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ABSTRACT

The evolving oxygen state plays key roles in the performance and stability of high-
energy batteries involving oxygen redox reactions. Here, high-efficiency full energy
range O-K mapping of resonant inelastic x-ray scattering (mRIXS) was collected from
0, (0% and CO, (O* with strong covalency) molecules, and compared directly with
Li,0,(0O") and the oxidized oxygen state in representative Na/Li-ion battery electrodes.
Our results confirm again that the critical mRIXS feature around 523.7 eV emission
energy is from intrinsically oxidized oxygen, but not from highly covalent oxygen state
(CO»). The comparison of the mRIXS profile of the four different oxygen states, i.e.,
0%, O, O™(0<n<2), and O°reveals that oxygen redox states in batteries have distinct
width and positions along the excitation energy compared with Li2O> and O». The
nature of the oxidized oxygen state in oxide electrodes is thus beyond a simple

molecular configuration of either peroxide or O..
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The chemical state of oxygen in various electrochemical systems has recently
attracted much attention because it holds the promise of performance improvements,
however, is also believed to be responsible for detrimental effects on stability and
sluggish kinetics'2. A fervent debate on how to understand and control the
unconventional oxygen states have triggered intensive studies in both Alkali-ion
batteries and catalytic systems' >, Non-divalent model oxygen systems, O>°> and
peroxo-species®, have been proposed to explain the oxidized oxygen state in battery
materials. However, the extremely strong transition metal dependence of the oxygen
redox activities in battery electrodes indicates that molecular oxygen systems may not
necessarily be the fundamental model of the oxidized oxygen state in these

electrochemical systems.

Experiments often find oxygen activities in different forms with unclear
connection”®, which mainly involve i) the O release and associated surface reactions’,
and ii) the intriguing species of lattice oxidized oxygen?®. In the other hand, oxygen in
an oxide electrode is always involved in battery operations through the strong
hybridization with the transition-metals'?, with or without oxygen redox activities'!. It
is therefore equally important to test a highly covalent O? model system, such as CO»,
to clarify the differentiation between the intrinsically oxidized oxygen state and the
modified oxygen state through covalency. Therefore, a direct comparison through a
reliable probe of the four different oxygen oxidation states, i.e., 0°(O,), O'(Li2Oy),
highly covalent O*(CO,), and more importantly, the O™ (0<n<2) species in battery

electrodes, is of both fundamental and practical importance for understanding the
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chemical reactions involved in a wide range of energy applications including Alkali-

ion, Li-air batteries, and catalytic systems'*.

Several spectroscopic studies of O, and CO; were reported based on O K-edge
X-ray absorption spectroscopy (XAS) and resonant inelastic X-ray scattering (RIXS)
at particular excitation energies!>!>, Especially, RIXS studies of O, molecules at
characteristic excitation energies have resolved the fine structure of vibrionic modes of
O, with the focus on the low-energy excitations close to the elastic peaks'®. RIXS
studies of CO2 have shown that the molecule is a good model system to study the
symmetry breaking effect on the intermediated excited states during RIXS process!+1>.
While these previous studies revealed interesting results with focused discussions on
the vibrational coupling, our recent studies in battery materials involving oxygen redox
activities show that the oxidized oxygen displays two characteristic features in mapping
of RIXS (mRIXS), one is an enhanced low-energy excitation feature close to elastic
peaks™ !6, the other is a prominent feature at ~523.7 eV emission energy® !!- 16-20, More
importantly, analysis strongly suggests that a full mRIXS profile across a wide energy
range of both excitation and emission energies is critical for studying non-divalent
oxygen states due to three aspects!’-!%2!: i) only full mRIXS profile of the non-divalent
oxygen state along both excitation and emission energies could reveal the spectroscopic
contrasts in different species. E.g., mRIXS of Li,0» displays a much broadened mRIXS
feature along the excitation energy compared with that of battery electrodes, while the

individual RIXS spectra at ~531 eV excitation energy display similar features of

oxidized oxygen?!. ii) Critical features of oxidized oxygen may appear at excitation
yg yg Yy app

4



energies completely off the absorption peaks, which could only be detected in mRIXS
with a fine experimental step along excitation energies'®. iii) the full profile revealed
by energy-range mRIXS could enable quantitative studies of the non-divalent oxygen
states in some system!’, but a reliable quantification is only feasible through the
integration of the total intensity along both the excitation and emission energy axes
accessible through a mapping of RIXS (mRIXS). Therefore, it is crucial to perform the
full energy range mRIXS experiments of O, and CO», which remains missing the field,
and compare them directly with other oxygen systems to reach a complete and direct

comparison.

In this work, we first report the full energy range mRIXS results of Oz and CO»
gas molecules through the established high-efficiency RIXS and soft X-ray gas cell
systems?>23, We then compare the full mRIXS profiles of 0°(O>), O'*(Li,0,), O*(CO»,
highly covalent), and the O™ (0<n<2) state in representative Na-ion and Li-ion battery
systems!”> 2921 Although CO; is a highly covalent system with an ill-defined O*
valence, the data show that the covalency effect is different from all other intrinsically
oxidized oxygen, which always displays a characteristic mRIXS feature at 523.7 eV
emission energy with a varying excitation energy around 531 eV. Our direct
comparison between the three different oxidized oxygen systems reveals distinct
mRIXS profiles between them. This is the first time full profile of O2 and CO2 mRIXS
is reported and different non-divalent oxygen states are compared with each other
directly. The direct comparison suggests that oxidized oxygen state in battery electrode

is not simply a molecular configuration as in either peroxides or O gas.
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O K-edge mRIXS measurements were performed in the high-efficiency iRIXS
endstation at Beamline 8.0.1 of the Advanced Light Source at Lawrence Berkeley
National Laboratory??, mRIXS data were collected through a high-transmission soft X-
ray spectrometer with energy resolution of about 0.3 €V on emission energy?*. A series
of RIXS spectra have been recorded across the O K-edge with steps of 0.2 eV in excited
energies. The recorded spectra were then plotted in color scale and combined into a
mRIXS map??. The partial fluorescence yield (PFY) sXAS data were extracted from
the mRIXS results by integrating the intensity at each excitation energy!'®. All the data
have been normalized to the beam flux measured by a clean gold mesh upstream of the
endstation. The mRIXS maps shown in this work are accomplished within 15 minutes.
Experimental details of Li»O2?!, charged NMMO (Na3Mg13Mn2302)!7, and charged
Li-rich NMC (Li1.17Ni0.21C00.08Mno.5402)*°, were previously reported. Note we
compare the mRIXS results with only fully charged electrodes where oxidized oxygen,
i.e., O™ (0<n<2) has been confirmed!”- 2°, All solid state samples were handled with
zero air exposure, and data were collected with low X-ray flux with itinerary sample
throughout the experiment to eliminate radiation damage issues®. For measuring the
Oz and CO; gas phase samples, the photon beam entered and exited a home-made gas
cell filled with gas through a 100 nm thick silicon nitride window?. For a direct
comparison, all energy values reported here are calibrated in the same way by

measuring TiO: as a reference.
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Figure 1. (a) O K-edge mRIXS of O,. The map is dominated by two characteristic features, A
centered at 523.7 eV emission energy (red circle) and low-energy excitations close to elastic line
(white arrow). (b) O-K PFY of 02, which is obtained by the integration of the mRIXS signals at
each excitation energy. (c) Individual O K-edge RIXS cuts of O, with excitation energy range of
530.2 eV-532 eV and 0.2 eV step.

Figure 1(a) shows the experimental O K-edge mRIXS results of O> gas with
the excitation energy (vertical axis) range of 527.6 eV - 536 eV. The integration of the
mRIXS intensity along emission energies (horizontal) provides the partial fluorescence
yield (PFY) signal of XAS, which is shown in Figure 1(b) and consistent with previous
reports!2. Representative individual RIXS spectra excitation energy range 530.2 eV -

532 eV are shown in Figure 1(c).

Technically, full-energy-range mRIXS records intensity distribution upon the
energy of the fluorescence photons, i.e., the emission energy, at each excitation energy
in the XAS scan range, thus forming a two-dimensional intensity plot as a function of
both emission energy and excitation energy'®. For the O, mRIXS, the whole map is
dominated by a strong feature A centered at 523.7 eV emission energy and 531 eV
excitation energy (Figure 1(a)), in addition to the low-energy loss features close to the

elastic line (white dashed line). The RIXS spectra in Figure 1(c) further reveal the fine
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satellite structures of these two groups of features. It is clear that these features lead to
the main O K-edge XAS peak (Figure 1(b)). According to the previous study'?, this
absorption feature around 531 eV excitation energy corresponds to the transition
between the Is core electron to the initially half-filled n* orbital. So the prominent
feature A in mRIXS stems from the decay of electrons after the electron excitations
from O 1s to the unoccupied 7, state. Therefore, the final state involved in the RIXS
process that leads to feature A is equivalent to an excited electron into the unoccupied
O-2p molecular orbital. Because O has only fully occupied 2p orbitals, this suggests
again that the mRIXS feature with 523.7 eV emission energy is a fingerprint of the
oxidized oxygen state, same as that for Li»O?!. However, it is a critical observation
here that, although with the same emission energy of 523.7 eV, the overall profile of
this oxidized oxygen feature along the excitation energy is dramatically different

between the Li,O> and O», which will be elaborated later in this work.

Other than feature A, two different types of features should also be noticed in
Figure 1(a) and 1(c). Firstly, the weak signal shift below the excitation energy 530.6
eV is Raman-like feature due to the strong excitation energy dependencies near the x-
ray absorption edge?. Secondly, low-energy excitation features are observed at the
same excitation energy of 531 eV, indicated by the white arrow in Figure 1(a). These
satellite features are observed at the 0 - 2 eV energy loss range close to the elastic line
(white dashed line), related with nuclear vibrational excitations that were studied in
details before!s. Note that an enhancement of such low-energy excitation features are

also observed in battery electrodes with oxygen redox activities'®.
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Figure 2. (a) O K-edge mRIXS of CO». Seven groups of features are observed, as indicated by the
white arrow on the low-energy excitations and the letters of B-G. Group D consists of two features
D1 and Ds. (b) O K-edge PFY of CO2, which is obtained by the integration of the mRIXS signals at
each excitation energy. (c) Individual O K-edge RIXS cuts of CO; with excitation energy range of
535eV-537 eV of 0.2 eV step. Features D; and D> are clearly resolved.

Compared with O2, CO» is a more complex system and could be considered as
linear molecular with full-filled HOMO in D), symmetry. Figure 2(a) and 2(b)
displays the O K-edge mRIXS and PFY results, respectively, of CO> gas with the
excitation energy range of 532 eV - 542 eV. The detailed RIXS lineshape with
excitation energy range 535 eV — 537 eV are displayed in Figure 2(c). Because CO: is
a typical O* system, RIXS intensity is observed only above ~534 eV excitation energies.
This is expected because the low-energy excitation around 531 eV is characteristic to
the oxidized oxygen, as discussed above for both O and Li>O»?'. However, it is
important to note that CO> is a highly covalent system with an ill-defined O*,?7 still,
the 523.7 eV emission feature at around 531 eV excitation energy does not emerge in
COz. Such an observation clearly shows that the specific mRIXS feature assigned to
the oxidized oxygen states represents the intrinsic oxidized oxygen state that is different

from a modified O state from Covalency or hybridization.
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Figure 3. The schematic electronic configuration of CO; and the corresponding RIXS process based
on single electron approximation. The CO- ground state is displayed on the left. Intermediate states
defines the 3 groups of excitation energies of the mRIXS features. The electronic state is marked as,
for example, 1my 127}t where —1 means electron hole present at the 1mgorbital while +1
means extra electron present at the 2m, orbital. Letters B-G indicate the decay processes that
correspond to the 6 groups of mRIXS features shown in Fig.2a. F and G are non-resonant emission

features that could be used to extract the 4.5 eV energy difference between the the 1m, and 17,

molecular orbitals.

Overall, the mRIXS features of CO; consist of many groups, as marked on
Figure 2(a) as features B-G. Additionally, Low-energy excitations (white arrow)
around excitation energy 536 eV could be seen, which is within 2 eV to the elastic peaks
and again due to nuclear vibrational excitations as in the case of O»!3. Some of the
individual RIXS spectra around the excitation energies of 536 eV (B and D) and 539
eV (C and E) were discussed before with the focus on the symmetry breaking effect on
the vibrational coupling!#!>. Here, the wide energy range mRIXS results provide a clear

overall contrast between all these features upon excitation and emission energies, as
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well as two new features (F and G) revealed at even higher excitation energies above
540.4 eV. Because the mRIXS patterns are much more complex than that of O2, below
we employ a molecular orbital schematic (Figure 3) to discuss the electronic origins

and energy configurations in details.

The comparison between the mRIXS map (Figure 2a) and XAS-PFY (Figure
2b) shows that the features B/D and C/E corresponding to the 536 eV and 539.4 eV
excitation peaks in XAS, which are known to be from the excitations from the 1s core

electron to the n* and o* orbital, respectively!#!>

, as schematically shown in the top
two excitation channels in Figure 3. The emission energy of these 4 features varies but
are roughly in two groups with relatively low (E and D) and high (B and C) energies,
which originates from the different energy levels of the decaying valence electrons at
the 1m, and 1w, states, as indicated by the different lengths of the red dashed lines
in Figure 3. Note feature D consists of two features D and D> at 522.3 eV and 522.8
eV emission energies, which could be seen clearly in the RIXS spectra in Figure 2(c).
This was the central topic in previous studies, which interpreted the splitting as the
results of the symmetry breaking effect of the core hole states in CO,'#!5-28, While the
features F and G have not been reported and analyzed before, they correspond to a much
higher excitation energy and their overall profile displays fairly vertical lines with
constant emission energies, which is a typical sign of the non-resonant valence electron
decays when the core electrons are excited into high-energy states away from the

absorption edge, i.e., the so-called non-resonant X-ray emission or fluorescence

signals'®. Although the features B (D) and C(E) are from the same decays of 1m,(1m,)
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electrons to the core hole, they display small differences in emission energies because
the valence states are reconfigured differently with the different excitations, i.e.,
resonant effect in the “R”IXS process. But when the excitation energy becomes far
above the absorption edge, the emission signals get decoupled from the excitations and
become non-resonant'®, leading to the fixed emission energy at high excitation energies
of features F and G. Therefore, the 4.5 eV difference in emission energies between the
feature F and G is a direct probe of the energy difference between the 1m, and 1w,
orbitals (Figure 3). In summary, the excitation energies of the mRIXS features of CO>
are defined by the electron excitations, while the emission energies are defined by the

decays from different valence states.
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Figure 4. (a) Direct comparison of full mRIXS profile of oxidized oxygen states in four systems:
Li,0,?!, charged NMMO (Naz3Mgi3Mn30,)!7, charged Li-rich (Li;.17Nig.21C00.0sMng 540,)?°, and
;. The full profile reveals that the two groups of characteristic oxidized oxygen features, i.e., the
523.7 eV emission feature (red arrows) and low-energy excitation feature (white arrow), are distinct
in their profile along excitation energies. Color scale are adjusted so the horizontal size of the 523.7
eV emission feature remains the same for all the maps. Horizontal dashed lines are plotted at the
rising edge of the 523.7 eV feature in (a). The width defined by the lines along excitation energies
is proportional to the quantitative analysis of the half peak width of the 531 eV feature in (b). Details
of the peak fitting parameters are provided in Supplementary Fig. S1-S3 with the peak width of 0.51,
0.35, and 0.24 eV for NMMO, Li-rich, and O, respectively (b) sPFY spectra of the four systems
extracted from mRIXS maps by integrating the intensity within 0.5 eV of 523.7 eV emission energy.
Red arrows indicate the distinct positions of the characteristic features in different systems.
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With all the mRIXS features of O> and CO» interpreted, we could now compare
directly the full mRIXS profile of the different oxygen states. As discussed in the
introduction and the analysis of the two gas molecules above, only non-divalent oxygen
states could display the ~531 eV low excitation energy feature, and the critical
comparison is on the characteristic ~523.7 eV emission feature of the oxidized oxygen
states, i.e., 0%(02), O'"(Li»02), and the O™ (0<n<2) state in representative Na-ion and

Li-ion battery systems.

Figure 4 displays the full mRIXS profile of Li»0»?!, a fully charged
NasMgi13Mny30, (NMMO) electrode during the initial cycle!’, a fully charged
Li1.17Ni021C00.0sMng 5402 (Li-rich) electrode during the initial cycle?®, and O». The
choice of the two electrode materials is based on the clear evidences of oxidized oxygen
state in their charged states'”- 2. Firstly, all these oxidized oxygen species display the
characteristic mRIXS fingerprint ~523.7 eV emission energy (red arrows). However,
the full mRIXS profile reveals different distributions of these oxidized oxygen features
along excitation energies, with a color scale showing the same horizontal expansion
along emission energy: Li»O: displays the longest distribution and O gas displays the
shortest (Figure 4(a)). Detailed analysis of the feature width through quantitative peak
fitting is provided in Supplementary Fig. S1-S3. Secondly, these oxidized oxygen
features center at different excitation energies. This could be clearly seen from the sSPFY
(super Partial Fluorescence Yield!”) spectra from the integration of the mRIXS intensity
within a +/- 0.5 eV window to the characteristic 523.7 eV emission energy. The sPFY

shoulders at 528-530.5 eV excitation energy are from the strong hybridization feature
13



of the transition-metal (TM) 3d states, which is always heavily mixed with the oxidized
oxygen feature!®!8, We note that the profile contrast along the excitation energy could
also be seen from the sPFY plot (Figure 4(b)), and this observation does not depend

on the sPFY integration window size (0.2 — 1 eV).

Additionally, all systems display an enhanced low-energy excitation feature
close to the elastic line (white arrow), as previously reported in battery electrodes with
oxygen redox activities>'®. However, differences in execution energies of this feature
could be easily seen (Figure 4(a)). While this feature of O3 is known to be from the
vibronic modes of the gas molecule, they are likely of different types of phonon modes

in the solid-state Li,O and battery electrodes.

The direct mRIXS comparison here, especially on the characteristic 523.7 eV
emission feature, strongly suggests that the oxidized oxygen state involved in oxygen
redox reactions in batteries is not simply through a molecular configuration of either a
peroxide type or oxygen gas. Therefore, the ultimate clarifications on the origin of
oxygen redox states in TM oxides require future efforts to resolve and calculate the
phonon features in RIXS?’, and particularly, the interpretation of the characteristic
523.7 eV emission feature in oxide systems needs to consider the strong effect from
both TM and oxygen under such a highly oxidized state, which remains a grand
challenge but critical for achieving a fundamental understanding of the driving force of

oxygen activities in batteries.
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In Summary, by collecting the full energy range mRIXS of O, and CO> gas
molecules, we show that, although CO; is a highly covalent system, the specific feature
with ~523.7 eV emission and a varying low-energy excitation energy in mRIXS does
not emerge in CO,. Therefore, this specific feature is a fingerprint of the intrinsic
oxidized oxygen states, not a conventional oxygen state affected by hybridization or
covalency. All the 7 groups of mRIXS features of CO; could be reasonably interpreted
based on the schematic of the molecular orbitals. We then focus on the direct mRIXS
comparison of the oxidized oxygen species between Li>xO> (O!), Li-ion and Na-ion
battery electrodes (O™, 0<n<2), and O, (O°) systems. The direct contrast of the mRIXS
full profile reveals that, although all these oxidized oxygen species display both the
~523.7 eV emission feature and an enhanced low-energy excitation feature close to the
elastic line, the characteristic feature show different profile and positions along
excitation energies in different systems. The contrast on both the width and positions
of the 523.7 eV emission features suggests that the lattice oxygen redox states in
batteries are at least not a pure molecular configuration of either the peroxide or oxygen
gas type. While the fundamental understanding of the oxygen redox mechanism
remains a highly debated topic, the direct comparison here provides a critical
foundation for understanding the highly oxidized states in a complex transition-metal
oxide system. The results indicate and are consistent with the strong association
between the transition metal and oxygen in batteries. It is therefore critical to go beyond
both a molecular oxygen configuration and the hybridization model for truly understand
the oxygen redox activities in oxide electrodes. Considerations of the strong effects
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from highly oxidized states of both TMs and oxygen should be considered, a
challenging topic in both materials and physics. We hope this work clarifies some
crucial speculations on the nature of the oxidized oxygen state in oxide electrodes, and
could raise further attention and efforts towards an ultimate understanding of the
oxygen redox mechanism in a broad field of chemistry, material sciences, and

fundamental physics.
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