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An understanding of the role of metal and oxygen in the redox process of layered 3d transition-metal
oxides is crucial to build high-density and stable next-generation Li-ion batteries. We combine hard-x-ray
photoelectron spectroscopy and ab initio–based cluster-model simulations to study the electronic structure
of the prototypical end members LiCoO2 and CoO2. The role of cobalt and oxygen in the redox process
is analyzed by optimizing the values of d-d electron repulsion and ligand-metal p-d charge transfer to the
Co 2p spectra. We clarify the nature of oxidized cobalt ions by highlighting the transition from positive to
negative ligand-to-metal charge transfer upon Li+ deintercalation.
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I. INTRODUCTION

The widespread success of layered lithium transition-
metal oxides as positive electrode materials in Li-ion
batteries is based on their ability to reversibly intercalate
Li+ ions and exchange electrons while preserving crystal
integrity [1]. The archetype for these materials is LiCoO2,
introduced three decades ago and still one of the most-used
cathode materials [2,3]. Although LiCoO2 is now regarded
as a conventional material in the battery community, the
fundamental electron-transfer mechanism associated with
Li+ deintercalation and Li-ion cell operation is not yet
fully understood, preventing the increase of the usable
capacity of this material [4]. Considering the crystal-field
splitting of the Co 3d states due to the distorted octahedral
coordination, Li+ deintercalation from LiCoO2 should be
compensated by cobalt oxidation from t62ge0

g (Co3+) to t52ge0
g

(Co4+), both in the low-spin configuration. In practice,
only about half of lithium ions are typically deinterca-
lated to avoid fast degradation [4]. Such a limit has been
explained, using qualitative band-diagram models [5,6], by
the Co 3d band pinning to the top of the O 2p one.

In fact, electron withdrawal from the O 2p band has
been proposed to trigger deoxygenation and consequent
degradation of the layered structure, which are responsi-
ble for the performance decrease and eventual failure of
the material [7,8]. Such behavior is typical of all layered
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lithium transition-metal oxides, of which LixCoO2 is the
forefather member [7,9,10]. For this reason, LixCoO2 is
taken as a model system in this study, which aims to clar-
ify the fundamental redox mechanism involving both metal
and oxygen valence states underlying the performance and
limits of this class of materials.

The role of oxygen in the redox process has been high-
lighted in the nineties by density-functional theory (DFT)
calculations, showing that a significant part of the electron
transfer happens at the O sites [11–13], which explains
the O-O interlayer shrinking observed by in situ x-ray
diffraction (XRD) [14]. The inclusion of electronic corre-
lations via dynamical mean field theory (DMFT) does not
change qualitatively this picture: the average total occupa-
tion of the Co 3d shell does not change significantly along
LiCoO2, Li0.5CoO2, and CoO2 [15]. However, the linking
between DMFT predictions and experimental probes of the
electronic structure, notably via spectroscopy techniques,
is still missing. Moreover, while oxygen participation in
the redox process of LiCoO2 is nowadays accepted in the
literature [16,17], the nature of the coparticipating cobalt is
in doubt, particularly with respect to the commonly cited
Co3+ to Co4+ reaction.

From the structural point of view, the distinction
between Co3+ and Co4+ in LixCoO2 cannot be eas-
ily established. Upon delithiation, the crystal structure
of LixCoO2 is preserved overall, even through various
phase transitions. These include gliding of the CoO2 lay-
ers, distortion of the CoO6 octahedra, and specific Li+
ordering but only a gradual contraction of the Co—O
bond, as observed by in situ XRD [14,18,19]. Even in
the case of Li0.5CoO2, it is unclear if the low-temperature
charge-ordered phase displays a complete Co3+-Co4+ sep-
aration [20,21].

2768-5608/23/2(4)/043010(10) 043010-1 Published by the American Physical Society

https://orcid.org/0000-0002-7894-9908
https://orcid.org/0000-0003-2679-3072
https://orcid.org/0000-0002-8854-1105
https://crossmark.crossref.org/dialog/?doi=10.1103/PRXEnergy.2.043010&domain=pdf&date_stamp=2023-11-03
http://dx.doi.org/10.1103/PRXEnergy.2.043010
https://creativecommons.org/licenses/by/4.0/


FANTIN, VAN ROEKEGHEM, and BENAYAD PRX ENERGY 2, 043010 (2023)

X-ray photoelectron spectroscopy (XPS) is a suitable
technique to unveil the redox state of cobalt and oxygen
in LixCoO2, since it directly probes the local electronic
structure of ions. Previous XPS studies on the deinterca-
lation process of LixCoO2 have suggested that both cobalt
and oxygen participate in the redox process, as deduced
by the analysis of O 1s and Co 2p XPS spectra based on
cluster-theory assumptions but without supporting simula-
tions [8,22]. The Co 2p core-level spectra present satellite
structures on the high-binding-energy side, a signature of
correlation effects that can be exploited to gain a deeper
insight into the electronic structure of transition-metal
oxides [23–25]. The local electronic structure of cobalt and
oxygen sites has also been investigated by x-ray absorp-
tion spectroscopy (XAS) [26–28]. Mizokawa et al. have
interpreted the O K-edge XAS spectra changes supported
by unrestricted Hartree-Fock density-of-states calculations
for different Co3+-Co4+ mixtures in the CoO2 triangular
lattice. They have observed a larger O 2p hole concentra-
tion around the Co4+ ions [28]. While this interpretation
is appealing, it does not explain the satellite structure of
the XPS spectra. In fact, since the XPS final state is ion-
ized, this technique is more sensitive to the charge-transfer
satellite structures, revealing the complex interplay within
the metal-ligand framework [25,29].

To our knowledge, a direct comparison between experi-
mental XPS and theoretical simulations of deintercalated
LixCoO2, including ligand-metal charge transfer and d-
d correlations, is not yet present in the literature. Such
aspects are nonetheless critical to characterizing the elec-
tronic structure of 3d transition-metal compounds and
quantifying the d-d electron repulsion (Udd) and the ligand-
metal p-d charge-transfer energy (�) [30].

In this study, we bring new insights to the charge-
transfer mechanism of LixCoO2 by combining valence-
band XPS and core-level Co 2p hard-x-ray photoelectron
spectroscopy (HAXPES) measurements on thin-film elec-
trodes with DFT-based single-cluster-model calculations
for the end members LiCoO2 and CoO2. We find that
delithiation drives the compound from the mixed-valence
regime in LiCoO2 to the negative charge-transfer regime
in CoO2, leaving the net number of electrons in the Co 3d
shell nearly constant. Yet, we observe a reorganization of
the electronic structure: the delithiation process is compen-
sated by an electron withdrawal from the t2g states, while
there is an electron-density back flow from O 2p to the eg
states.

II. RESULTS AND DISCUSSION

A. Transition from positive to negative charge transfer
upon delithiation

To set the basis for our cluster-model Hamiltonian,
we have first obtained a p-d tight-binding model from
the Wannierization of converged paramagnetic DFT

calculations of LiCoO2 and CoO2 electronic structures.
Therefore, we have reduced to a minimum the dependence
of our model on semiempirical parameters—in particular,
the on-site energies and hopping parameters—to empha-
size the role of Udd and � on the electronic structure of
LiCoO2 and CoO2. The hopping terms for the CoO6 clus-
ter were extracted from the Wannier tight-binding model.
The Hamiltonian was then augmented with the Coulomb
interaction and spin-orbit coupling of the 3d shell, while
the charge transfer was treated by means of configuration
interaction model.

The ground state for the cluster-model Hamiltonian was
obtained by the exact-diagonalization method as imple-
mented in the QUANTY software [36], leaving only Udd
and � as empirical parameters. In all our calculations, we
have restricted the Hamiltonian to evaluate configurations
between dn and d8 with n = 6 for LiCoO2 and n = 5 for
CoO2. Figure 1 shows the expected values of the num-
bers of electrons in the Co 3d, t2g , and eg shells and the
total spin S as a function of Udd and �. In each panel, the
dashed line shows the value obtained by solution of the
tight-binding Hamiltonian only.

For LiCoO2, the occupation of the Co 3d shell estimated
by this method is larger than the nominal value of six, as
expected for the Co3+ oxidation state [Fig. 1(a)]. Specifi-
cally, while the t2g states are almost filled [Fig. 1(b)], an
occupation of about one is observed for the eg orbitals
[Fig. 1(c)]. This is a clear effect of the strong covalence
between the Co 3d and O 2p orbitals, recalling that the eg
orbitals point toward the ligand O 2p ones in the (distorted)
octahedral crystal field. By introducing electronic correla-
tions in our many-electrons cluster model, we observe a net
decrease of the Co 3d total occupation. Nevertheless, the
cluster calculation is more influenced by � than by Udd,
in particular regarding the eg occupations [Fig. 1(c)]. With
low �, the displacement of electrons from O 2p to Co 3d
is energetically favored; in the case of a negative �, this
process is predominant over the intra-atomic Coulombic
repulsion.

To find out which parameters better represent the elec-
tronic structure of LiCoO2, we have compared the simu-
lated and HAXPES Co 2p spectra [37]. The gray areas
in the panels indicate the range of values that better sat-
isfy these conditions and we compare our result with other
values of Udd and � in Table I. In the literature, no agree-
ment is found regarding the electronic structure of LiCoO2,
which has been defined as intermediate [31], charge trans-
fer [32], or even negative charge-transfer insulator [33],
while from DFT calculations LiCoO2 is a band insulator,
due to the complete filling of the t2g band [15].

Our simulations highlight that the dominant aspect in
the electronic structure of LiCoO2 is the Co 3d-O 2p
covalence, already described by DFT and subsequently
corrected to better describe the effects of correlations. This
has allowed us to classify LiCoO2 as a mixed-valence
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FIG. 1. The ground-state character by means of cluster-model
calculations of (left-hand panels) LiCoO2 and (right-hand pan-
els) CoO2: (a),(e) total Co 3d; (b),(f) t2g ; and (c),(g) eg electronic
occupations and (d),(h) total spin S as a function of Udd and �.
The dashed lines indicate the values obtained by exact diago-
nalization of the p-d tight-binding model only. The gray areas
indicate the range where we have observed the best agreement
with our photoelectron-spectroscopy measurements.

phase following the modern classification for high-valence
transition-metal oxides [37], in line with van Elp et al. [31].
To get a general guideline for Udd, the screened repulsion
values evaluated by first-principles approaches are also
reported in the Table I and are in line with our findings.

Regarding the electronic structure of CoO2, the values
Udd ≈ � ≈ 4.5 eV obtained for LiCoO2 give a reason-
able starting point, from which we have followed the
trends identified by Bocquet et al. [24]: with an increasing
oxidation state, Udd slightly increases while � decreases
abruptly, because of orbital shrinking and larger elec-
tronegativity. The DFT-based tight-binding solution of
CoO2 shows a slightly lower Co 3d occupation than in
LiCoO2, although still larger than six electrons [Fig. 1(e)].
While the t2g shell loses about one electron, the occupation
of the eg orbitals even increases [Figs. 1(f) and 1(g)]. The
system has been found to be in low-spin configuration, in
qualitative agreement with the experimental data [39].

TABLE I. The Hubbard Udd and charge-transfer � ener-
gies for LiCoO2, evaluated by (a) semiempirical cluster-model
calculations and (b) the linear-response approach, and (c)
the constrained-random-phase approximation, compared to our
results. The values in parentheses are for CoO2.

Udd (eV) � (eV) Reference(s)

3.5 4 [31](a)

6.5 1 [28,32](a)

5.5 −0.5 [33](a)

4.91 (5.37) . . . [34](b)

4.40 (3.68) . . . [35](c)

4.5 ± 1.0 5.0 ± 1.5 This work
(4.0 ± 0.5) (−2 ± 0.5)

In the cluster calculations, with decreasing �, we have
observed a transition at � ≈ −2 eV from the cobalt high-
spin (t32ge2

g , S = 5/2, HS) to the low-spin (t52ge1
g , S = 1/2,

LS) configuration. The best agreement with the experi-
mental spectra was obtained for values just below such a
transition (Table I). As a direct consequence of the clear
negative-charge-transfer nature of this compound, the elec-
tronic structure in the low-spin region is not in the t52ge0

g

configuration usually attributed to the Co4+ oxidation state
in the literature.

This result provides another perspective on the role of
oxygen in the charge-transfer mechanism. The O 2p par-
ticipation results directly from the increased hybridization
between the eg and O 2p states, while one net electron
is extracted from the t2g band. The oxygen atoms coordi-
nated around cobalt are all equally involved in this process,
with an average hole concentration increasing from 0.09 in
LiCoO2 to 0.23 in CoO2 per oxygen atom in the cluster.
Moreover, for CoO2, the electronic occupations obtained
by our cluster model are similar to our DFT predictions
and to the DFT + DMFT results [15].

B. Valence-band analysis

Figure 2 shows the experimental XPS valence bands of
(a) pristine LiCoO2 and (b) cycled Li0.12CoO2 thin films.
The valence band of LiCoO2 presents a narrow peak at
1–2 eV (A), followed by a large band between 3 and 8
eV (B) and a smaller one at 11–12 eV (C), in accordance
with the literature [8,22,40]. For the cycled LixCoO2, we
note that the contribution of F 2p , and O 2p from surface
species deposited after Li+ cycling cannot be neglected
[41], although the main valence-band contribution is to be
assigned to LixCoO2.

The experimental valence spectra are compared to the
DFT partial density of states (PDOS) and the Co 3d and
O 2p electron-removal spectra for LiCoO2 and CoO2. For
LiCoO2, the DFT PDOS fits well with features A and B,
but does not reproduce the small feature C at higher bind-
ing energies [Fig. 2(b)]. In contrast, the cluster calculation
[Fig. 2(c)] allows us to reproduce this peak, which is
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FIG. 2. A comparison of the (left-hand panels) LiCoO2 and
(right-hand panels) CoO2 (a),(d) XPS valence bands, (b),(e) the
DFT PDOS, and (c),(f) the electron-removal (PES) and -addition
(IPES) spectral functions. The PDOS for LiCoO2 in (b) has
been shifted to match with the main experimental peak. The
O 2p spectral functions were obtained by averaging the curves
obtained from all O atoms in the cluster and scaling them to
the actual composition and to the photoelectron cross section
σ (σCo3d/σO2p ≈ 10 [42]). The Udd and � parameters for LiCoO2
(LS CoO2) are 4.5 and 4.5 eV (4.5 and −2 eV). For the HS CoO2
phase, � = 4.5 eV.

assigned to a charge-transfer satellite, while preserving the
overall structure of the PDOS. Features A and C are there-
fore related to the screened and unscreened t2g photoelec-
trons, respectively. Their relative intensity is proportional
to α and β in the one-electron-removal wave function,
expressed in the configuration interaction framework of
our model as � = α|dn〉 + β|dn+1L〉 + γ |dn+2L2〉, where
L denotes a hole in the ligand shells (γ being negli-
gible). Feature B is related to the O 2p and eg mixed
orbitals, as is evident from both the PDOS and the electron-
removal spectra. For the CoO2 valence band, we observe
an increasing mixing between the O 2p and Co 3d states
and a closing of the gap between the two bands [Figs. 2(e)
and 2(f)], which follows the experimental observation.
Finally, we note that the simulated Co 3d spectra for the
HS phase does not match with the experimental valence
band, indicating that the cobalt ions are indeed in the LS
state.

C. Insight from Co 2p HAXPES satellite peaks

To simulate the core photoemission spectra, the ground-
state Hamiltonian has been augmented with the Co 2p
core level, including core-valence multiplet interactions
and spin-orbit coupling. The resulting spectra obtained
with representative values for Udd and � are com-
pared with experimental HAXPES Co 2p spectra in
Fig. 3. These were obtained using a Cr Kα x-ray source
(5.4 keV) to reduce the contribution of the uppermost sur-
face contamination (pristine) or degraded (cycled) surface

layers and overcome the overlapping with Co LMM Auger
transitions [44]. As shown in Figs. 3(a) and 3(b), the
Co 2p3/2 and Co 2p1/2 spin-orbit components are sep-
arated by about 15 eV and are each constituted by a
main-line (approximately 780, 795 eV) and a satellite
(approximately 790, 805 eV) peak. This structure, typi-
cal of 2p core photoemission in transition-metal oxides,
has been explained in the framework of cluster-model the-
ory, assigning the main line and satellite peaks to the
locally screened (|2p5dn+1L〉) and unscreened (|2p5dn〉)
states, respectively [25,45]. Our simulated Co 2p spectrum
of LiCoO2 [Fig. 3(a)] matches with this interpretation,
so far only assumed in the literature [8,22,40]. To gain
more insight into the core spectra, we have also com-
puted partial spectra by applying restrictions to the con-
figurations considered by the transition operator. These
highlight that d6 and d7 are the main contributions (56%
and 38%, respectively), in agreement with the ground-
state electronic occupations [Figs. 1(a)–1(e)]. The spectral
distributions for these configurations agree with the inter-
pretation given in the literature: while a mixed contribution
is observed in the main line, the satellite peak is uniquely
present in the d6 partial spectrum. Overall, the simulation
fits well with the experimental data except for the asym-
metry of the main line. This has been attributed to nonlocal
charge-transfer screening processes, which indeed are not
included in our single-cluster model but can be obtained
by either multicluster or DMFT calculations, as shown
for other transition-metal oxides [22,46–48]. The larger
experimental intensity between the asymmetric main line
and the satellite (approximately 785 eV) can be attributed
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FIG. 3. The (a) LiCoO2 and (b) CoO2 Co 2p core-level pho-
toemission spectra computed within a cluster model and com-
pared with in-laboratory HAXPES experimental data with hν =
5.4 keV. The depth sensitivity has been estimated using the
TPP2M method as approximately 15 nm [43,44]. The experi-
mental data are shown as empty circles after background sub-
traction of an iterated Shirley function. All simulated spectra
are normalized and shifted to the experimental Co 2p3/2 peak
maximum.
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instead to Co2+ ions formed by surface degradation typi-
cally associated with battery cycling and eventually visible
even with HAXPES measurements [44].

The Co 2p HAXPES spectrum for the deeply delithi-
ated Li0.12CoO2 thin film shows two major changes from
pristine LiCoO2, namely the broadening of the main line
and an increase in intensity around 785 eV. In the liter-
ature, both ex situ and operando HAXPES experiments
for delithiated LixCoO2 have related the broadening of the
main peak to Co3+-Co4+ oxidation [8,22,49]. The absence
of a new satellite for Co4+ is a consequence of the low
weight of the d5 electronic configuration. The simulated
Co 2p spectra [Fig. 3(b)] of CoO2, assigned to the t52ge1

g
electronic structure (Fig. 1), present similarities to LiCoO2,
without any significant change of the satellite position. The
ground state of CoO2 has a mixed character, with a major-
ity weight for the d6 configuration (10%, 45%, and 38%
for the d5, d6, and d7 configurations, respectively), due to
the increase in Co 3d–O 2p hybridization. Because of this
distribution, the d6 satellite peak is still present, while the
contribution from the d5 configuration is negligible. Note
that the partial spectra in Fig. 3(b) refer to the total num-
ber of electrons in the 3d shell; however, we observe a
reorganization between t2g and eg in our ground-state cal-
culations [Figs. 1(f) and 1(g)]. The asymmetry of the main
line can be related to the nonlocal screening channel due
to the metallic character of CoO2. For the sake of com-
parison, in Fig. 3(b) we show the simulated spectra for an
HS configuration (red line), in which the d5 contribution
dominates the spectra, as shown in Fig. 1(e).

Finally, to understand the correlation between the
crystal-structure change from O3 to O1 (using Delmas’s
notation [50]) and the negative charge-transfer transition,
we have performed a calculation using the LiCoO2 clus-
ter model with one extra hole and the same parameters as
obtained for CoO2. The resulting Co 2p spectrum (blue
line), agrees well with that obtained by the formal O1
CoO2 structure, suggesting that the electronic structure
reorganization is not mainly driven by the small structural
changes observed upon delithiation.

A further generalization can be made considering the
cobalt local electronic structure in the perovskite SrCoO3.
A similar trend for the Co 2p spectra was observed in
the La1−xSrxCoO3 (0 < x < 1) system, where the for-
mal oxidation state of octahedrally coordinated Co also
goes from Co3+ (x = 0) to Co4+ (x = 1), but a negative-
charge-transfer state with intermediate spin (t42ge2

g , S =
3/2) was instead predicted for the SrCoO3 end member
by cluster-model simulations [51,52]. In our calculations,
such a state was obtained for Udd = 5.5 eV and � =
−2.5 eV within the high- to low-spin transition region
[Fig. 1(h)]. Such a configuration was, however, excluded
by our Co 2p HAXPES analysis [37], which supports
the LS configuration for this compound. The difference
in the local Co 3d structure between SrCoO3 and CoO2

can be related to the different connectivity of the CoO6
octahedra and the crystal field, leading to the different mag-
netic behavior observed experimentally [39,53]. In both
cases, however, the Co4+ formal oxidation state appears
instead to be stabilized by negative charge transfer from
surrounding O 2p states.

III. CONCLUSIONS

In summary, we have found a reorganization in the local
electronic structure of CoO2 driven by the decrease of
the charge-transfer energy toward negative values. As a
negative-charge-transfer material, the electronic structure
of CoO2 is better described as 3d6L, in which the charge
extracted from the t2g states is balanced by a back flow
from O 2p to eg orbitals. The decrease of both O 2p and
t2g electron occupations finds good agreement with the
published O K-edge XAS as well as resonant inelastic
x-ray spectroscopy (RIXS) studies [17,28], which, how-
ever, have not highlighted the nonzero occupation of the
eg states.

This study of combined HAXPES and ab initio–based
cluster-model simulations shows the importance of con-
sidering electronic correlations and charge-transfer theory
to interpret the XPS and HAXPES core-level spectra and
understand the redox process of layered 3d transition-
metal oxides. Our results highlight the fundamental role of
self-regulated ligand-metal charge transfer, explaining the
so-called rehybridization mechanism [13,54] in a quanti-
tative manner and based on experimental measurements,
which reveal a substantial impact on both the cobalt and
oxygen local electronic structure.

It is proposed that the redox process in all next-
generation cathode materials will involve such an under-
lying mechanism. Indeed, our results fit into a context
in which understanding the role of oxygen in transition-
metal oxides is considered to be a key objective. Simi-
larly to LixCoO2, oxygen-driven redox mechanisms have
been proposed for Li-rich and Ni-rich oxides targeted
as next-generation positive-electrode materials, for which
the role of oxygen is nowadays under intense discussion,
as recently reviewed in Ref. [54]. It is noteworthy that
recent studies on the parent material LixNiO2 have pro-
posed a central role for negative charge transfer in the
charge-compensation mechanism, starting from the lithi-
ated compound [55–57]: this perfectly complements our
study of LixCoO2, in line with the general trend going from
early to late 3d transition metals [38].

IV. METHODS

A. Electrochemical Li+ deintercalation of LiCoO2 thin
films

We refer to previous publications for details on the
preparation and characterization of the pristine LiCoO2
thin films [44,58]. The Li+ deintercalation was performed
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electrochemically in a homemade Li-ion cell designed
for the LiCoO2-thin-film electrodes. The cell case, in
polyether ether ketone (PEEK), consists of a bottom part
with a cavity for the cell-component stack, two gasket
rings to ensure airtightness, and a cover with the two
current-collector tips. The LiCoO2 electrodes of active
surface area 295.5 mm2 were cut from the SiO2 wafer
using a diamond knife to fit in the cavity of the cell case
(34 × 26 mm2). The cell components are listed in order of
assembly: LiCoO2 thin film onto Pt substrate, Viledon and
Cellgard separators, 300 µl of a 1M LiPF6 solution in ethy-
lene carbonate (EC) and ethyl methyl carbonate (EMC)
with weight ratio 3:7 (LP57 electrolyte, Sigma Aldrich),
and Li foil (Rockwood, 135 µm), with an area larger
than the active area of LiCoO2, and an stainless steel disk
interposed between the Li and the current-collector tip.
To avoid electrochemical corrosion, both the negative and
the positive current collectors were protected by Al foil,
respectively. After 10 h at open-circuit voltage, the cell was
galvanostatically charged with 73 µA of current, corre-
sponding to a C rate of C/100, assuming a total capacity of
270 mAh/g. Due to internal corrosion at high voltage, we
stopped the deintercalation at 4.8 V versus Li+/Li. Accord-
ing to the LiCoO2 deintercalation curve, this corresponds
to about 90% Li+ extraction [59].

To confirm the stoichiometry of the pristine and cycled
thin films, they were characterized by inductively cou-
pled plasma mass spectrometry (ICPMS). Three samples
(between 50 and 100 mg) were cut from the electrodes
with a diamond knife and dissolved in 3 ml of a 65%
aqueous solution of HNO3 and 5 ml of a 30% aque-
ous solution of HCl. The dissolution was supported by
a microwave treatment (Multiwave 3000, Anton Paar) at
800 W for 35 min, repeated twice after 2 ml of ultra-
pure water between the two steps. The Si substrate was
not attacked by the treatment. The Li and Co concentra-
tions of the recovered solutions were measured using the
ICPMS 7900x (Agilent Technologies) spectrometer with
the following conditions: an rf power of 1500 W, a plasma
Ar gas-flow rate of 15 l/min, a nebulizer Ar gas-flow rate
of 1.15 l/min, and an integration time of 0.1 s. The average
Li/Co atomic concentration percentage ratios for the pris-
tine and deintercalated film were 97 ± 2% and 12 ± 3%,
respectively.

The crystal structure of the cycled LiCoO2 thin film
was investigated by x-ray diffraction (XRD) using Bruker
D8 Advance equipment employing a Cu Kα x-ray tube.
The sample was encapsulated by Kapton tape to avoid
structural degradation induced by air contamination. The
diffractogram matched with the CoO2 O3 structure (PDF
04-015-9980), consistently with the uncompleted deinter-
calation. For this reason, we performed the simulations
for CoO2 with both the O1 and O3 structures. The two
starting structures gave a very similar result in terms of
ground-state electronic structure and XPS simulations.

B. Soft- and hard-x-ray photoelectron spectroscopy

The XPS and HAXPES measurements were per-
formed using a QUANTES spectrometer (ULVAC-PHI)
equipped with a colocalized dual x-ray source consist-
ing of monochromatic Al Kα (1486.6 keV, 25 W) and
Cr Kα (5414.9 keV, 50 W) sources. The samples were
transferred from the Ar-filled glovebox to the XPS cham-
ber using a dedicated airtight transfer vessel. The x-ray
beam spot size was 100 µm in diameter and the take-off
angle for photoelectron detection was 45◦. The experi-
ments were performed under ultrahigh-vacuum conditions
(p < 10−7 Pa). High-resolution spectra were acquired with
a pass energy of 69 eV for both energy sources, corre-
sponding to an energy resolution of 0.81 (Al Kα) and
1.16 eV (Cr Kα), as estimated from the full width at
half maximum (FWHM) of the Ag 3d5/2 of a reference
Ag sample. Automatic double-charge neutralization was
employed for the pristine LiCoO2 film but not for the dein-
tercalated one, exploiting the insulator-to-metal transition
of LixCoO2 [21]. Binding-energy charge correction was
performed using the Fermi level of the Pt sublayer for
the LiCoO2 thin film. An iterated Shirley background was
subtracted using the CasaXPS software [60].

C. DFT calculations and Wannierization

The electronic structure of LiCoO2 and CoO2 was
calculated with the full-potential linearized augmented-
plane-wave method of WIEN2K [61], using the Perdew-
Burke-Ernzerhof (PBE) generalized-gradient approxima-
tion (GGA) for the exchange-correlation potential. The
atomic muffin-tin sphere radii for Li, Co, and O were 1.77,
1.94 (1.9), and 1.67 (1.63) for LiCoO2 (CoO2). The plane-
wave cutoff was set to Rmin

MTKmax = 7, where Rmin
MT is the

smallest atomic sphere radius and Kmax is the largest k
vector. The paramagnetic ground-state electronic density
was obtained with a 10 × 10 × 10 wave-vector grid in the
primitive full Brillouin zone with convergence criteria of
1.36 meV/f.u. (where “f.u.” denotes formula unit) for the
total energy and 10−3 electrons/f.u. for the charge, respec-
tively. The crystal structure of LiCoO2 (R-3m, a = 2.82 Å
and c = 14.05 Å) and O1-CoO2 (P-3m1, a = 2.82 Å and
c = 4.29 Å) were taken from Ref. [59]. The structure of
O3-CoO2 was taken from Ref. [15].

The converged electronic structures were used to create
maximally localized Wannier functions (MLWFs) using
WANNIER90 through the WIEN2WANNIER package [62,63].
We kept the same number of k points and restricted to
the p-d low-energy range (between −8 and 4 eV), leading
to 11 MLWFs for both LiCoO2 and CoO2. To minimize
the off-diagonal intra-atomic hopping terms, the reference
system was rotated to align with the CoO6 (distorted) octa-
hedra. The Wannierization was performed with a conver-
gence criterion for the total spread of 10−10 Å2. The inter-
polated band structures superimposed to the DFT results
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(a) (b) (c)

(d) (e) (f) (g) (h) (i)

FIG. 4. The interpolated band structures of (a) LiCoO2, (b)
O3-CoO2, and (c) O1-CoO2. The real-space plots of the
(d),(f),(h) dz2 and (e),(g),(i) dx2−y2 MLWFs are shown below the
respective input band structure. The green and orange spheres
indicate cobalt and oxygen atoms, respectively.

are shown in Figs. 4(a)–4(c). The MLWFs were plotted in
real space with the WPLOT tool of WIEN2WANNIER, using
a 80 × 80 × 80 grid over a 3 × 3 × 3 supercell. The dz2

and dx2−y2 MLWFs of LiCoO2, O3-CoO2 and O1-CoO2
are shown in Figs. 4(d)–4(i).

D. Cluster-model calculations

The single-cluster-configuration interaction calculations
were carried out using the QUANTY script language on
cobalt-centered CoO6 octahedral clusters [64]. For the
ground-state calculations, only the low-energy Co 3d and
O 2p states were considered, with 46 fermionic states. The
Co 3d and O 2p on-site energies and the hopping param-
eters, including the d-p and p-p interatomic interactions
within the cluster, were extracted from the tight-binding
Hamiltonian obtained with WANNIER90 using a homemade
PYTHON script. Due to the octahedral approximation, small
but nonzero off-diagonal d-d and p-p interorbital inter-
actions (of the order of 10 meV) were also included. In
second-quantization formalism, the single-electron Hamil-
tonian H (1) of the cluster can be written as

H (1) =
∑

i

εid
†
i di+

∑

i�=j

ti,j d†
i dj +

∑

i

εip
†
i pi+

∑

i�=j

ti,j p†
i pj

+
∑

i,j

ti,j (d
†
i pj + h.c.), (1)

where ε and t are the on-site and hopping energies read
from WANNIER90, respectively, d† and d (p† and p) are the
creation and annihilation operators for the Co 3d shell (O
2p shell), and i and j are the spin-orbital indices. The full
cluster-model Hamiltonian is

H cluster = H (1) + H U
dd + H SO

d − H AMF
dc , (2)

where H U
dd is the Coulomb repulsion between two Co

3d electrons, H SO
d is the spin-orbit coupling for the Co

3d shell, and H AMF
dc is the double-counting correction in

the around-mean-field approximation. The H U
dd term is

expanded in spherical harmonics, leading to the following
expression for the 3d shell:

H U
dd =

∑

k=0,2,4

Fk
ddH Fk

, (3)

where the Fk are the radial parts, taken as Slater integrals,
and H Fk

is the spherical counterpart of the kth-order pole.
The spin-orbit coupling is defined as

H SO
d = ξd

∑

i

(li · si). (4)

The Slater parameters (with an 80% scaling) and spin-orbit
coupling for Co3+ and Co4+ configurations were taken
from the CRISPY library of Hartree-Fock values and are
shown in Table II [65]. The monopole part (k = 0) of the
Coulomb interaction is related to Udd by [36]:

F0
dd = Udd + 2/63(F2

dd + F4
dd). (5)

To remove the correlation interactions accounted for by the
PBE potential at the DFT level, a double-counting cor-
rection term was subtracted from the total Hamiltonian.
It consists of a mean-field version of H U

dd in which all
two-particle parts are replaced with the expectation val-
ues of the Co 3d density matrix obtained by the exact
diagonalization of the DFT Hamiltonian H (1).

On top of the as-defined Hamiltonian H cluster, a
configuration-interaction model is taken into account to
introduce the ligand-to-metal charge transfer �, defined as
� = E(|Co3d

n+1O2p
35〉 − |Co3d

nO2p
36〉), with n = 6 and 5

for LiCoO2 and CoO2, respectively. From this definition
and including the Coulomb interactions, the trace averages
εd and εL of the Co 3d and O 2p on-site energies are then
set to the following definitions:

εd = 36� − n(n + 71)Udd/2
n + 36

, (6)

εL = n
n(n + 1)Udd/2 − �

n + 36
. (7)

The ground state of H cluster is found by exact diagonaliza-
tion in the restricted active space of n between 6 (5) and 8
for LiCoO2(CoO2) and with a convergence limit of 10−10

eV. The three lowest-energy eigenstates were always com-
puted; however, we found the energy difference between
the lowest and the second-lowest to be in the order of
0.1–0.5 eV. We therefore used only the lowest eigenstate
for the expectation values and spectroscopy calculations.

The photoemission spectral functions were computed
from the negative imaginary part of the Green’s function:
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G(ω) = 〈�GS|T† 1
ω − H + i�/2

T|�GS〉, (8)

where �GS is the lowest-energy many-body eigenfunction
of the H cluster, T is the transition operator, H is the Hamil-
tonian for the final state, and � = 0.1 eV is the core-hole
lifetime. In case of the Co 3d and O 2p direct (inverse)
photoemission spectra, T is the annihilation (creation)
operator on the respective shell. For the Co 2p spectra,
isotropic incident x rays with a 45◦ angle to the surface
were included, corresponding to our instrumental config-
uration. The O 2p spectra were averaged and weighted to
give the 2:1 multiplicity of the formula unit; a scaling fac-
tor of 1/10 was also taken into account for the Co 3d and O
2p photoelectron cross sections at 1.5 keV [42]. The calcu-
lated spectra were broadened by Gaussian and Lorentzian
functions with a FWHM of 0.7 and 0.3 eV, consistently
with our experimental resolution. The restrictions for the
Co 3d spectra calculations were obtained by those of the
ground-state calculation by removing or adding one elec-
tron for the direct or inverse photoemission, respectively
(e.g., the Co 3d spectra for LiCoO2 were simulated in the
restricted active space between the 3d5 and 3d7 configu-
rations). The restrictions for the O 2p spectra calculation
were the same as for the ground-state calculation.

While for the Co 3d and O 2p spectra H = H cluster, the
model Hamiltonian for Co 2p spectra calculation H XPS

Co2p
,

was built upon H cluster to include the Co 2p core-state
interactions, namely, the core spin-orbit coupling and the
Coulomb interaction with the Co 3d shell, expressed by
direct and exchange terms of the multipole expansion:

H XPS
Co2p

= H cluster + ξCo2p

∑

i

(li · si) + F0
pdH F0

pd + F2
pdH F2

pd

+ G1
pdH G1

pd + G3
pdH G3

pd , (9)

where for ξCo2p , F2
pd, G1

pd, and G3
pd, we used the Hartree-

Fock values of the CRISPY library (Table II) and F0
pd was

related to Upd, for which we assumed the common approx-
imation of Upd = 1.2Udd [24]. Again, the trace average of
the on-site energies was set to the configuration interac-
tion model, this time including the core-valence Coulomb
interaction, giving

εp = −nUpd, (10)

εd = 36� − n(n + 71)Udd/2 − 216Upd

n + 36
, (11)

εL = εd + nUdd + 6Upd − �. (12)

The same angle, polarization, and broadening as used for
the valence-band calculations were used for the core-level
spectra. The occupation of the 3d shell was restricted as for
the ground-state calculation.

TABLE II. The Slater and spin-orbit parameters used for the
cluster-model calculations. All values are expressed in electron-
volts.

LiCoO2 CoO2

F2
dd 10.130 10.910

F4
dd 6.333 6.858

ξCo3d 0.074 0.082
F2

pd 10.130 10.910
F4

pd 6.319 6.835
G1

pd 4.758 5.220
G3

pd 2.707 2.973
ξCo2p 9.746 9.746
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