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Reversible Anionic Redox Activities in Conventional
LiNi1,3C01,3Mn1/302 Cathodes

Gi-Hyeok Lee', Jinpeng Wu', Duho Kim, Kyeongjae Cho, Maenghyo Cho, ng* &
Yong-Mook Kang*

Abstract: The redox reaction layered eIectrodMg bﬂ‘ cationic and anionic
of oxygen has been considered critical in controlling the reactions. d , our combined
electrochemical properties of Li-excessive layered oxide | characterizations (& ajitical role of transition-
electrodes. However, conventional electrode materials | metals for oxyg edox activitigh and
without over-lithiation remain the most practical if their | utilizing reveg actions in
performance could be improved through rational conventional high-capacity lithium-ion
approaches. Typically, cationic redox reactions are believed batteries.
to dominate the electrochemical operations in conventional
electrodes, and the involvement of anionic redox reactions,
although proposed, is yet to be clarified through reliable

characterizations. Here, we show unambiguous evidence of
reversible anionic redox reactions in LiNi13C013Mn130;., with Rapid incregses in the need for mobile electronic
a detailed quantification on its reversibility upon vices a(large-scale energy storage applications
electrochemical cycling. Two types of oxygen involvements e now ¥reated a strong demand for the cathode
are discussed. One is the typical involvement of O through rials with higher energy densities in lithium-ion
hybridization with transition metals throughout the ies (LIBs).! Among various cathode candidates,
electrochemical operation; the other is the intrinsic O re oxides have been regarded as the most
at high potentials, which is 75% reversible during i terials compared to the other cathode
cycling and 63% retained after 10 cycles. Our results ing to the higher capacities and more
the reaction mechanism at high potentials in conv possibiliti for the extended charging voltages.
However, electrochemical cycling of layered compounds
often cannot reach their theoretical limit without
[*¥]  Prof. Y.-M. Kang omising the stability and cyclability. For example,
Eepartlrjm_ant OftMaterials Science and Engineerj i 2, although widely used commercially, has a
SZ;‘ZT O;é‘ﬁ’ﬁrls,',\é’pubnc of Korea ctical capacity of only about half of its theoretical
dake1234@korea.ac.kr lue because of the structural instability with extended
Dr. W. Yang, Dr. ). Wu ithium extraction.’”? In this regard, to improve the
ﬁdvanced é—igtt ISOU'(IC? | Lab reversible capacity and structural stability
BZ‘:’;:(;;‘? Caelriffrii‘; 9‘1;‘;%? U;t:c;astoar{es simultaneously, Ni-based !ayered 'OXIdeS (LiNiyx
wlyang@Ibl.gov yCoxMn,0;) have been extensively studied for not only
G.-H. Lee fundamental purpose but also its commercialization
Bepartﬁllegtlof Er?ergsy anld Materfa because LiNii«,CoxMn,0; is expected to benefit from Ni
O Rt o o on s capacity and Mn on s stabily.” Noncheic
Dr. J. Wu perating such conventional layered materials at high
potentials towards their theoretical capacity has been a
critical practice to release the full benefits of layered
compounds for high-capacity high-power battery
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Kyung Hee University During the battery operation at high potentials, the
Yongin 17104, Republic 0 involvement and control of oxygen become a
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critical issue for realizing the high-voltage cycling while
maintaining stability. The proposed anionic redox
reaction has recently attracted considerable attention
due to its potential to improve the energy density of
battery cathode materials.™®

'G.-H. Lee and J. Wu contributed equally to this work.

Supporting information for this article is given via a link at Therefore,
the end of the document. extending the oxygen redox concept into the non-
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compounds for improved

capacity
LiCoO.
el ost of the e tions on conventional
NCM layered been
Figure 1. Electrochemical profile and corresponding TM/O redox behaviors o An initial
galvanostatic curve of LiNii;3Co15Mny50, (dark grey curve using left Y-axis) obtai V vs. Li/Li* with a
constant current density of 20 mA g* at room temperature, plotted as fun ic capacity and
delithiation level Li content (x). The electron charge transfer from TM redo (blue dashed line) is

Specific capacity (mAh g™')
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quantified from soft X-ray spectroscopy and indicat redox contributions only at low voltage region. The O-K
MRIXS-sPFY area (red line) represents the intensity of We oxidized oxygen feature, which suggests that O redox
takes place at high voltage region and is about 75% seversible during the initial cycle. Quantifications are performed
based on independent TM and O egperiments with refts discussed in Figure 2 and 3, and the Table S2 includes the
detailed value.

and \ conventional NCM cathodes critical for
the innovating and improving commercially viable materials
the TM-O hybMdization.  based on non-overlithiated 3d TM oxides.

' While there is no goub -0 hybridization is  Herein, we provide a comprehensive analysis of the
critical in redox redox mechanism of both the cationic and anionic
contributions, today’ xygen redox  activities in LiNi;5C013Mn,50, across a wide range of
refer to a dedicated ibBition and are potential with the focus on the oxygen activities at high
intrinsically different fro he involvement of oxygen | potentials.

based on TM—Wbridizatio 4 distinguished two different types of
R —been—repoerted O activities: the TM-O hybridization

throughout the whole
electrochemical cycling, and the intrinsic lattice O redox
reactions only at high potentials. Our experimental
evidence unambiguously reveals the lattice O redox in
the conventional NCM cathode at the high
electrochemical potential region,

focusing on the cationic redox reacti
Co®*/Co**) with only gegeral
involvements of oxygen th

A complete picture of
the involvement of oxygen and the clarification of | about 75% reversib during the initial cycle with
dedicated lattice oxygen redox reactions in the more than half of the amount retained after 10 cycles.
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Through a series of hard and soft X-ray spectroscopy, we Results and Discussion
clarify the complete picture of the redox mechanism of

such conventional NCM materials involving i) TM redox General electrochemical behaviors
activities at relatively low potentials; ii) TM-O
hybridization throughout the whole electrochemical
range, and iii) dedicated oxygen redox reactions at high
potentials above ~2/3 delithiation level. Note again that
the identification and understanding of O activities are

Before presenting our detaile rimental detections
of the TM and oxygen redox chem e first define a
general electrochemical range up ing profile

vital for utilizing the full potential of conventional of NCM used in Fh!s w .the initial
cathode materials, and our results provide charge curve of LiNi.;C NCM) obtained up to
direct of the optimism on utilizing 4.8 v vs. . (see

lattice oxygen redox in non-overlithiated layered
compounds towards commercially viable electrodes with
high capacity and energy density.
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edge, with the cak emphasized in the insert. (c) Quantified values of the mean valence states of Ni
from sXAS fittin hiation level (black), consistent with the trend of leading peak shifts of the hXAS
results. The quantified value of average Ni valence is presented in Table S3. (d) sXAS results of the Co Ls-edge from
the sarge set of sa s (e) in-situ hXAS Co-K spectra with the focus on the leading peak shifts in the insert. (f)

Quantj i state value of Co from sXAS (black) and the trend of leading peak shifts from in-situ hXAS

Figure S1, Table S1 and Supplementary Section ‘Powder  evaluated charge capacity of NCM is 269 mAh g, and
characterizations of NCM’ for more details.) The its charge behavior shows good accordance with



previous reports about NCM. It was generally believed
that, when Li ions are continuously extracted for more
than half of its pristine contents, the structural changes
and release of oxygen take place and thereby are
responsible for the degradation of NCM electrodes. It
was also believed that these two detrimental factors are
coupled with each other, i.e., oxygen release is
associated with the phase change of NCM from layered
oxide (MO;) to spinel (Ms04) or rock-salt (MO) at high
potentials. Clearly, the key for employing the full
theoretical capacity of NCM materials is to utilize the
electrochemical capacity at high potentials, where,
unfortunately, all these coupled effects take place.
Therefore, in this study, we have focused on several
specific electrochemical states beyond half delithiation
levels with >4.0 V potentials (Colored dots in Figure 1).
In this high-voltage range, in addition to the redox states
of both the TMs and oxygen, it is equally important to
detect the reversibility of the oxygen redox reactions,
which is also elaborated by measuring cycled samples in
this work.

TM redox reactions

The redox activities of TMs in NCM compounds have
been studied before through X-ray absorption
spectroscopy.’ Here we employ such conventio
absorption spectroscopy of both the soft X-ray TM-L
hard X-ray TM-K edges, with dominating signals fro
3d and 4p states, respectively, due to the
selection rule. Technically, soft X-ray
spectroscopy (sXAS) of TM-L directly correspo,
TM-3d valence states, while hard X-ray
spectroscopy (hXAS) of TM-K benefits fr
deeper probe depth.® Although TM-L sX

measured Mn-L FY signals
fluorescence yield (iPFY) extracted

an effective bulk pro y line-shape

distortion  for  stu battery ¥ electrodes.!
Furthermore, for TM-L es, we have previously
established ral ology for quantitative

ults, allowing us to go
hon works and obtain
the oxidation states of TMs at
| states.!’?! These quantitative
generally consistent with the
qualitative resu hXAS, achieving reliable
quantitative values of the TM oxidation states in the
electrodes. The general consistency between soft and
hard XAS results also indicate that the signals of sXAS in
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the FY and mRIXS-iPFY modes do represent the bulk
environment of NCM111.

Figure 2 displays the evolution of the Ni and Co redox
states at different electroche otentlals based on
sXAS-FY, and the stable Mn stat
iPFY (Figure S5). References of di
plotted directly at the Mtom ral panels
(Figure 2a, 2d and Figure S5 irect comparisons.?
The dotted lines in Flgure 2a are ﬁttlngs to the Ni-L
experimental dataMmearly combwg the reference
spectra calculated _through the_multiplet theory.'* The
fitting results display a good matc_h to the experimental
data and quantlfy the Ni OX|dat|on state at each
electrochemlcal state as shown in Figure 2c. For Co-L
sXAS, it has_been experlmentally and theoretically
clarified, that tt&main peak position shifts continuously
and linearly from £7.4 eV to 777.9 eV with the valence
state changing from_3+ to 4+ .12 Because Co-L spectra
cannot be fitted by a simple linear combination method
due to the flucturation nature of Co states,!*> ™! the
mean valence state of Co is evaluated based on the
energy posi_ﬁon of the main Co-L peak, as displayed in

JFigure 2f. The detailed value of the Ni and Co mean

valence states are summarized in Table S3.

antified TM oxidation state evolution is compared
XAS leading peak evolutions shown in
Figure d 2e for Ni-K and Co-K, respectively. We
over-plot the energy shifts of the Ni-K and Co-K in-situ
hXAS leading peak in Figure 2c and 2f (red dots). It is
clegr that the trend of the Ni and Co oxidation state
ion detected by the K-edge leading-edge shifts are
istent with the absolute quantification results from
S analysis. Based on these quantified values, the
tal amount of charge transfer from Ni and Co redox
centers is calculated, as presented in Table S2 and
plotted in Figure 1 (Dashed blue line).

The quantified TM redox reveals the details of the TM
evolutions in NCM materials. First, the sXAS of Ni/Co
(Figure 2a and 2d) and mRIXS-iPFY of Mn (Figure S5) of
the pristine material displays exactly the same line
shape as the reference Ni?*, Co** and Mn** spectra, thus
experimentally concluding the initial TM states in
pristine materials as expected LiNiy;3?*Co15°"Mny34t0,.14
Other than the oxidation state, TM-L sXAS line shape is
also very sensitive to the 3d spin state configurations.*>
The experimental TM-L spectra clearly indicate high-spin
Ni?*, low-spin Ni****, low-spin Co*"** and high-spin
Mn2+3+4+ states (Figure S4 and S6).1' Second, the
evolution of Ni-L and Co-L line shape upon
electrochemical charging clearly shows the systematic
oxidation of Ni (Figure 2c) and Co (Figure 2f) while Mn
remains unchanged (Figure S5). Again, this
quantification is consistent with the hXAS TM-K spectral
evolution, as discussed above and consistent with
previous reports.!”#



Third, the quantifications show that both Ni and Co get
oxidized up to the 0.65 - 0.74 delithiation range;
however, display negligible variation at high potentials
(TM redox trend in Figure 1). Such a trend is often taken
as the evidence of oxygen redox in literature; however,
it is important to note that other irreversible oxidized
oxygen, e.d., oxygen release and surface reactions,
could also lead to such a trend. Therefore, a direct
detection of lattice oxygen redox becomes critical to
justify a useful range of reversible oxygen reactions.

Oxygen Activities: TM-O Hybridization and Oxygen
Redox Reactions

Our central experimental results on the oxygen activities
upon electrochemical cycling through 0O-K mRIXS
experiments are displayed in Figure 3. First, O-K sXAS
results (Figure S7) of a series of electrodes are
consistent with previous findings,! the O-K pre-edge
feature area increases upon charge throughout the
cycling process in both the low-voltage and high-voltage
regions. It is important to clarify that such an
enhancement of O0-K pre-edge is a common
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phenomenon for almost all battery electrodes with or
without O redox, e.g., LiFePO,.1% 3% The sXAS
observation here and in—other literatures do —not
meanshould/could not be used as evidence of oxygen
redox-takes—place throughout the chargmg process
even at low voItages%—N@M—e»’—ether—mateFm&,L
instead, it only indicates a n%ﬁi—%enllnced TM-O
hybridization_upon chiqinq, wichdehat dominates
this-the 0-K pre-edge intensity and lineshape;**,1%
We note that this has Ionq been studied and known in
physms,whmhﬁaetuaH%hasfbeephst&dmdﬁandﬁeeﬂﬁFmeé
both theoretically a =il exper menta v in-physiesfield- 16!
and our latest anaIVS|s shows that the evolution of O-K
SXAS pre-edge |n oxide based batterv electrodes is

almost comoletelgL controled bv TM states, not
oxygen'7, ar O-K sXAS pre-edge
features in dicate a strong TM-O

ihout the electrochemical process.

528 532 536 528
Excitation Energy(eV)

IS A
532 536
Photon Energy (eV)

during the cha¥fging process. (a-d) O-K mRIXS of different SOCs during the 1st cycle,
|gh||ghted by red arrows) emerges at x = 0.76 (b), enhances at fully charged
icating the occurrence of a reversible anionic redox in NMC. O-K mRIXS
he oxygen redox is still clear although the intensity drops. (g) O-K sPFY
in the characteristic emission-energy range from 522.5 eV to 524.5 eV on
. The numbers represent the shaded area between the charged and
hich is the quantified value of the intensity variation of the oxidized oxygen feature
mbers provide the estimation of the initial cycle reversibility (0.215/0.288 = 75%)
= 63%) of the oxygen redox reactions. The mRIXS results
is of the full set of electrodes are presented in Figure S7 and Table S2, which is visualized in

(non-released) oxidized oxygen in battery electrodes.*°

activities, we employed the recently demonstrated high-

W particularly, caled-emission-energy—providedin-mRIXS

effeciency mRIXS technique,™® which has quickly been
recognized as the tool-of-choice for detecting the lattice

results; a specific feature at emission energy of around
523.7 eV and excitation energy of around 531 eV



fingerprints the oxidized oxygen state,!*®! which could be
clearly distinguished from the strong TM-O hybridization
signals at emission energy of 525 eV. Such a

s a reliable probe of
the oxygen redox activities in the lattice, which has
been verified in many Li-ion and Na-ion systems by this
time.’*1 As an additional note, recent

the
oxidized oxygen mRIXS feature in battery electrodes will
be eliminated by radiation , instead of being
introduced,"””’ which directly rules out the possibility of
photon-induced mRIXS feature of oxidized oxygen. The
mRIXS observation of the oxidized oxygen in the
electrode lattice is thus intrinsic.?"

Figure 3 displays the mRIXS results of the key electrodes
during the initial and the 10th cycle at different
electrochemical states. Figure S8 shows the mRIXS
results of more samples that we measured. The very
broad and dominating features around 522-527 eV
emission energy (vertical axis) are typical signals from
conventional O% states.? The signals below 535 eV
excitation energy (horizontal axis) correspond directly
the pre-edge features in sXAS from TM-O hybridiza
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mRIXS shows that these features are broadened and
enhanced during charging even with x below 0.65,
indicating an enhanced TM-O hybridization throughout
the electrochemical range, ag discussed above. The
broad features above 535 eV jon energy are from
the hybridization to the T™M tates and the
itinerant bands at hig

ature at 523.7 eV
ith the delithiation
e), representing
the lattice. 0
t this feature gets
es its strongest form
). More importantly,
ompletely disappears,
lon process, i.e., oxygen
that, after 10 cycles, although the
ets weakened in general, it could
still b in the charged NCM electrode
and displays a reduction reaction upon
discharge (Figure 3e and 3f). Because the appearance
d disappiance of the specific oxygen redox feature
mRIXS rrespond to the oxidation and reduction
s of the oxygen, the reversibility of the lattice
n redox reactions could be estimated by following
intensity change

Strikingly, a dedicate
emerges at (only)
level (x) above 0.65
the true signals
Furthermore, Fi
enhanced upon
in a fully charg
after disch
indicating a
redox. We also
oxyge
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Figure 4. Ex-situ EXAFS analyses during charge. Fourier transformed spectra of the extended edge spectra of Ni-K
(a), Co-K (b) and Mmﬁ(c) upon delithiation level (x) in Li1xNii3C01,3Mn130, (NCM). TM-O Bonding distances are fitted
from the first shell of Ni-O (d), Co-O (e) and Mn-O (f) as a function of the delithiation level.

upon cycling. is could be easily achieved
by extracting the mRIXS intensity within the interested
emission energy range (white rectangular in Figure 3),
the so-called super partial fluorescence vyields (sPFY).1!

Figure 3g and Figure S8e display the sPFY spectra
obtained by integrating the intensity within 522.5 to
524.5 eV emission energy range of mRIXS. The intensity
evolution of the oxygen redox feature at 530.5 to 532



eV excitation energy range (shaded in Figure 3g and
S8e) are summarized in Table S2 and illustrated in
Figure 1 (red line).

Therefore, the mRIXS results and sPFY quantification
reveal that reversible lattice oxygen redox reactions
take place when the system is more than half
delithiated. More importantly, such an oxygen redox
reaction in conventional NCM material is reversible and
could be clearly seen after cycling. For quantifying the
reversbility of oxygen redox, all the sPFY spectra were
normalized to the hybridization peak at 529.7 eV so that
the relative intensity at 531.0 eV could be compared at
different eletrochemical states. Though the
normalization will always affect the absolute intensity,
however, only relative intensity change between
charged and discharged states are concerned. Figure 3g
displays the relative intensity variation of the specific
oxygen redox feature in sPFY, with the shaded area
representing the differences in the amount of oxidized
oxygen between the charged and discharged states,
during the 1st charging (0.288), 1st discharging (0.215),
and the 10th discharging (0.136) cycles. The ratio of the
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NCM electrode, and the fitted parameters for FT spectra
have suggested in Table S4-S6. The first FT peak is
attributed to the bonding distance between M and O in
all absorbers and shows the peak shift to shorter inter-
atomic distance as Li conte eases. The second
peak represents the second shel jstance. All the
bonding lengths of the first shell of 4d-f) and
second shell of M-M i
specifically with the de

vel (x). For both the
e values decreases
is due to the
hs reSulting from their
, although no further
(Figure 1 and 2), the
ntinuously reduced to
for Co-O at x = 0.94,
around Ni and Co. In

oxidation (Figur
oxidation is foun

0.65 is expected due to the
vious decrease of Mn-O bond
length is only obs highly delithiated levels with x
> 0.8, where the Ni-O and Co-O seems stable.
Addltlonally, ‘the variation of the M-M distance is more or

area change suggests the first-cycle reversibility and the Jless the same for all TMs, as shown in Figure S9. The

10-cycle capacity retention of the oxygen redox,™!
about 75% (0.215/0.288) reversibility during the initial
charge/discharge, and a

dlffsrent behaviors of the first peak (M-O) and second
peak_ (M-M) could be natually understood if one

i , retention of about 63& __considers that the M-M distance is strongly affected by
(0.136/0.215) after 10 cycles. Therefore, while T, the M-O bond length due to the edge-shared octahydral

hybridization is strong throughout the whole poténtial
range and gets enhanced during charging, the i
lattice oxygen redox reactions only take place j
(X > 0.5) delithiated states. It is also remar,
mMRIXS technique characterizes the ox
reaction in a conventional NCM system
reversibility, i.e., 75% first cycle reversi
retention after 10 cycles. It is worthy noting that the
quantification of O redox from mRIXS-
is applicable on many other battery elelctrode systems,
including

the lattice oxygen redox
221 - -
-

elemental sensitivity XAFS enables the findings
on which configuration plays the key role in the oxygen
redox reactions. Figure 4 shows the EXAFS spectra
obtained through Fourier transformation (FT) for the

structure._‘l’herefore, the variation of the M-O in Figure
4d-f represents the intrinsic local structural change,
which also affects the M-M distance with an overall
averaged trend. The interesting contrast
en the Mn-O and Ni/Co-O strongly suggests that
nvironment plays a critical role in the oxygen redox
ctions. Naively, we could speculate that oxygen is
ctivated in the vicinity of Ni/Co when the delithiation
level is more than half, but oxygen becomes oxidized
around Mn only at very high delithiation level. This also
triggers another critical question on whether the types
of oxygen oxidations are different between Mn and
Ni/Co. Considering that irreversible behaviors are often
observed at very high potentials, the strong Mn-O
variation at the highly delithated levels may indicate
specific irreversible oxygen activities if the cluster of
Mn**-O were further oxidized. Such a TM dependence on
oxygen redox reactions could also be different in
different material systems. The answers to all these
questions are crucial for an ultimate understanding of
the oxygen redox reactions in battery electrodes, and
we expect the combined and direct experimental
evidences here will inspire many future experimental
and theoretical studies.

In summary, we provide so far the most direct, reliable
and detailed experimental analysis of the redox
mechanism on both the cationic and anionic activities
across the full cycling range of conventional NCM
materials. Reversible lattice oxygen redox reactions at
high potentials are clearly revealed. The transition metal



redox activity from Ni?*/Ni** and Co**/Co** dominates the
charge compensation with the delithiation level x <
0.65. The oxygen involvement through TM-O
hybridization is enhanced upon charging and is strong
throughout the whole potential range. Importantly, the
further delithiation above x = 0.65 predominantly
depends on the dedicated anionic redox activity, which
contributes to the excess capacity at the high potential
range. While mRIXS detects only the lattice oxygen
redox reactions, increasing charging potential often lead
to irreversible O loss and associated surface reactions.
This is evidenced by the 63% retention rate after only 10
cycles as extracted in this work. Indeed, if the O redox
reaction was extended to 4.8 V vs. Li/Li*, a large
irreversible capacity coming up to 40 mAh g! was
observed during the following discharge. Moreover,
cyclic degradation in ~ 0.76 < x < ~ 0.94 region also
suggests that the highly oxidized states need to be
further understood and carefully controlled (Figure S10).
Nevertheless, our work shows that O redox activity could
be reversible in conventional NCM systems. Such a
possibility is essential for breaking the capacity
limitation of the layered conventional compound.
Additionally, the ~ 0.67 < x < ~ 0.76 region also
triggers the O redox, however exhibits a stable cycle
performance (Figure S10). Such a clarification provides
the optimism for breakthroughs in the capacity of n
overlithiated layered oxides. Fundamentally,
combined soft and hard X-ray results suggest that" TMs
play a critical role in determining the oxygen aciti

which could be the reason for the improve
redox stability by replacing 3d transition
other heavy transition metals with a trade-o

Conclusion

we expect many
future efforts triggered by-t‘he findings here, which will
lead to both the fundamental clarifications of the
reaction mechanism and the material optimizations

WILEY-VCH

towards a maximized energy density in non-overlithiated
layered compounds LiNi1.x,CoxMn,0..
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Reversible anionic redox activities in LiNi;;3C0.5Mn;130; have experimentally
proved by synchrotron techniques including mRIXS which is a state-of-the-art
characterization. The unique feature of the RIXS map indicates that the anionic
redox is evolved in high voltage region, and the two redox behaviours, cationic
and anionic redox, of LiNisCo13Mn130, have been investigated in detail by
quantification of redox.





