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To understand the electronic-structure change of LiCoO,, a widely used cathode material in Li-ion
batteries, during charge—discharge, we performed ex situ soft X-ray absorption spectroscopy (XAS) and
resonant soft X-ray emission spectroscopy (RXES) of the Co Lz edge in combination with charge-
transfer multiplet calculations. The RXES profile significantly changed for the charged state at 4.2 V vs.
Li/Li*, corresponding to the oxidation reaction from a Co®* low-spin state for the initial state, while the
XAS profile exhibited small changes. For the 4.2-V charged state, we confirmed that approximately half
of the initial Co®* ions were oxidized to Co** ions. The multiplet calculation of the RXES results revealed
that the Co** state has a negative charge-transfer energy and the d®L state (L is a ligand hole) is the
most stable. Therefore, the O 2p hole created by the strong charge-transfer effect plays a major role in
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1. Introduction

In the past few decades, Li-ion batteries (LIBs) have been
extensively developed for various applications. To apply LIBs
to electric vehicles and large-scale energy-storage systems, their
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energy density and safety need to be improved. Increasing the
charge-discharge capacity of the cathodes of LIBs is particu-
larly important for increasing the energy density. The charge-
discharge capacity is directly connected with the redox reaction.
In the case of LiCoO,, which is a typical cathode material,
the formal valence of Co changes according to the equation
LiCo*"'0, < 0.5Li" + 0.5~ + Lig5C0"",5C0°", 50, with charge
(Li extraction)/discharge (Li insertion) within a cutoff voltage
range of 3.0-4.2 V (vs. Li/Li*), where the capacity is approxi-
mately 150 mA h g~ .»* To confirm the Co**/Co** redox reac-
tion, many groups have investigated the electronic structure of
LiCoO, by various methods."™ X-ray absorption spectroscopy
(XAS) is one of the most powerful tools to analyze the electronic
structure of cathode materials. In the case of 3d transition-
metal (TM) oxides (TMOs) involving LiCoO,, TM K-edge (mainly
the 1s — 4p transition) and L,s-edge XAS (2pijz3. — 3d
transition) have been extensively performed. For example, the
Co*" low-spin state has been confirmed to be the initial state of
LiCoO, by Co K-edge and L,z-edge XAS.*'® For the charge
process of LiCoO,, Co K-edge XAS studies have shown that the
main peak shifts to the high-energy side, and Co L, ;-edge XAS
studies have revealed that the XAS line shape changes, which
suggest the oxidation reaction from the Co®" state to the Co**
state.'>'®

In this study, we focus on the Co*" state in the charge
process because the electronic configuration and Co 3d-O 2p

This journal is © the Owner Societies 2025
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orbital hybridization of the Co-O bond have been unclear.
Resonant soft X-ray emission spectroscopy (RXES) combined
with theoretical charge-transfer (CT) multiplet calculations is a
promising method to investigate the Co 3d electronic structure.
RXES is the secondary process after XAS, reflecting the element
and orbital-selective occupied (valence) state.'” " Recently,
RXES has attracted considerable interest for studying electrode
materials,”** including Li-rich layered oxides with oxygen
redox.”>° For LiCo0O,, the oxygen redox reaction has been
investigated by O K RXES,*>*! but the reaction occurs at voltage
around 4.6 Vvs. Li/Li", which is higher than the voltage range in
which the Co*'/Co*" redox occurs in practical applications
(below ~4.2 V vs. Li/Li*). Here, we report a Co Lz (2p-3d-2p
resonance) ex situ RXES study of LiCoO, in three states (the
initial state, the 4.2-V charged state, and the discharged state
after 4.2-V charging) to clarify the intrinsic role of the O 2p-Co
3d CT effect in the redox reaction below 4.2 V.

2. Method

LiCoO, powder was fabricated by following the procedure below.
First, CoCl,-6H,O (0.0025 mol) and LiNO; (0.020 mol) were
dissolved in H,O (10 ml). The solution was then dried at 140 °C
in vacuum for 17 h. The dried reactant was placed in a Al,O3
crucible with a lid. The crucible was placed in a muffle furnace
and heated at 800 °C in air for 3 h. Finally, the sample
was washed with deionized water and dried under vacuum
conditions. The LiCoO, powder was pasted with super-P Li as a
carbon additive to increase the conductivity and polytetrafluor-
oethylene as a binder. The paste was then pressed onto Al mesh
as a current collector to fabricate the working electrode.
A three-electrode beaker cell was assembled with the LiCoO,
working electrode, a Li-metal counter electrode, a Li-metal
reference electrode, and a 1 M LiClO,/ethylene carbonate-
diethyl carbonate electrolyte solution. The charge/discharge
experiments of the beaker cells were performed by cyclic
voltammetry (CV). The scan speed was set to 0.5 mV s ',
and the cutoff voltages were 4.2 V (vs. Li/Li") for charging and
3.0 V for discharging. The charged/discharged LiCoO, samples
were removed from the cell in a glove box, and they were
then transferred to a vacuum chamber using a transfer vessel
without exposure to air.

The XAS measurements were performed at BLO7LSU of SPring-
using the surface-sensitive total-electron yield (TEY) mode. The
RXES experiments were performed using the ultrahigh-resolution
X-ray emission spectrometer HORNET at BLO7LSU of SPring-8.%*
The energy resolution of the incident beam was 100 meV, and
the total energy resolution for the RXES measurements was AE =
330 meV at 785.0 eV. All of the XAS and RXES measurements were
performed at room temperature. We also performed spectral
analyses using Quanty software programs based on CT multiplet
calculation.>*®" In the calculation, the Co 3d orbitals with the Co
2p core-hole effect and O 2p orbitals in a CoOs octahedron were
considered. To describe the ligand-to-metal CT, configuration
interactions were used as a linear combination of the basis of
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each electron configuration with the CT effect (d”, d*"'L, and
d™?L?, where L denotes a ligand hole).

3. Results and discussion

The CV curves of LiCoO, are shown in Fig. 1. The voltage
range was set to 3.0-4.2 V (vs. Li/Li"). The open-circuit voltage
before cycling was 3.2 V. A broad structure was observed around
4.1 V in the charge process. This indicates the oxidation
reaction due to Li extraction from LiCoO,. For the discharge
process, the reduction peak was observed at 3.8 V owing to
reinsertion of Li.

To investigate the unoccupied Co 3d states and select
the incident photon energy (excitation energy) for RXES, TEY
XAS measurements were performed. The Co Lz-edge TEY XAS
results for LiCoO, are shown in Fig. 2. According to the XAS line
profiles in previous reports,>*'* the initial and discharged
states are attributed to the Co®" state, suggesting a reversible
redox reaction for the Co 3d state. The small multiplet splitting
for the initial and discharged states suggests that the e, orbital
is almost unoccupied in the Co** (d®) low-spin (LS) state."* The
LS Co®" has occupied six t,, orbitals (which should be further
split into e; and ay, orbitals in the lower symmetry as reported
in ref. 14) and all the e, orbitals are empty.

The main peak position in the 4.2-V charged-state spectrum
slightly shifted to the higher energy region and the shoulder
structures at 776.8-778.4 and 781.0-782.0 eV were enhanced
(indicated by the arrows in Fig. 2). These results are similar to
those in previous reports.** The changes for the 4.2-V charged
state indicate the appearance of the Co*" state. The slight shift
of the main peak suggests oxidation of Co, which should
be accompanied with the slight increase of the structure at
781.0-782.0 eV. The increase of the shoulder structure at 776.8-
778.4 eV is attributed to t,, hole (on the a;, orbital in the lower
symmetry) created by charge."® Moreover, it is expected that
approximately half of the Co®* sites remained (i.e., approxi-
mately 0.5Li was extracted) at the upper cutoff voltage of 4.2 V,
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Fig. 1 CV curves of LiCoO, with a scan speed of 0.5 mV s~
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Fig. 2 Ex situ Co Lz-edge TEY XAS spectra corresponding to the three
states in Fig. 1. The dotted line indicates the excitation energy (779.5 eV) for
the RXES measurements.

which is usual value for practical use to maintain the host
framework."?

To further investigate the Co®" state in the initial state and
determine how it changes by the charge process, the excitation
energy for RXES was selected to be 779.5 eV, which is the Co L;-
edge main peak position for the initial and discharged states
(indicated by the dashed line in Fig. 2). The same excitation
energy was used for the charged sample.

The RXES results at the Co L; edge are shown in Fig. 3. The
peak at 779.5 eV corresponds to the elastic scattering where the
emission energy equals the excitation energy. The sharp peaks
from 775.0 to 779.0 eV for the initial state are related to the dd
excitations. The broad structure below 775.0 eV is mainly
related to the CT excitation between the Co 3d and O 2p
orbitals. In addition, some fluorescence components should
be involved for the whole range. These features for the initial
state are almost the same as those for the discharged state,
suggesting a reversible redox reaction of Co, as for the XAS
results. The line shape for the 4.2-V charged state is greatly
different from those for the initial and discharged states. Large
changes in the Co 3d electronic structure by charging were
observed for Co L; RXES, while Co L;-edge XAS showed small
changes. In particular, the three dd-excitation peaks observed
in the initial state greatly changed in the 4.2-V charged state.
These changes can be attributed to the partial oxidation of the
Co™ state to the Co*" state.

To analyze the RXES spectra, we performed multiplet calcu-
lations including CT effects using the Quanty program. The
RXES spectrum with 779.5-eV excitation includes a fluorescence
component that was not included in the calculation. For
the initial state, we also measured the RXES spectrum with
793.8-eV excitation corresponding to the post-edge region of
the Co L; edge. The RXES spectrum with 793.8-eV excitation
(on-resonance for the L, edge) below ~ 780 eV in the emission-
energy scale is regarded as the off-resonant spectrum for the
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Fig. 3 Exsitu RXES results at the Co Lz edge of LiCoO, for the three states
shown in Fig. 1.

L; edge. We subtracted the off-resonant spectrum from the on-
resonant 779.5-eV RXES spectrum to remove the fluorescence.
The subtracted spectrum (spectrum A) is compared with the
Co*" CT multiplet calculation with a CoOg cluster model in
Fig. 4(a). The calculated result well reproduces the experiment,
except for slight differences of the peak intensities of the dd
excitations around 778 eV. In addition, the elastic scattering at
779.5 eV in the experimental spectrum is not reproduced well,
because it depends on the experimental settings, including
the polarization of the incident and emitted photons. The
electronic-structure parameters used in the calculation are
summarized in Table 1. For the calculation, O;, symmetry was
considered for simplicity, while it has been reported that the
CoOg octahedron has trigonal D;q symmetry slightly deforming
compared to the O, symmetry.”® The crystal-field splitting
10 Dq value of 1.4 eV is sufficiently strong to maintain the d°® LS
state®”*® considering the Tanabe-Sugano diagram for this
configuration. The CT energy (A), corresponding to the energy
difference of E(d’L) — E(d®) (L is a ligand hole), is 0.6 eV,
resulting in a strong CT effect. Indeed, the calculated weight of
charge-transferred d’L configuration (52.1%) is higher than
that of d® configuration (39.0%) as shown in Table 2.

For the 4.2-V charged state, to extract the Co*" component, we
performed a difference analysis. Firstly, we subtracted the off-
resonant spectrum for the charged state from the on-resonant
779.5-eV RXES spectrum in the same way for the initial state,
which is spectrum B in Fig. 4(b). Next, a difference spectrum
(spectrum C) was constructed using the formula of [spectrum B
(charged)] — 0.5 x [spectrum A (initial)] (Fig. 4(c)). Here, we

This journal is © the Owner Societies 2025


https://doi.org/10.1039/d4cp03759f

Published on 10 December 2024. Downloaded by Universiteit Utrecht on 5/7/2025 8:00:14 PM.

Paper
IIIIIlIIIIIIIIIIIIIIIIIIIIIIlIIII
@ Initial state (a)
—— on resonant
(779.5-eV excitation)
— - -+ off resonant
i) (793.8-eV excitation)
c
3
o
—
© Tmeavmaanns
N
_-i-’ A: [on resonant] - [off resonant]
2 — calc. for Co™"
Q
-
£
IIlIIlIIIIIlIIlIIlIIIlIIlIIIlIlII
IIIIIIIIIIIIlIIIIIIIIIIIIIII]IIII
@ Charged (b)
—— on resonant
(779.5-eV excitation)
— - -« off resonant
__g (793.8-eV excitation)
c
=]
el
—
©
~— v
> [ o
=
[72]
c B: [on resonant] - [off resonant]
2
£
lIlIIlllllllIIlllllllllllllllllll
s —— C:B-05xA (c)
+
:f —— calc. for Co
0
—
©
N
>
=
7
cC
Q
-
c
— AR A B B AR

768 772 776 780
Emission Energy (eV)

Fig. 4 (a) Subtraction of the off-resonant spectrum from the on resonant
spectrum for the initial state and fitting result of the Co®' state.
(b) Subtraction of the off-resonant spectrum from the on resonant
spectrum for the charged state. (c) Difference analysis for the charged
state and fitting result of the Co** state.

assumed that the Co®" state was unchanged between the initial
and charged states. The coefficient of 0.5 in the formula is
an assumption based on the nominal chemical equation of
LiCo*'0, < 0.5Li* + 0.5e™ + Liy sC0o>*"0,, while it is difficult to
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Table 1 Electronic-structure parameters used in the calculations (in eV)

Co*" (0}, symmetry) Co*" (0}, symmetry)

10 Dq 1.4 1.6
4 0.6 -1.0
Uda 6.5 7.0
Q 7.5 7.5
Vey) 2.2 3.0
V(tzg) 1.1 1.5

Table 2 Calculated weights of each electron configuration and calcu-
lated effective 3d electron numbers (ng)

Co’" (0y, symmetry) Co™ (0}, symmetry)

d° 39.0% d° 27.3%
d’L 52.1% d°L 57.1%
dsL? 8.9% d’L? 15.6%
<7'Zd> 6.7 (nd> 5.9

accurately estimate the ratio of Co®*"/Co*" from the intensity of
RXES spectra.

The difference in line shape between spectrum C and
spectrum A suggests the oxidation reaction of the Co®" LS to
Co™" LS states. The shoulder structure of the 777.9-eV peak in
the dd excitation region of spectrum C should correspond to
the decrease of the 778.3-eV peak in spectrum A, suggesting the
removal of an electron from the fully occupied t,, band of the
Co®" LS state in the initial state as Fig. 5 shows. Spectrum C was
successfully fitted by the Co*" calculation for the dd and CT
excitations (Fig. 4(c)). Indeed, the Co*" calculation reproduces
the decrease of the 777.9-eV peak. The electronic-structure
parameters for the Co*" calculation are summarized in
Table 1. For Co*", 4 is defined as E(d°L) — E(d’). The 4 value
was determined to be —1.0 eV. The negative 4 means that the
charge-transferred d°L configuration is considerably dominant
compared to the d’ configuration. Negative 4 in Co*" configu-
ration has been also found for SrCo0;.>° Indeed, the calculated
weight of d> configuration is as low as 27.3%, while that of

Co3* Cot
€ ——< €y _‘J’;:i‘ dd
3d L ddexcitaton  3d |_—— excitation
by tag
hvou hvgy
hvin \ hvin \
e
2p 2p

Fig. 5 Schematic images of dd excitation for the Co®" and Co*"* states.
For simplicity, O, symmetry is considered. The yellow and red allows
indicate the absorption and emission processes. The 779.5-eV excitation
of RXES in Fig. 3 and 4 corresponds to the excitation (absorption) to only
the eq band for the Co** state.

Phys. Chem. Chem. Phys., 2025, 27, 4092-4098 | 4095


https://doi.org/10.1039/d4cp03759f

Published on 10 December 2024. Downloaded by Universiteit Utrecht on 5/7/2025 8:00:14 PM.

PCCP

charge-transferred d°L configuration is calculated to be 57.1%
(Table 2). The calculated effective 3d electron number (nq) for
Co™ is 5.9, which is much larger than 5.0 (Table 2). Moreover,
the calculated transfer integral between the Co 3d and O 2p
orbitals V(e,) is 3.0 eV, which suggests that the hybridization
of the ¢ bonding is not weak, and V(t,,) for the = bonding is
1.5 eV. Therefore, the CT effect of the Co*" state is further
stronger than that of the Co®" state. These results indicate that
the O 2p orbital plays an essential role in the redox reaction.
The holes created by the charge reaction tend to be located on
the p-d hybridized orbital. In that the holes are not localized
on the Co 3d orbital, the consideration is partly consistent with
previous XAS,® X-ray Compton scattering,” and theoretical
studies®® which suggest that the hole should be on the O 2p
orbital rather than the Co 3d orbital. We conclude that the
O 2p—-Co 3d hybridized orbital is redox active for LiCoO,.

A similar mechanism has been reported in Mn L-edge XAS
and RXES studies of LiMn,O, with the Mn*"/Mn*" redox
couple®®*' and Ni L-edge XAS studies of NaFe, sNi,;0, with
the Ni**/Ni** redox couple for the Na-ion insertion/extraction.*>
In general, the p-d hybridization in TMOs is particularly
important for the physical properties.**** The p-d hybridiza-
tion in TMOs tends to become stronger for higher oxidation
states, such as the tetravalent state.*® Thus, the redox reaction
in TMO-based cathode materials should be considered for the
p-d hybridization in the [TM]Os octahedron rather than the
localized 3d orbital of the TM. The situation is different from
that for polyanion-type LiFePO,, in which the localized Fe 3d
orbital in the FeOg octahedron mainly contribute to the redox
reaction.?® LiFePOy, is also a prototypical cathode material, but
it should be separately classified from TMO-based cathode
materials such as LiCoO, and LiMn,O, in terms of the electro-
nic structure and redox reaction.

The calculated spectra for both the Co®" and Co*" states
agreed the experimental RXES spectra (Fig. 4), even though the
symmetry in the calculation was simplified to Oy symmetry.
One reason for the agreement is that the degree of deformation
of the CoO¢ octahedron from Oy, symmetry is not large. Another
reason is the strong CT effects and strong p-d hybridization.
It is most likely that the interaction of the Co-O bond should
be very strong, resulting in the symmetry effect not being
significant on the RXES spectra. In the near future, we will
perform a similar calculation with lower symmetry to further
verify the symmetry effect.

4. Conclusions

We have performed ex situ RXES at the Co Lz edge of LiCoO, in
combination with multiplet calculation and succeeded in sepa-
rately clarifying the valence states of Co® and Co*". Both the
Co®" and Co*" states show strong CT effects from the O 2p to
Co 3d orbitals. The Co*" state in the charged state has a
negative CT energy, which means that the charge-transferred
d°L configuration is dominant, resulting in an effective 3d-
electron number (ng) of 5.9. Similar scenarios have been
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suggested in previous reports for other typical oxide-based
cathode materials like LiMn,0,. The higher valence state in those
oxides, such as the tetravalent state, commonly have strong CT
effects. Thus, present and those results indicate that the O 2p
orbital plays an essential role in the redox reaction through
the strong p-d hybridization in oxide-based cathode materials.
In addition, RXES in combination with difference analysis and
multiplet calculation is a very powerful method to distinguish a
specific oxidation state from mixed valence states. Extracting
the higher valence state in the charged state of cathode materials
is particularly important to understand the redox reaction.
For example, control of the CT effect by some means, such as
element substitution based on such electronic-structure analysis
using RXES, will be effective to further improve the electrode
performance.
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