resolution of 0.2 eV for 3d metal L-edge XAS, remains
debatable. On the other hand, the peak feature and energy of
TFY and TEY Co L; edge of charged NMC622 (Figure 1b,e)

and NMC811 (Figure 2b,e) is indicative of Co**, which is
supported by reference spectra used in this study, simulated
spectra from CTM (Figure S2) and previous studies.*” Similar
to what is observed in Mn L-edge references, increased Co
oxidation states in the experimental and computational
references also induce an obvious positive shift in the edge
and centroid. Moreover, the TFY Co L-edge spectra of charged
NMC622 (Figure 1c) and NMC811 (Figure 2c) also remained
largely unchanged with Li removal, having a small shift toward
higher edge onset energy (Figure 3d,h) with increasing Li
removal up to ~0.9 Li/fu. (x; = ~0.1). This observed shift is
not very significant compared to the energy resolution of
spectra, which is 0.2 eV. These results suggest that Co
oxidation has a small contribution to charge compensation
upon lithium removal from charged NMC622 and NMC811.
Negligible changes were noted for the TEY Co L-edge energy
of charged NMC622 (Figure 3d) and charged NMCS811
(Figure 3h), indicating no significant changes for Co oxidation
in regions 10 nm from the surface, with increasing Li removal
to ~0.9 Li/fu. (x; = ~0.1).

Moreover, no significant changes were observed for Mn and
Co K-edges of charged NMC622 and NMC811 (Figures SS
and $6), albeit there appeared to be a slight positive shift in the
edge energy of Co K-edge, indicative of very slight bulk
oxidation of Co in NMC811, especially upon charging to 4.4
Vy; and higher. Considering the nominal oxidation potential of
Co in Li;CoO, at ~3.9 V;,* Co oxidation at substantially
higher voltages in charged NMC622 and NMC8I11 can be
rationalized by the argument that Ni** has more covalent
bonding with oxygen as compared to Co** in LiCoO,,
therefore inducing less covalent bonding between Co and
oxygen due to inductive effect, lowering the antibonding states
of the Co—O bond, and increasing the oxidation voltage of Co
in NMC622 and NMC811.* This observation indicates that
no matter what the substituents are, unless it is more
electronegative than Ni** and redox active, introduction of
those cations may not necessarily boost the redox capability of
such system and will not delay the surface oxygen release onset
potential/capacity.

2.4, Transition-Metal Redox of Charged NMC622 and
NMC811 and Implication for Materials Design. By
combining sXAS with hXAS measurements on Ni, Mn, and
Co as well as sXAS on O K-edge of charged NMC622 and
NMCS811, we show that Ni in regions 100 nm from the surface
(Figure 3a,3e) and in bulk (Figure 3b,3f) becomes oxidized
upon Li removal to 0.7 Li/f.u., primarily responsible for charge
compensation, where Co is slightly oxidized (Figures 3d,h,
S6b, and S6d) and Mn is slightly reduced (Figures 3c,g, S6a,
S6¢). These changes indicate that the Ni** 3d states are above
Co>" 3d states, which are above Mn*" 3d states, in NMC622
and NMC811. Beyond Li removal to 0.7 Li/fu., there is no
significant oxygen loss and nickel reduction in bulk and in
regions 100 nm from both Ni L-edge and K-edge as well as O
K-edge measurements. On the other hand, Ni cations in
regions 10 nm from the surface of charged NMC622 (Figures
3a and 4c) and NMCS811 (Figures 3e and 4f) become
noticeably reduced upon Li removal of ~0.7 Li/fu. (x;; =
~0.3) and higher, which onset is independent on bulk Ni
content in NMC. The onset state of charge (Li removal of 0.8/
fu. (x; = ~0.2)) matches with previous DEMS*'™** and
OEMS measurements”* on NMC622 and NMC811 as well as
other Ni-based systems such as LiNiO,, where oxygen release
starts at state-of-charge around 80%.'° These observation



suggests that the observed Ni reduction in regions 10 nm from
the surface upon Li removal of 0.8 Li/f.u. and higher can be
attributed to oxygen release from oxides as well as dissociative
adsorption of carbonate solvents on surface oxygen sites to
reduce the transition metal and form protic species.”” The
greater oxygen loss found from charged NMCS811 than
charged NMC622 at Li removal of ~0.8 Li/fu. (x;; = ~0.2)
from previous OEMS measurements is accompanied with
greater Ni reduction in regions 10 nm from the surface for
charged NMC811 (Figures 3e and 4f) but minimum reduction
of Co and Mn. Therefore, while Mn and Co may have
stabilizing effects for Ni-rich NMC at high state-of-charge,*°
the redox of Ni**/#* (Figure 5) is largely responsible for charge
compensation in Ni-rich oxides during reversible lithium
intercalation and irreversible oxygen release.
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Figure 5. Schematics of the surface and bulk Ni redox process of Ni-
rich NMC622 and 811 summarized from the sXAS and hXAS data
shown in Figures 2, 3, and 4, where the bulk and surface of the
pristine NMC experienced Ni oxidation upon charging by removing
around 0.7 Li*/fu., coupled with depleting electrons from the metal
states. This is followed by a surface Ni reduction upon further
charging, coupled with oxygen release reported by previous literature,
and back-filling of electrons to the Fermi level from oxygen due to
oxygen vacancy creation.”™*'7**7 The oxygen release is coupled
with the electrolyte decomposition reactions where the carbonate
solvent dissociative adsorbs on the oxide surface, reducing the
transition metal, forming protic species, which could further attack the
salt species.’

The observed metal redox process presented in this work,
where the cationic capacity has limited dependence on bulk Ni
content, points toward two major strategies of bulk materials
design that can further push the Ni redox capacity that is
eventually free of Co. The first strategy points toward cationic
substitution contributing to the redox in parallel with Ni>**/4*
redox, requiring similar and even slightly higher electro-
negativity compared to Ni**/** states. Such consideration lies
in that electronegativity is directly correlated with the metal
redox level, where more electronegative substituents introduce
more covalent M-O interaction and lower down oxidation
voltage of the substituent in comparison to Ni redox due to
inductive effect.”” This strategy points toward substitution of
more delocalized and slightly more electronegative 4d and 5d

transition metals in the system such as Nb*, Ru*, Rh*, Pt*,
WH/5* etc. Another strategy includes reducing Ni oxidation
state through cationic dopants of higher oxidation state
compared to oxygen. By introducing metal with a higher
oxidation state than Mn*", Ni can be further reduced closer
toward 2+, providing more capacity before reaching Ni** and
oxygen release, for example, Nb>* and W** can fulfill such
purpose. Recently, W dopants are also explored by Ryu et al.**
and showed promising performance with suppressed H2 to H3
phase transition, hinting at less degree of oxygen release. The
design strategies we discussed are only targeted at improving
the bulk redox capability of Ni-based oxides, yet the capacity
retention in the subsequent cycles also hinges on the interfacial
reactivity of the oxides toward the electrolyte. Even though in
this work, we have shown minimal dependence of Ni redox
process on bulk Ni content, in our previous works on
interfacial reactions of Ni-rich positive electrodes toward the
electrolyte, the interfacial reactivity is directly related to Ni
contents and is closely related to cycling stability of the
electrodes.””*’ Therefore, when designing the bulk oxides,
consideration on the methods to mitigate oxide reactivity
toward carbonate also needs to be taken, which includes extra
consideration on surface treatment and processing and storage
conditions, which could have a large impact on the interfacial
reactions and reversible capacities.

3. CONCLUSIONS

In this work, we combined soft and hard X-ray absorption
spectroscopy to study the redox process of Ni, Mn, and Co in
Ni-rich NMC. We have shown that compared to hXAS, sXAS
is much more sensitive to the surface processes, which are
dominating at high state-of-charge. We observed through Ni L-
edge TEY and TFY, as well as O K-edge TFY, a consistent
oxidation of Ni up to removing around 0.7 Li/fu. (x; = ~0.3)
in NMC622 and 811 to a nominal oxidation state of around 4+
in both bulk and surface, followed by a surface Ni reduction
back to Ni**. Such reduction is only limited to the region
within 10 nm from the surface, shown by stagnant bulk Ni K-
edge onsets at high state-of-charge. Meanwhile, Co and Mn
show minimal participation in this redox process from both
hXAS and sXAS characterization. The surface Ni reduction
process is the result of surface oxygen release and directly
correlated with irreversible capacity in the formation cycle. The
onset of this reduction matches perfectly with the observed
OEMS oxygen release onset and is state-of-charge-dependent
(70—80% state-of-charge), yet not bulk Ni content dependent.
Through those findings, an overall depth-dependent redox
mechanism is proposed for Ni-rich NMC, which provides
insights in future bulk material design of Ni-based electrodes to
further boost its reversible capacity.

4. METHODS

4.1. Electrode Preparation. NMC622 (LiNiy¢Mng,Co,,0,)
and NMC811 (LiNiygMn,;Co,,0,) were obtained from ECOPRO,
South Korea. The pristine particles of NMC622 and 811 are around 7
um, shown by scanning electron microscopy (SEM) in our previous
characterizations,” rendering the comparison between them in this
study very fair. Moreover, the pristine materials are free of impurities,
as shown in X-ray diffraction (XRD) in Figure S14. In this study, we
employed oxide-only electrodes since using composite electrodes
introduces the complexity of oxygenated species from the binder and
carbon upon charge, where inclusion of the binder and carbon might
introduce difficulty in the interpretation of the data through forming
oxygen-containing parasitic products at high potentials, which could



affect the O K-edge XAS spectra. The pellet electrode was prepared
through pelletizing around 48 mg of active materials using 6 mm
diameter pressing die set (Across International) for 1S min. The
pellets were then sintered under oxygen flow at 750 and 725 °C for 6
h, for NMC622 and 811, respectively. The cooling and heating rates
are controlled to be 2 °C/min. The pellet electrodes are then broken
into pieces of around 3 mg each, then dry in vacuum under 120 °C
overnight before transferred into an argon-filled glovebox (<0.S ppm
of H,0 and O,). The oxide-only electrode has very comparable
electrochemistry profile to composite electrode™* when cycling to 4.8
Vy; and discharge back to 2 Vy;, as shown in Figure S15.

4.2. Electrochemistry. Electrochemical behavior of the electrodes
was confirmed by galvanostatic measurements in two-electrode cells
(Tomcell type TJ-AC). Cells were assembled in an argon-filled
glovebox (<0.5 ppm of H,O and O,) and comprised a lithium metal
foil as the negative electrode and the positive electrode, separated by
two pieces of the polypropylene separator (2500 Celgard),
impregnated with 150 uL of different electrolytes including LPS7
(1M LiPFq in a 3:7 ethylene carbonate (EC): ethylmethyl carbonate
(EMC) electrolyte (BASF)). After assembly, the cells rested for 6 h
prior to measurement and then were charged with different end-of-
charge potentials (4.1, 4.2, 4.4, 4.6, and 4.8 V|;) at a C/100 rate (2.8
mA/g), based on the theoretical capacity calculated assuming full
delithiation. The cells were maintained at the end-of-charge potential
for S h before disassembly in the glovebox. For the charged pellet
electrode, they were rinsed in 1 mL of EMC solution with stirring for
24 h to remove the residual electrolyte and electrolyte decomposition
products on the surface. The pellets were then dried in vacuum for 4 h
before further characterization using XAS.

4.3. Synchrotron Measurements. Transition-metal L-edges and
O K-edge XAS were conducted in Canadian Light Source (CLS)
beamline 10 ID-2 on the charged pellets and transition-metal K-edges
XAS were conducted at the Stanford Synchrotron Radiation
Lightsource (SSRL) at the SLAC National Accelerator Laboratory,
Beamline 6-2b in transmission mode with an active material mass
fraction of 10%, diluted with sucrose, using a Si(111) analyzer. The
soft X-ray XAS measurement is aligned with TiO, reference. The hard
X-ray spectra are aligned using the Si(111) glitches. All spectroscopy
data were normalized and processed using the ATHENA software
package.”® For O K-edge and transition-metal K-edge XAS, the
spectra were normalized by reducing the pre-edge to intensity of 0
and the continuum after the whiteline to intensity of 1. The metal L-
edge spectra were background-subtracted by fitting a polynomial, and
the maxima was normalized to 1. The edge onset energies for Co are
extracted by linear extrapolating the energy at 0.5 of the maximum of
the intensity of the XAS spectra, whereas for Mn the edge onset
energies are extracted by extrapolating the energy at 0.2 of the
maximum of the intensity the XAS spectra due to the low-energy
shoulder of the spectra. For soft X-ray measurement, the samples are
sealed inside the argon-filled glovebox in the aluminum foil bag before
transfer into the XAS chamber. While mounting the sample holder to
the XAS chamber, there is a certain period of exposure in air, which is
minimized down to less than 5 s. We believe what we have observed
in XAS TEY is not affected by such a short time of exposure to air as
there is no obvious signal of air exposure products®® such as LiOH*'
and Li,CO;” in O K-edge TEY in the charged oxides. Furthermore,
there is a very consistent trend observed in Ni L-edge in terms of Ni
oxidation and very comparable with previous literature reports in
similar chemistries.'® The TFY data is definitely not affected by such
short exposure considering the probing length scale is around 100 nm.
Furthermore, TFY of 3d metal L-edge suffers from self-absorption
issues, and this could be alleviated by using the inverse partial
fluorescence yield (iPFY), which is the inversed intensity of O Ka
emission in the RIXS.*” iPFY mode is partially eliminated with
obvious self-absorption and line distortion.>” As shown in Figure S16,
S17, iPFY shows very consistent trend with the TFY data even though
with different doublet ratios for Ni due to the line distortion and
saturation in TFY. However, we still keep the TFY information in the
main text and iPFY in the Supporting Information because TFY is

much more widely used in the literature,"*'®'” which allows us to

T 14,16,17 -
compare with literature data, as shown in Figure 3.
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