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Vibrationally-resolved resonant inelastic X-ray scattering (VR-RIXS) at the O K-edge is emerging as a
powerful tool for identifying embedded molecules in lithium-ion battery cathodes. Here, we investigate
two known oxygen redox-active cathode materials: the commercial LiyNig90C00.05Alo.0502 (NCA) used
in electric vehicles and the high-capacity cathode material Li; ;Nig13C0013MNg 540, (LRNMC) for next-
generation Li-ion batteries. We report the detection of a novel vibrational RIXS signature for Li-ion
battery cathodes appearing in the O K pre-peak above 533 eV that we attribute to OH-groups. We
discuss likely locations and pathways for OH-group formation and accumulation throughout the active
cathode material. Initial-cycle behaviour for LRNMC shows that OH-signal strength correlates with the
cathodes state of charge, though reversibility is incomplete. The OH-group RIXS signal strength in long-
term cycled NCA is retained. Thus, VR-RIXS offers a path for gaining new insights to oxygen reactions in
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1 Introduction

Li-ion batteries have emerged as the leading choice for commer-
cial energy storage across a broad spectrum of applications,
spanning from portable electronics to electric vehicles and
large-scale grid energy storage systems. Nonetheless, the capacity
of the battery cathode remains a limiting factor in maximizing
overall battery capacity. While reports of innovative Li-ion battery
cathode materials with higher initial capacities are steadily
emerging," most of these materials are plagued by aging effects
that lead to a substantial loss of capacity over time, severely
impacting their performance and service life.” Understanding the
mechanisms underlying battery aging in Li-ion batteries is
imperative for enhancing their durability, reliability, and
unleashing their full potential for clean energy storage. Layered
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transition metal oxides represent a promising class of materials
for use as Li-ion battery cathodes. Notably, LiNi,Co,Mn,0O, is a
crucial subcategory of materials employed in commercial Li-ion
batteries, showcasing robust electrochemical properties and
cycling stability that can be tailored through composition adjust-
ments. Similarly, LiNi,Co,Al,O, serves as a high-performance Li-
ion battery cathode material that has been commercialized and is
utilized in the Tesla Model 3 battery pack. Recent findings have
demonstrated the substantial oxygen redox activity of this battery
cathode material at both high potentials® but also at surprisingly
low potentials.*

Using vibrationally-resolved resonant inelastic X-ray scattering
(VR-RIXS), House et al.’ concluded that oxygen redox cathodes
effectively convert some of their lattice oxygen into molecular
oxygen during the delithiation process. Interestingly, these oxygen
molecules are not expelled from the crystal structure; instead, they
become trapped within the crystals and appear to be reversibly
integrated into the lattice upon cathode re-lithiation.>® The dis-
covery is particularly intriguing as it strongly suggests that oxygen
redox results in the generation of embedded species that are
extrinsic to the oxide sublattice. This was not foreshadowed by
Raman spectroscopy studies or photoelectron spectroscopy,
instead, identification of these embedded oxygen molecules was
enabled by the application of VR-RIXS,” whereas X-ray absorption
spectroscopy (XAS) alone is insufficient to unambiguously detect
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their presence due to the dominating signal of lattice oxygen.
Remarkably, the signatures of these trapped oxygen molecules
resemble gas-phase oxygen K-RIXS spectra,” raising questions
about their location, interactions with lattice atoms, and their
stability over time.® Although we will not go into further detail
regarding this topic, we note that it has been shown that similar
RIXS signatures may arise in certain non-Li-excess cathodes even
in the absence of other evidence for oxygen redox.” However, this
observation only adds to the urgency for developing a picture of
embedded molecules in Li ion cathodes, in general.

Another direction of inquiry concerns the formation of other
oxygen species during synthesis or cycling and their identifi-
cation using VR-RIXS. For instance, carbonates and intercalated
water may typically be formed in battery cathodes, with identifi-
able signatures at energies above the X-ray absorption pre-peak
region.® Debates also persist about the formation and the impact
of hydroxides on battery operation.” These compounds are
generated and evolve during battery cycles, especially in Ni-rich
materials exposed to air or moisture. The mechanisms behind
long-term cycling degradation and a comprehensive understand-
ing of chemistry within Li-ion battery cathodes remain incom-
plete but are essential for addressing efficiency bottlenecks.

When several oxygen species are present in a material, disen-
tangling their main band RIXS spectra can become very difficult.
On the other hand, their vibrational signatures are often distin-
guishable and could therefore bring more clarity. High-resolution
RIXS stands out as an exceptional tool for gaining detailed
insights into the electronic structure changes within materials.
Importantly, unlike in other core level spectroscopy techniques,
RIXS spectra are not restricted by the core hole’s lifetime. As
such, it has been successfully employed to discern vibrational
contributions in both molecules and condensed materials, which
are typically investigated using Raman or IR-spectroscopy.'® ™"
Thus, when coupled with high-resolution synchrotron radiation,
RIXS allows for the resolution of transitions originating from
individual molecular vibrations. Though this capability is akin to
optical Raman spectroscopy, VR-RIXS has the added advantage
of elemental specificity, particularly for distinguishing contribu-
tions from oxygen and transition metal sites. Therefore, VR-RIXS
is a powerful tool for advancing the understanding of oxygen
redox processes in Li-ion battery cathodes.

In this study, we present a novel observation in O K-RIXS
from hydroxide compounds forming in the oxygen redox active
materials Li; ,Nij 13C00 13Mng 5405, a Li-rich, Mn-based NMC
compound, and Li,Nij90C0¢.05Alg.050,, a Ni-rich NCA active
material from commercial electrodes. LRNMC has a high initial
capacity but suffers from capacity loss due to structural refor-
mation after the initial cycle while NCA is structurally more
stable making it already commercially viable. Considering their
differences in composition and performance, interestingly,
both display O,- and OH-formation.

Employing VR-RIXS, we unveil, for the first time, the vibra-
tional progressions of these hydroxide groups in battery cath-
ode materials. Our investigation reveals the occurrence of
various vibrational modes of OH-groups, whose intensities
are sensitive to the type of material and the state of charge.
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We discuss whether the observed OH-vibrations originates
from compounds in the cathode electrolyte interphase (CEI)
or from the bulk of the cathode particles. Suggestions on the
formation pathways of the OH-groups are also presented.
Furthermore, we track the evolution of these OH-groups during
the initial cycle and observe changes in OH concentration
during the aging process. In a broader context, this study
underscores the chemical specificity of RIXS, which is achieved
through energy-selective excitation within the O K-edge, result-
ing in distinct VR-RIXS signatures from various oxygen sites
within the examined material.

2 Experimental

2.1 Sample preparation

The present study investigates Li; ,Nig 13C0¢ 13Mng 5,0, (LRNMC)
which were prepared through sol-gel synthesis according to the
procedure stated by House et al. (2020).> The LRNMC samples
were exclusively sourced from the initial charge/discharge cycle.
The LRNMC sample series is based upon extracting electroche-
mically cycled cathodes of different lithium ion concentration
(i.e. degree of lithiation) from batteries. It is composed of pris-
tine, beginning of plateau (BoP), end of plateau (EoP), delithiated
and re-lithiated samples. The plateau in BoP and EoP refers to the
voltage plateau in the charge curve for LRNMC. The initial
charge/discharge curve for LRNMC can be seen in Fig. S5 (ESIT),
with demarcations of the corresponding voltage intervals from
which the LRNMC samples were obtained. The LRNMC samples
were sealed in pouches under Ar-atmosphere and rested for four
years before the measurements.

The present study also investigates Li,Nig.99C0g.05Alg.0505
(NCA) in addition to the LRNMC. Note that the preparation of
the NCA samples of the present study has already been
described in a recent publication.* For convenience, we also
present relevant details in the following. The sample prepara-
tion of the NCA electrodes for the current study consisted of:
(i) opening the full cylindrical cell and extracting the electrodes;
(ii) reassembling the extracted electrodes into half-cells;
(iii) charging the half-cells until reaching the desired state of
charge (SOC) for further RIXS investigation. The full cells were
extracted from commercial 21700 cylindrical cells originating
from a Tesla Model 3 2018 battery pack. Cells extracted from
the pack were considered beginning of life. However, such cells
have been pre-cycled at the factory. Two additional cells were
aged at 45 °C by cycling between 0-50% SOC (resulting samples
are called ‘aged 0-50’) and 0-100% SOC (named ‘aged 0-100).
Here, 0% SOC constitutes a voltage of 2.55 V, 50% SOC corre-
sponds to 3.6 V and 100% SOC corresponds to 4.2 V. The charge
and discharge curves for each sample are presented in Fig. S4
(ESIT). The cells achieved 950 (aged 0-50) and 1050 (aged 0-100)
full equivalent cycles until reaching ~20% capacity loss, which
was considered the end of life for the aged cells. After, the cells
were disconnected and discharged for further disassembly in the
Ar-filled glove box. The central rectangular region of the cathode
material was selected as the region of interest for the electrode
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extraction. After taking the central regions from all cells, the
electrodes were mechanically cleaned from one side of the active
material and punched with a diameter of 8 mm. The resulting
electrodes were reassembled in pouch cells using pouch material
(Skilstuna Flexible, pre-dried at 60 °C in an oven) with Li foil
(thickness 450 um, used as received) as a counter electrode,
Celgard 2325 (Celgard, cleaned with ethanol, deionized water
and dried in Buchi oven at 60 °C for 12 hours) as a separator, and
LP40 (1 mol L ™" lithium hexafluorophosphate) dissolved in 1:1
v/v Ethylene carbonate: Diethyl carbonate (LP40, 1 M LiPFsin 1:1
EC:DEC, Solvionic, used as received) was used as electrolyte.
Pouch cells were cycled until the required potential using Arbin
and Biologic cycling equipment. The assembled half-cells were
first put at rest for 6 h, then discharged to 2.55 V and then cycled
with a constant current of 50 pA until reaching the required SOC.
After that, a constant voltage was applied until the current was
lower than C/50. After, the cells were disassembled in an Ar-filled
glovebox. A 2 mm strip was cut from every electrode and was
placed on a sample holder for further RIXS studies.

2.2 X-ray spectroscopy

High resolution RIXS spectra of the oxygen K-edge were obtained
at the soft X-ray beamline ADRESS at the Swiss Light Source,
Villigen-PSI, Switzerland."* RIXS measurements were conducted
using the variable line density spherical grating (VLS) based
Super Advanced X-ray Emission Spectrometer (SAXES) allowing
for an energy range of 0.3 keV-1.6 keV and a resolution of 10 000,
i.e. 50 meV at 500 eV. A scattering angle of 135° was used. To
prevent exposure to air, samples were transported to the beam-
line in air-tight, evacuated aluminum pouches. The samples were
transferred into the experiment chamber by attaching a glove bag
to the load lock system, ensuring a safe atmosphere by purging
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the glove bag multiple times with argon. The glove bag was then
kept at an overpressure under constant argon flow in order to
prevent air from leaking into the system while the pouches were
opened and the sample holders were transferred to the load lock.
The O K-edge RIXS maps are made up of 36 RIXS spectra, each
with an acquisition time of three minutes (two minutes of
irradiation, one minute of dark time read-out). Although no
beam damage was detected during prolonged irradiation, any
possible damage to the battery samples was mitigated by sample
translation to a fresh spot after each RIXS spectrum.

3 Results and discussion
OH-group signatures in RIXS

We have obtained high-resolution O K-edge RIXS maps of
initial cycle LRNMC battery cathodes at various points along
the charge/discharge curve. Here, we analyze the vibrational
signatures observed for incident energies on the high energy
side of the O K pre-peak, i.e. above ~533 €V, a region that has
not been focused on with VR-RIXS before. Fig. 1 shows O K-
edge RIXS maps of the low energy loss region (—2 eV to 0.2 eV)
of the five LRNMC samples. The elastic peak, which does not
experience any energy loss, forms a continuous high-intensity
band around 0 eV energy loss. Further, we point out the long
progression of highly intense peaks belonging to O,-molecules
in the delithiated cathodes (white dashed boxes), which have
been discussed in detail by House et al.”

Now, we turn to the features highlighted by the orange dashed
boxes at incident photon energies above ~533 eV. Two peaks in
this region can easily be identified by visual inspection of the
RIXS maps. The lowest energy loss peak appears at an energy loss
of ~0.4 eV and a second, weaker peak at ~0.8 eV. These features

beginning of plateau (BoP)

end of plateau (EoP)

M:

5]
*

incident photon energy (eV)
(sjun "gle) Aysusjui boj

-2.0 -1.5 -1.0 -0.5 0.0
energy loss (eV)

-0.5 0.0

energy loss (eV)

Fig.1 O K-edge RIXS maps of the initial cycle LRNMC samples in (a) pristine (lithiated), (b) beginning of plateau (BoP), (c) end of plateau (EoP), (d)
delithiated and (e) re-lithiated. The orange dashed rectangle highlights the area in which vibrational progressions of an OH-group can be observed. At
lower excitation energies, the white dashed box signifies the area where O, signatures can be observed.
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are representative of a vibrational progression which can be
assigned to vibrational modes of an OH-group (described in
detail further below). Note that this OH-signal is absent in the
pristine LRNMC, indicating that the OH is formed during charge.

High-resolution O K-edge RIXS maps of commercial auto-
motive grade NCA battery cathodes have also been obtained
and can be seen in Fig. 2. This sample series includes samples
in both lithiated (discharged) and delithiated (charged) states
from fresh, aged 0-50, and aged 0-100 NCA. Similarly to the
LRNMC, the RIXS maps of the delithiated NCA in Fig. 2 display
the O,-signal (white dashed boxes) which has been discussed by
Mikheenkova et al.*

In the delithiated LRNMC and NCA samples, the intensity is
an order of magnitude weaker than the corresponding
O,-signal. We find that both the O, and the OH-group signal
are more intense (when at their strongest) in LRNMC compared
to NCA when normalizing to the main band features at the
respective excitation energies (Fig. S1, ESIT). Interestingly, the
RIXS maps of NCA show a consistent absorption energy shift of
the OH signal depending on the state of charge and we can
infer the same tendency from the LRNMC RIXS maps, see
Fig. S3 (ESIf). Both display a shift towards (higher) lower
energies when (de)lithiated, indicating that the chemical
environment of the OH-group changes with the state of charge.

We analyze the OH-signal from the RIXS maps further by
creating 1D energy loss spectra, shown in Fig. 3a. The shown
integrated spectra help clarify the observed peak structure
whose energy positions can be more accurately determined.
The displayed data is derived from the RIXS maps in Fig. 1 and
2 by integrating RIXS spectra along the incident photon energy
axis in the range between 533.4 eV and 535.6 eV, combining
them into a single spectrum. From this, we achieve a clear
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picture of the vibrational features for each sample. To enhance
clarity, a binomial smoothing of 14 channels (63 meV) was
applied to the spectra, which does not significantly reduce the
experimentally attained resolution. The corresponding raw data
can be found in the ESI in Fig. S2.

For the LRNMC samples, a significantly smaller (larger) peak
intensity of lithiated (delithiated) material is evident from the
data presented in Fig. 3a, suggesting partially reversible beha-
viour. To a lesser degree this is also the case for the cycle of
“fresh” NCA cathodes. We recall that “fresh” does not corre-
spond to the very first cycle, so that the presence of a signal in
lithiated NCA is consistent with the incomplete reversibility
observed for cycled LRNMC. For the aged NCA samples, the
OH-peak intensity stays at a high level regardless of lithiation,
suggesting some degree of accumulation of OH during aging.

In the integrated spectra, a third peak is evident as well as an
intricate substructure. For instance, close inspection of the
peak at ~430 meV reveals that the position noticeably shifts
towards a lower energy loss position from the lithiated to the
delithiated samples in both LRNMC and NCA. Additionally, for
delithiated LRNMC, the 430 meV peak appears to be composed
of multiple peaks. Providing an accurate identification of these
features is outside of the scope of the present work and future
improved resolution will certainly reveal more details. Here, we
focus on the peaks belonging to two vibrational progressions.
Firstly, the strongest progression is composed of a series of
peaks at about 430 meV, 835 meV and 1222 meV (denoted as
mode A #1, #2, #3 in the bottom half of Fig. 3a). We observe the
AE between peaks decreasing for consecutive overtones from
430 meV to 405 meV and then to 387 meV. Furthermore, two
peaks at 225 meV and 656 meV can be seen which belong to #1
and #3 of mode B, another vibrational progression which is

Aged 0-100: lithiated
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-1.2 -0.8
energy loss (eV)
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(spun “que) Aysusyui Boj
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Fig. 2 O K-edge RIXS maps of the lithiated (a)—-(c) and delithiated (d)-(f) NCA samples in fresh, aged 0-50 and aged 0-100 conditions. The orange
dashed rectangle highlights the area in which vibrational progressions of an OH-group can be observed. At lower excitation energies, the white dashed

box signifies the area where O, signatures can be observed.
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Fig. 3 O K-edge RIXS spectra in the region of OH vibrations are shown. (a) Initial cycle LRNMC samples: pristine (lithiated), delithiated, beginning of
plateau (BoP), end of plateau (EoP) and (re-)lithiated. On the bottom, fresh, aged 0—-50 and aged 0—-100 NCA samples in both delithiated and lithiated
states are shown. The displayed data is derived by integrating over the RIXS spectra from 533.4 eV to 535.6 eV incident photon energy. A binomial
smoothing over 14 channels (63 meV) was applied to all spectra. (b) Reference O K-edge RIXS vibrational signals are shown for oxygen gas, liquid water
and Kaolinite (ALLSi,Os(OH),), adapted from Schreck et al., 2016,*> as well as LIOH (powder sample, this work).

most apparent in LRNMC. Peak #2 of this progression coin-
cides with peak #1 of mode A, making it imperceptible. Below
we discuss the origin of these progressions.

Vibrational excitations of stretching modes of OH groups
have previously been observed between 3100 cm ' (AE =
385 meV) and 3800 cm ™' (AE = 471 meV) using both experi-
mental and theoretical techniques.*****¢>> The lower of these
energy excitations have been related to more strongly-bound
OH groups, while the largest AE can be assigned to free OH™
vibrations.'®?%>* Comparing this to the observed AE of mode A
of 430 meV (3470 cm™') suggests an assignment of these
features to stretching mode vibrations of a bound OH-group.
Strong vibrational progressions in O K-RIXS of liquid'>"® and
gas phase water** as well as from other compounds'® have been
reported earlier. In Fig. 3b we show examples of compounds
with similar signatures of previously reported O K-RIXS spectra
from liquid water, kaolinite," and LiOH powder (this work).
Additionally, the dashed lines indicate the energies taken from
the vibrational progression mode A in Fig. 3a. We find that the
observed main vibrational progressions of the references are
similar with a somewhat larger spacing between the energy
levels, as well as an intense low-energy structure that is mark-
edly distinct from the OH-groups that we detect. The slight

19464 | Phys. Chem. Chem. Phys., 2024, 26, 19460-19468

differences of the observed OH-signal in the cathode materials
with the above reference compounds could be the result of a
mixture of such OH-compounds, or it could mean that the
vibrational frequency of the present OH-compound is altered
because of its chemical environment. Note that, for free water
molecules, both symmetric and asymmetric stretching vibra-
tions would lie above 446 meV (3600 cm™ '), which would
suggest that the OH-groups are either bound to the structure
directly in the form of a TM-OH, or there are water molecules
which are restricted inside of the material structure. For
reference, water can exhibit lower energy stretching vibrations
in the range of 430 meV when hydrogen-bonded in complexes
of four hydrogen molecules or more.>

In LRNMC, additional peaks at 225 meV and 660 meV
belonging to a separate vibrational progression are apparent,
while the NCA cathodes show weak hints of peaks at these energy
losses (mode B in Fig. 3a). Tentatively, this could be attributed to
bending modes (see gas phase water*®) or other stretching
modes®® (see also LiOH in Fig. 3b). On the other hand, bending
mode energies of OH groups bound to transition metals are on
the order of ~50-80 meV (~400-650 cm ™~ ').>> Thus, the observa-
tion of different OH-peak mode intensities in LRNMC and NCA
suggests that the OH-group surroundings are at least distinct in

This journal is © the Owner Societies 2024
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the two compounds, if not signifying completely different che-
mistries, which is corroborated by the richer substructure around
the 430 meV peak of LRNMC.

In the studied NCA samples, OH-groups were found in both
fresh and aged materials in both the lithiated and the delithiated
states (see Fig. 3a). While the presence of OH-vibrations in the
fresh NCA samples could be interpreted as originating from
OH-groups that are produced during the material synthesis, we
explain in the following why we deem this to be unlikely. The
presence of OH-groups in Ni-rich materials has been established
in previous studies using other techniques.”’* Hydroxide com-
pounds can be found in transition metal oxide materials, such as
NCA, at different stages of the materials production (the detailed
description of the formed and consumed species is provided in the
ESIt). However, as mentioned in the ESLt there should, at most,
only be trace amounts of OH-containing compounds concentrated
at the surface of the NCA from the material production. Detection
of these trace amounts with the used experimental parameters is
unlikely. Therefore, we believe that the observed OH signal is
related to OH-groups that formed by cycling, which is supported by
the fact that an OH signal is absent in the pristine LRNMC sample.
Thus, we conclude that the observed signal is not a result of
remnant precursors inside of the samples.

Possible formation pathways

In the following, we discuss whether the OH-containing com-
pounds are located in the CEI or the bulk of the cathodes. RIXS,
in the present energy range, has a typical mean information
depth of 100 nm, which strongly favors signals from bulk layers
or internal interfaces (if present) over that from the surface. The
observed signal could stem from a concentrated stratification of
OH-compounds as in CEI formation, or from a distribution of
formed OH-compounds like TM-OH in the bulk of the active
material. The former appears less likely due to the observed CEI
thickness of only a few nanometers® >’ compared to the size
of the primary particles (~100 nm) and secondary particles
(5-15 um) in the case of NCA.? In addition, internal interfaces
are not enhanced by particle cracks as those are not prevalent
during the initial cycles as observed by our previous study on
NCA.* However, the formed CEI could contribute significantly to
the RIXS signal if the concentration of OH-groups is sufficiently
high. All OH-formation pathways proposed here require H'-
formation at the surface of the secondary particle which would
suggest that the resulting OH-groups are formed and concen-
trated at the surface. Although commonly employed surface
sensitive techniques like photoelectron spectroscopy rarely find
traces of OH-groups forming in the CEI, the signal can be hard
to isolate as it overlaps with carbonate contributions.***® Never-
theless, theory supports H'- and OH-formation on the surface of
different cathode materials®**° due to ethylene carbonate (EC)
electrolyte decomposition, and it is suggested that high nickel
content could promote this process.*® This is further discussed
in ESIf Section S1. Residues from electrolyte after battery
disassembly, which could also add to the observed OH-signal,
are removed by carefully rinsing the samples with dimethyl
carbonate (DMC) and drying them.
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One possible OH-formation pathway could stem from the
proton exchange mechanism which has been reported for
Ni-rich materials.*" This effect can be observed both at the surface
and in the bulk because protons can migrate into the active
material structure,"’ making the OH-groups formed through this
mechanism the most relevant for RIXS measurements due to its
bulk sensitivity. There are two ways of forming H' in the cell. Both
include degradation of the electrolyte at higher and lower poten-
tials. First, the dehydrogenation of EC to VC (vinylene carbonate)
can take place at lower potentials according to reaction (1).* The
reaction occurs at the surface of the cathode material. Since H" has
high mobility, there are significant chances of protonating the
bulk of the active material.

o o

o)ko - > o)ko + 2Ht + 2¢ (1)
EC VC

Another pathway of protonation includes degradation of the EC
electrolyte as a result of oxidation at higher potentials.**** The
mechanism is a two-step process. First, oxygen, previously shown to
be formed within the LRNMC and NCA structure, can move to the
interface where it oxidizes EC electrolyte according to reaction (2):**

o

PN

o7 DSo+20; —» 2CO, + CO + 2H,0 (2)

EC

Support for this reaction is the detection of CO, when
cycling at higher potentials which was measured on the same
NCA electrodes.** The generated water further reacts with Li",
which is present on the surface of the secondary particles®®"
and the following reaction occurs:

Li" + H,0 - H' + LiOH (3)

Reaction (3) takes place on the surface of the active material.
Subsequently, the formed protons can diffuse into the active
material and once H' is inside of the cathode structure, it is
likely to form OH groups (4):

LITMO, + H" - LiTMO-OH (4)

These oxyhydroxides have been observed in Ni-rich NMC
before*° and previous studies of oxyhydroxides have shown that
they are stable up to 4.2 V vs. Li/Li*,"® which supports the
hypothesis that the formation of OH-groups is partially irrever-
sible in the working range of the material. However, note that,
assigning the exact mechanism of OH formation inside the
cathode is difficult and outside the scope of the current study.
Fig. 4 shows a schematic depiction of the proton exchange
mechanism in connection to the charging curve of NCA. Low
potential electrolyte decomposition is shown in light blue while
the high potential proton exchange mechanism is shown in
orange. We point out that all the formation pathways

Phys. Chem. Chem. Phys., 2024, 26, 19460-19468 | 19465


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01766h

Open Access Article. Published on 02 July 2024. Downloaded on 6/15/2026 11:39:44 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

Lit + H,0 — H* + LiOH

4.5

>
o
1

Voltage [V]
w
o
1

@
=}
1

2.5+

T
0.0 0.2 04 0.6 0.8 1.0 1:2 1.4
Capacity [mAh]

Fig. 4 Schematic display of the chemical reactions responsible for H*
formation, occurring at low and high potentials, exemplified with the char-
ging curve of NCA. The detailed reaction schemes can be found in the text.

mentioned above may be substantially assisted by internal lattice
superstructures,” nanoporosity” or interstitial pores or voids from
microstructural defects within the cathode particles.*®

4 Conclusion

We present a novel type of O K-RIXS signature from the oxygen
redox active compounds LRNMC and NCA that emerge during
cycling alongside the previously reported trapped-O, RIXS
signals. We reveal for the first time that lithium-ion batteries
exhibit vibrational progressions that can be attributed to
stretching modes of OH-groups. The OH-group signal strength
increases upon charging in the initial-cycle of LRNMC, which is
consistent with indications from early-cycle NCA. However, in
contrast to O, formation, reversibility is incomplete in initial-
cycle LRNMC and negligible for NCA, while the RIXS maps of
both sample systems still show a consistent absorption energy
shift of the OH signal depending on the state of charge. Our
study shows that cathode materials are prone to develop OH-
groups, which is an undesirable side reaction in contrast to O,
formation, which serves as a method for reversible energy
storage. Aged NCA suggests that OH-group concentration stays
fairly stable after a build-up during early cycles, and may even
become more enhanced during lithiation. This observation
points to the fact that the OH-formation plateaus and consti-
tutes small amounts which should not strongly impede the
cathode performance. While this is the case for the present
cathodes, other battery chemistries might be affected more
strongly and should be investigated. Besides the immediate
observations for these cathode systems, this study highlights
the power of vibrationally-resolved RIXS as a fingerprinting
technique to identify characteristic embedded molecules and to
study their surroundings. This is deemed especially important
in understanding and troubleshooting the battery cathode
chemistry. We believe this work can also stimulate the difficult
and direly needed theoretical task of calculating energy sur-
faces and simulating RIXS spectra of embedded molecules. Our
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findings are thus instrumental in gaining a comprehensive
understanding of the entire cathode system, one of the most
topical questions in lithium-ion battery research.
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