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ABSTRACT: High-voltage LiCoO, (LCO) attracts great interest because of large specific capacity but suffers from oxygen release,
structural degradation, and quick capacity drop. These daunting issues root from the inferior thermodynamics and kinetics of the
triggered oxygen anion redox (OAR) at high voltages. Herein, a tuned redox mechanism with almost only Co redox is demonstrated
by an atomically engineered high spin LCO. The high spin Co network reduces the Co/O band overlap, eliminates the adverse phase
transition of O3—H1-3, delays the exceeding of O 2p band over the Fermi level and the resulted excessive O—Co charge transfer at
high voltages. This function intrinsically promotes the Co redox and restrains the O redox, fundamentally addressing the issues of O,
release and coupled detrimental Co reduction. Moreover, the chemo-mechanical heterogeneity caused by different kinetics of Co/O
redox centers and the inferior rate performance limited by slow O redox kinetics are simultaneously improved owing to the suppres-
sion of slow OAR and the excitation of fast Co redox. The modulated LCO delivers an ultra-high rate capacity of 216 mAh g (1C)
and 195 mAh g'(5C), as well as a high capacity retention of 90.4% (@100 cycles) and 86.9% (@500 cycles). This work sheds new

light to the design for a wide range of O redox cathodes.




INTRODUCTION

LiCoO, (LCO) cathode is ideal for 3C electronics due to a
high electronic conductivity (10%-107 s cm™) and tap density
(>4.2 g cm™).! With a typical O3 structure, LCO forms Co**
with a low spin state configuration (¢, e,”).> In LCO with such
characteristics, only half of the Co*" could be reversibly oxi-
dized to Co*". With oxidizing more than 50% Co** to Co*", O
anion redox (OAR) is ubiquitously triggered.>* Although the
OAR elevates the overall capacity of LCO, severe structural
degradation and sharp capacity decay are inevitably aroused.”®
These problems originate from the intrinsic OAR issues on ther-
modynamics and kinetics. First of all, OAR shows inferior ther-
modynamics. Because of the poor stability of the oxidized O
species and the susceptible O—Co charge transfer process, the
over-oxidization of lattice O* to O, and over-reduction of Co**
to detrimental reduced Co cations are reported.” Secondly, the
significant differences in Co/O redox kinetics would cause
chemo-mechanical heterogeneity, which is verified by the de-
tected uneven chemical states in Co and O and phase generation
of hybrid H1-3 in researches.!®!! These are the pivotal obstacles
that limit the practical applications of high-voltage (especially
4.6V) LCO. Although improvements have been made on high-
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voltage LCO through surface coating and bulk doping,'*?' the
practical performances are still far from satisfactory. The intrin-
sic OAR issues remain to be resolved. Moreover, these strate-
gies inevitably introduce excessive inert elements, which com-
promises the delivered capacity. For example, our group re-
cently reported a Mg/F doped LCO, which reduces the deliv-
ered capacity from about 180 to only about 170 mAh g! with a
4.5V ceiling."”

A fundamental solution for addressing the thermodynamic
instability and slow kinetics of OAR in high-voltage LCO lays
on inhibiting or even eliminating OAR and simultaneously
deepening Co redox. However, this is difficult to achieve. The
generation of OAR in LCO is determined by its intrinsic elec-
tronic structure with a high Co-O covalency.? The key to the
redox mechanism of LCO is which energy band does the Fermi
level sit on. Specifically, the Co*** occurs when the Fermi
level locates at the £,z band, while the OAR occurs when the
Fermi level is on the overlapped O/Co band.? For eliminating
or delaying the triggering of OAR at high voltages, it is neces-
sary to fundamentally regulate the evolution of band structure
for LCO. This requires a comprehensive regulation of
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Figure 1. a, b) Rietveld refined neutron diffraction patterns of LS-LCO (a) and HS-LCO (b). ¢) AC-STEM images of HS-LCO. d) Co L-
edge RIXS spectra. The insets declare the corresponding RIXS process.

structural features in LCO those are corelated to the OAR chem-
istry. Although abundant structural strategies have been pro-
posed, up to now, the elimination of OAR in high-voltage LCO
has still not been reported yet.

According to classical crystal field theory, the band structure
of LCO is directly related to the local Co-O coordination. The
recent researches related to this point have been published.>?
For example, one work reported that the curvature of the CoO,
is critical for O, generation.® Pan et al. discovered that the lattice
strain and mismatch are the basic causes of the unstable lattice
oxygen reaction and lattice oxygen escape.” In addition, some
works have also explored the redox chemistry of lattice oxygen
in LCO.*?° For example, Yang et al. discovered a reduced dis-
tance of the intralayer O—O in LCO lattice with charge.?* How-
ever, the correlation of lattice oxygen redox chemistry and the

structural characteristics are still not clear. In this backdrop, the
exploration of new strategies with a fundamental structural as-
pect, for addressing the intrinsic OAR issues of inferior thermo-
dynamics and kinetics and realizing the high performances in
capacity, stability and rate capability of 4.6V LCO, is urgent
and important.

In this work, a tuned redox mechanism with almost only Co
redox is demonstrated by an atomically engineered high spin
LCO. A nanoribboned network structure rich with high spin Co
is formed. The high spin Co network eliminates the adverse
phase transition of O3—H]1-3, delays the exceeding of O 2p
band over the Fermi level and the resulted excessive O—Co
charge transfer at high voltages. This largely elevates the
threshold voltage for triggering OAR from 4.2 V to over 4.5V,
restricting the O redox in 4.6 V LCO within a very low degree



and reversible form of O*«O". It intrinsically promotes the Co
redox and restrains the O redox, fundamentally addressing the
issues of O, release and coupled detrimental Co reduction.
Moreover, the chemo-mechanical heterogeneity caused by dif-
ferent kinetics of Co/O redox centers and the inferior rate per-
formance limited by slow O redox kinetics are simultaneously
improved owing to the suppression of slow OAR and the exci-
tation of fast Co redox. A comprehensive and remarkable im-
provement in capacity, cycling stability, and rate capability is
obtained. High spin LCO delivers high capacity of about 216
mAh g! (@1C), 195 mAh g'!' (@5C) and superior cycling re-
tentions of 86.9% (@500 cycles@5C). This novel spin state
modulation strategy and the proposed insights would shed new
light to the design for a wide range of O redox cathodes.

RESULTS AND DISCUSSION

Tuning the spin state of Co. Here the spin state of Co is
modulated through inducing interfacial lattice mismatch stress.
A novel grain fusion method is developed here, as illustrated by
Figure S1. In order to ensure sufficient interfaces for fusion and
maintain the interfacial lattice mismatch stress during the syn-
thesis, a nanoscale cobalt oxalate precursor and a trace amount
of additive are used. The material synthesized in this way is the
high spin LCO, which is labeled as HS-LCO. For comparisons,
the samples are prepared with micron and nano precursors with-
out additives, which are labeled as low spin LCO (LS-LCO) and
HS-LCO with no additives (HS-LCO-NO), respectively. The
structures and morphologies of nano and micro precursors are
shown in Figure S2. And the morphologies for the synthesized
samples are provided in Figure S3. Compared with the large
grain morphology of LS-LCO, the particle of HS-LCO is inte-
grated by many small grains. Interestingly, the morphologies of
HS-LCO-NO and LS-LCO are similar.

X-ray diffraction (XRD) profiles (Figure S4) show that LS-
LCO, HS-LCO-NO and HS-LCO are in accordance with the
crystal group of R-3m. XRD Rietveld refinements declare some
differences in cell parameters (Figure S5, Table S1). Compared
with LS-LCO, HS-LCO and HS-LCO-NO declares a somewhat
defected structure, which is evidenced by the lower peak inten-
sity ratio of 003/104 for LS-LCO than HS-LCO and HS-LCO-
NO.%?7 More specific structural details are interpreted by neu-
tron diffraction (ND) Rietveld refinements (Figure 1a, 1b, Table
S2 and S3). In HS-LCO, 5 % oxygen vacancies are discovered,
which is verified by X-ray photoelectron spectroscopy (XPS,
Figure S6) as well. Previous studies have shown that the pres-
ence of O defects elevate the spin states of Co from low (tzs°
e.") to high (1" e,') in LCO.%

Spherical aberration-corrected scanning transmission elec-
tron microscopy (AC-STEM) image manifests that abundant
nanoribbons are found to form a network structure in HS-LCO
(Figure 1c) but not in HS-LCO-NO (Figure S7). These nanorib-
bons are formed by interfacial fusion, which is rich in defects.
Compared with the atomic arrangement outside the nanorib-
bons, the atomic array in the nanoribbons is a little disordered.
The line intensity profile across the nanoribbon indicates a con-
tractive lattice (Figure S8), which would influence the spin
state.” Figure S9 reflects the images for specific arrangement
of Co cations in regions near and far away from the nanoribbons
in HS-LCO, respectively, where the distances between the ad-
jacent Co columns and the angles between the column align-
ments are different. It indicates that the fusion interface affects
the arrangement of atoms around it. The lattice stress field is

thus developed. Under normal conditions, defects will be re-
moved after annealing.*® Here the trace additive promotes and
stabilizes the defects. The distributions of added elements in
HS-LCO are not uniform, which is demonstrated by the X-ray
photoelectron spectroscopy (XPS) in Figure S10.

Electron paramagnetic resonance (EPR) tested at room tem-
perature demonstrates the high spin state of Co in HS-LCO by
detecting abundant single electrons (Figure S11). The EPR lin-
ewidth is widened for HS-LCO than LS-LCO. This could be
explained by the spin-spin intercalation between the high spin
Co cations. "Li magic-angle spinning (MAS) nuclear magnetic
resonance (NMR) in Figure S12 indicates that, in addition to the
0 ppm peak, HS-LCO has extra signals at 4.4, -5.3 ppm and -
15.6 ppm, which is yielded by oxygen defect and high spin Co.*!
Based on the peak ratio, the content of high spin Co in HS-LCO
is calculated to be about 4.7%. The Co L edge resonant inelastic
X-ray scattering (RIXS) spectra (excitation energy of 780.7 eV)
is conducted on LS-LCO and HS-LCO (Figure 1d). A P2 signal
appears at the lower energy loss of P1 in the spectra for HS-
LCO. The inset interprets the RIXS process of these peaks. It
further proves the higher spin state of Co in HS-LCO than LS-
LCO. The magnetic measurements of both samples are con-
ducted (Figure S13). The molar magnetic susceptibility is much
higher for HS-LCO than LS-LCO, which further verifies the ex-
istence of high spin state of Co in HS-LCO.

Electrochemical characterizations. Differences are shown
in the cyclic voltammetry (CV) plots for HS-LCO and LS-LCO
(Figure 2a). In contrast to LS-LCO, HS-LCO has a lower in-
flection voltage of oxidation peak for O3/0O3’ transition as the
arrow indicated. This is from the withdrawal of electrons in
higher energy occupied states for HS-LCO than LS-LCO. In ad-
dition, a sharp redox peak shape is demonstrated by HS-LCO,
reflecting a better redox kinetics. Increasing the current density
from 1 C to 5 C, the better-maintained charge-discharge curve
and the higher capacity maintenance for HS-LCO than LS-LCO
verify the quick kinetics of HS-LCO (Figure 2b). The Li" diffu-
sion coefficient (D) for the charging process calculated from
galvanostatic intermittent titration technique (GITT) manifests
a better Li" transportation kinetics in HS-LCO (Figure S14).
The higher Dy; of HS-LCO than LS-LCO at low state of charge
(SoC) verifies the high spin Co of HS-LCO. And at high SoC,
the Dy is largely reduced for LS-LCO but not for HS-LCO. This
supports the inhibition of O redox in HS-LCO.3? The in situ
electrochemical impedance spectroscopy (EIS) displays differ-
ent impedance evolutions of LS-LCO and HS-LCO upon charg-
ing (Figure S15). Compared with LS-LCO, HS-LCO maintains
smaller impedances. From the shape change of EIS curves, a
simpler redox behavior for HS-LCO than LS-LCO is conveyed.
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Figure 2. a) Cyclic voltammetry plots. b) The charge-discharge pro-
files of LS-LCO and HS-LCO. c) The cycling performances at 1 C

of cathodes with a 4.6V voltage ceiling. d) The average discharge
voltage versus cycle number at 1C. ) The cycling performances at
5 C of cathodes with a 4.6V voltage ceiling. 1 C is set as 200 mA
g'

With a 4.6 V voltage ceiling, the delivered capacity at 1 C for
LS-LCO is only 198 mAh g™!, while that for HS-LCO is raised
to 216 mAh g! (Figure 2c). Remarkably, after 100 cycles, the
capacity retentions of LS-LCO and HS-LCO are 44.9% and
90.4%, respectively. The higher Coulomb efficiency for HS-
LCO than LS-LCO demonstrates that the redox reactions in HS-
LCO is more reversible, which correlates to the modulated re-
dox mechanism. Figure 2d suggests a maintained voltage for
HS-LCO but a seriously voltage decay for LS-LCO. This con-
firms that HS-LCO inhibits the lattice oxygen escape well.
Moreover, when cycling at 5 C, the improvements of HS-LCO
is more obvious (Figure 2e). Compared with LS-LCO (~150
mAh g"), HS-LCO delivers a much higher capacity (~195 mAh
g"). After 500 cycles, the capacity retention for HS-LCO
(86.9 %) is much increased compared with that for LS-LCO
(0%). The improvements for the 4.5V condition are also obvi-
ous (Figure S16 and S17). The delivered capacity is elevated
from 181 mAh g for LS-LCO to 190 mAh g for HS-LCO.
XRD plots of electrodes before and after cycling declare an im-
proved structural stability of HS-LCO (Figure S18). The elec-
trochemical behaviors of HS-LCO, LS-LCO and HS-LCO-NO
are compared through the (dis)charge curves (Figure S19).
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Figure 3. a) The L3 peak locations in Co L-edge XAS spectra for electrodes at different states of charge. b, ¢) The Co 2p XPS spectra for
LS-LCO electrodes (b) and HS-LCO electrodes (c). d) Normalized O-K edge RIXS spectra for electrodes at different states of charge. e) The
enlarged elastic and O—O vibration peaks in the RIXS spectra. The insets depict the structural characteristics of oxidized oxygen in lattice.
f, g) Operando DEMS of Oz evolution for LS-LCO and HS-LCO with a 4.55V ceiling (f) and for HS-LCO with a 4.6V ceiling (g).

It demonstrates the function of high spin state of Co in stabiliz-
ing electrochemical performances. The comparison of the elec-
trochemical performances between HS-LCO and other reported
modified materials is listed in Table S4. X-ray emission spec-
trum demonstrate that, after a long cycling, the high spin state
of Co in HS-LCO is well retained (Figure S20).

Redox mechanisms. Combined with various techniques, the
redox behaviors of Co and O in LS-LCO and HS-LCO are
proved to be different. Compared with LS-LCO, a deeper Co
redox is exhibited in HS-LCO. As shown in Figure S21, Co L3-
edge soft X-ray absorption spectra (XAS) spectra in total fluo-
rescence yield (TFY) mode for charged samples is composed of
peak o and B, which are generated by electron jumps from Co
2p state to e, band and #,, band, respectively.>* The XAS pro-
cesses for the signals are depicted in Figure S22. Compared

with LS-LCO, the B signal for HS-LCO shift to higher energy,
indicating an enlarged range for #,; band. In addition, as illus-
trated by the areas for B signals, more Co*" cations are yielded
in HS-LCO than LS-LCO with charge.

The Co L3 peak positions plotted in Figure 3a show different
Co charge evolutions in two materials. It is demonstrated that
Co*"** oxidation occurs less in LS-LCO than HS-LCO at a 4.5-
V charged state. With further charging to 4.6V, the Co oxida-
tion degree in LS-LCO is decreased, while which continues to
deepen in HS-LCO. XPS verifies the above results (Figure 3b
and 3c). With deepening the charge state, LS-LCO expresses an
enhanced Co*" signal. This illustrates that some abnormal elec-
tron filling into the Co energy band of LS-LCO upon charge,
which may come from the O—Co charge transfer. This would
be demonstrated in the following. Shake-up satellites are
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Figure 4. a, b) In situ XRD mappings of LS-LCO (a) and HS-LCO (b). ¢) The FWHM evolutions for 003 peaks in the in situ XRD plots. d)
The ex situ XRD plots for pristine and 4.6-V charged LS-LCO and HS-LCO electrodes. ¢, f) Fourier transformed Co K-edge EXAFS spectra

of electrodes for LS-LCO (e) and HS-LCO (¥).

described as intrinsic energy losses while the photoelectron
leaves the hosting atom. An intensity raise in shake-up peak is
shown for LS-LCO, which manifests that the electrons on va-
lence band are increasingly prone to jump to higher energy lev-
els.* When LS-LCO is charged to 4.6 V, Co®" signal is spotted.
While these phenomena are not discovered in HS-LCO. And
the redox reversibility is also largely improved for HS-LCO, as
evidenced by the XPS spectra of the pristine and one-cycle
charge-discharged electrodes (Figure S23).

The OAR is almost eliminated in HS-LCO. The O K-edge
RIXS mapping tests are performed. The signal at about the ex-
citation energy of 531 eV features the O redox.’*> With charging
the electrodes to 4.55 V, the O redox featured signal is obvi-
ously detected in LS-LCO but not in HS-LCO (Figure S24). The
O K-edge RIXS spectra for electrodes at different states of
charge reflect the specific O properties (Figure 3d). The O re-
dox featured peak (at about 7.5 eV) is discovered in LS-LCO
but not (or almost not) in HS-LCO. The integral area of the elas-
tic peak reflects the content of O with an electron hole (0).3¢

As illustrated by the evolution for elastic peaks in Figure 4e,
with charging, O is increasingly produced in LS-LCO but al-
most not in HS-LCO. The integral areas of elastic peaks for LS-
LCO and HS-LCO are quantitatively provided in Figure S25. It
declares the threshold voltage for OAR is elevated to over 4.5V
in HS-LCO, which is consistent with above results. The low de-
gree of OAR renders HS-LCO a better redox reversibility, as
evidenced by the complete recovery of the spectra for cycled
HS-LCO electrode in Figure S26.

The characteristics of the oxidized O species are revealed by
the vibrated peaks, whose frequency are 0.195 and 0.178 eV for
4.6-V charged LS-LCO and 4.6-V charged HS-LCO, respec-
tively. Because the response frequency of O, is 0.2 eV, it is clear
that the oxidized O product in HS-LCO is further away from O,
in nature than that in LS-LCO.*” A larger O-O distance and a
lower O-O interaction are manifested for HS-LCO than LS-
LCO, which favors an improved bonding stability between ox-
idized O species and bulk lattice.



Operando differential electrochemical mass spectrometry
(DEMS) detects obvious amount of O, in LS-LCO but not in
HS-LCO with a charge voltage ceiling of 4.55V (Figure 3f).
The further test for HS-LCO illustrates that cycling at 0.1 C and
0.2 C with a 4.6V ceiling, no O, is released from the lattice of
HS-LCO, manifesting that the O, release is complete addressed
in HS-LCO.

Restrained structural changes. The in situ XRD experi-
ments for LS-LCO and HS-LCO are performed (Figure 4a and
4b). With charge, the O3 phase is transformed to O3’. The onset
for phase transition of O3—03’ is postponed from about 10
mAh g! for LS-LCO to 40 mAh g'! for HS-LCO. A H1-3 phase
is generated in LS-LCO but not in HS-LCO. An alleviative
structural expansion and collapse is illustrated by Rietveld re-
finements of HS-LCO (Figure S27). The evolutions for full
width at half maximum (FWHM) of the 003 peaks of both ma-
terials upon charge are provided in Figure 4c. Two rises in
FWHM are discovered for LS-LCO at the capacity ranges of
10-70 mAh g and 140-175 mAh g, which correspond to O3
— 03’ transition and O redox.***° While only one rise in
FWHM, which is caused by the O3—03’ transition, is discov-
ered for HS-LCO. The FWHM lift implies increased structural
complexity and distortion. Specifically, distorted CoOs slabs
are exhibited in LS-LCO at high voltages, which is inhibited in
HS-LCO. This is supported by the Rietveld refinement for ex-
situ XRD, which demonstrates restrained variations in O—O dis-
tance and O—Co—O angle for HS-LCO upon delithiating (Figure
S28). The Rietveld refinement results are listed in Table S5.
And after prolonged battery cycling, the lattice defects, interfa-
cial lattice mismatch, associated stress of the HS-LCO cathode
could also be well maintained. By interpreting the XRD plots
for pristine and long-cycled HS-LCO electrodes (Figure S29),
the dislocation density (8) and micro strain (¢) for pristine and
cycled cathodes are calculated. After a long cycling, the values
for these parameters are well retained.

The ex situ XRD plots for 4.6-V charged electrodes also pre-
sent remarkable differences (Figure 4d). Charging the pristine
LS-LCO electrode to 4.6 V changes part of the O framework
from a O3 stack (ACBACB) into a hybrid H1-3 stack, which
yields some lattice displacement and structural distortions.*!
While the 4.6-V charged HS-LCO totally maintains the pristine
03 structure. This is supported by the CV results tested with a
widened voltage range (Figure S30). It demonstrates that, with
a deeper charge, the structure complexity is increased in LS-
LCO but not in HS-LCO. Raman spectra of electrodes for LS-
LCO and HS-LCO also support above data (Figure S31). Dif-
ferent symmetry evolutions of LS-LCO and HS-LCO are re-
flected by the changes of O—Co—O bending vibration (£g) and
Co-O stretching vibration (41g) peaks.* With charge, the sym-
metry of LS-LCO decreases rapidly, as evidenced by the sharp
decline even disappearance of Eg and Alg peaks. This has been
extensively reported in other studies.* However, these two
peaks still exist when HS-LCO is charged to 4.5 V, which indi-
cates a maintained hexagonal symmetry. In addition, an im-
proved structural reversibility is demonstrated by HS-LCO.
Peak decline and Co3;04 signals are discovered in 3.0-V dis-
charged LS-LCO but not in 3.0-V discharged HS-LCO.

The raw extended X-ray absorption fine structure (EXAFS)
data of Co in the k-space of 0-14 A~ are provided (Figure S32).
A new peak located at about 12.5 A, representing the deformed
CoOsg, is appeared for 4.5-V charged LS-LCO. While HS-LCO
does not show this new peak. The Fourier-transformed (FT) k*-

weighted EXAFS spectra explore the coordination evolutions
of Co in LS-LCO and HS-LCO at different states of charge
(Figure 4e and 4f). For LS-LCO, the structural distortion is
gradually increased upon delithiating, which is illustrated by the
constantly intensity decays of Co—O and Co—Co shell peaks.
Especially, with further charging the LS-LCO electrode from
4.4V to 4.5V, the Co—O bond length is abnormally increased,
which is evidenced by the right shift of the Co—O shell peak.
This comes from an Co reduction occurred at 4.5V. Moreover,
after one cycle, the irreversible decrease in shell peaks have
arisen for LS-LCO. While HS-LCO well restrains these phe-
nomena. This declares that the over-reduction of Co/over-oxi-
dation of O and the irreversible structural degeneration are well
restrained for HS-LCO.

Underlying mechanism for the restrained OAR. Based on
the Rietveld refined CoOs octahedron configurations for deli-
thiated LS-LCO and HS-LCO in Figure S27, the theoretical cal-
culations are conducted. As Figure 5a shows, the energy orbit-
als for delithiated HS-LCO are sharp and narrow, while those
for delithiated LS-LCO are much broadened. This is because
that the varied O—O distances and O—Co-O angles of delithiated
LS-LCO and HS-LCO influence the hybrid Co3d/O2p orbital
configurations for octahedron. The lower O—O distance and O—
Co-0 angle compresses the CoOg octahedron of delithiated LS-
LCO, which complicates the electron environment around the
orbitals and widens the distribution range of energy levels.
While this influence is not implemented in delithiated HS-LCO
due to the changeless of the O—O distance and O—Co—O angle.

Of all the energy levels, #, and e, deserve to be noted. The
levels above #,, are dominated by Co and the levels below e, are
dominated by O, which show Co character and O character, re-
spectively.* The Co*"*" transitions in LCO are implemented by
the electron stripping and filling on #,. The broadening and
shifting of the energy levels will result in a deep band overlap
for Co character and O character. With charge, when the Fermi
level is lower shifted to the overlapped energy band, an intense
O—Co charge transfer is yielded, which tends to induce over-
oxidization of O and over-reduction of Co. Therefore, when the
band overlap is restrained, OAR and unfavored O—Co charge
transfer are reduced. The Co L-edge RIXS mappings of the 4.6-
V charged electrodes in Figure 5b declare that the highest elec-
tron density in £, band located higher for delithiated HS-LCO
than delithiated LS-LCO, which contributes to a reduced over-
lap of #; and O 2p states for HS-LCO in delithiation.

Detailed experiments are conducted to prove this point. Ra-
man spectra of 4.5-V charged electrodes for LS-LCO and HS-
LCO tested at two laser powers are obtained. As Figure S5c
shows, LS-LCO electrode declares no Cos;0; signals at a low
power but obvious Co3;0; signals at a high powder. While no
Co30; signals are discovered in HS-LCO. This result illustrates
that, with high energy radiation, the unfavored O—Co charge
transfer is intense in delithiated LS-LCO but none in delithiated
HS-LCO. A better thermodynamic stability of HS-LCO than
LS-LCO is illustrated. In addition, the two peaks of HS-LCO at
ImW are attributed to the O—Co—O bending (Eg) and Co—O
stretching (41g), which illustrates an improved symmetry of the
delithiated HS-LCO again.

The overcharge experiment is also conducted to reflect this
point. Constant-voltage-charge is conducted on the 4.6-V
charged electrodes for 12 hours (the sample is labeled as Ch.
4.6 V-12h). A much lower balanced current for HS-LCO than
LS-LCO is manifested (Figure 5d), which declares that the side



reactions are much less in delithiated HS-LCO. This is further
verified by the XPS (Figure 5e) results for the corresponding
electrodes. Intensified bulk O, signal is observed in Ch. 4.6V-
12h LS-LCO but not in Ch. 4.6V-12h HS-LCO.
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Figure 5. a) Calculated energy levels for the CoOs octahedrons in
delithiated HS-LCO and delithiated LS-LCO, respectively. b) The
Co L-edge RIXS mappings of the 4.6-V charged electrodes for HS-
LCO and LS-LCO. ¢) The Raman spectra for 4.5-V charged elec-
trodes at laser powers of 1 mW and 5 mW. d) The current plots for
the constant-voltage-charge conducted on 4.6 V electrodes. e) The
O 2p XPS spectra of the electrodes for HS-LCO and LS-LCO. f)
The Co L-edge RIXS spectra for 4.6-V charged electrodes before
and after constant-voltage charge.

The Co RIXS of the 4.6-V charged electrodes before and af-
ter constant-voltage-charge is also tested (Figure 5f). The elec-
tronic structure of 4.6-V charged HS-LCO barely changes after
conducting constant-voltage-charge, which can be deduced by
its almost identical RIXS spectra for HS-LCO-4.6V and HS-
LCO-4.6V-12h. Differently, after constant-voltage charging the
LS-LCO-4.6V-12h, an enhanced elastic peak and the newly

emerged inelastic peaks () are discovered. The increase of the
elastic peak illustrates a weakened interaction between the elec-
trons at activated and ground states in LS-LCO-4.6V-12h,
which illustrates a varied electronic environment between the
e, and t, bands. The appeared inelastic peaks of B, correlated
with the occupied electrons above the £, band, demonstrates
some reduced Co cations.

These results indicate that, with external stimuli, obvious un-
favored O— Co charge transfer occurs. While these adverse
phenomena are completely suppressed in delithiated HS-LCO,
indicating a very good thermodynamic stability. During the
constant voltage charge, LS-LCO produces a large amount of
unfavored O— Co charge transfer, yields O, and detrimental re-
duced Co cations. Simultaneously, the crystal structure of LS-
LCO becomes more complex (Figure S33). These behaviors in-
crease the band overlap and even cause the O 2p band to exceed
the Fermi level, inducing a short but violent charge transfer. It
explains the abnormal increase of current signal of LS-LCO at
the early stage of constant voltage charge in Figure 5d (Figure
S34 shows the amplification within 100 min). However, the
structure of HS-LCO barely changes after the constant voltage
charge, which confirms above results.

These results indicate that the energy band details are the key
to the O—Co charge transfer of LCO at high voltages. And the
O—Co charge transfer requires the Fermi level to pass through
the overlapping of O and Co bands. The crystal structure is
closely related to it. And the electron environment around the
orbitals of octahedron will be complicated due to the structural
distortion, which increases the electron density of overlapped
band for O and Co. Therefore, intense charge transfer would be
generated when Fermi level passes through the overlapped band
of the cathode with distorted structure. With the occurrence of
adverse charge transfer, the structural distortion in turns to be-
come more obvious, resulting in further band overlap and
charge transfer.

Based on the results, a unified redox mechanism is proposed
(Figure 6). The difference in band structure will have an im-
portant effect on the redox mechanism. The spin state of Co in-
fluences the band structure. For LS-LCO, the low spin of Co
causes a high overlap between #,, and O 2p. With charge, elec-
trons are firstly extracted from #,, band, which oxidizes the low-
spin Co*" (t2° e,°) to Co* (12’ e,"). When half of the Co*" cati-
ons are oxidized to Co*", the Fermi level meets O 2p state. With
further oxidation, O—Co charge transfer is triggered, which re-
duces Co*" to Co®" or even Co® and simultaneously oxidizes
0% to O». In this process, some CoOs octahedrons generate
shortened O-O distance and elongated Co-O bond length, com-
plicating the structural properties and inducing a hybrid H1-3
phase. Obvious heterogeneous lattice changes and CoOg distor-
tions are thus generated, which further exacerbates band over-
lap and adverse charge transfer behaviors. After the charge-dis-
charge cycle, the electronic structure could not recover to its
pristine state due to the irreversible reactions and unrecovered
structural changes. Moreover, the OAR and O-O shortening ex-
hibit a slow kinetics, which reduces the reacting rate of the
whole reactions.

While for HS-LCO, high spin Co induces a reduced overlap
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Figure 6. Sketch for illustrating the redox mechanism for LS-LCO and HS-LCO.

between #,, and O 2p. And the lattice stress field generated by
nanoribboned network structure restrains the structural changes
upon delithiating. These functions postpone the approaching of
Fermi level to O 2p band at high voltages and fundamentally
addresses the unfavored O—Co charge transfer. The over-oxi-
dation of lattice O and over-reduction of Co are thus fundamen-
tally eliminated. A deepened Co redox combined with little O
redox is exhibited. Because of its stable chemical reactions, HS-
LCO has higher reversible capacity and stability. Moreover, the
simplified charge-discharge mechanism of HS-LCO inhibits the
shortening of O-O distance and the elongation of Co-O at high
voltages, which further helps the delithiated HS-LCO to main-
tain the O3 phase. This gives HS-LCO a better structural revers-
ibility. Moreover, the inhibition of phase transition restrains the
structural distortions, which fundamentally alleviates the band
overlap and the resulted unfavored O—Co charge transfer.
Therefore, after charge and discharge, the band structure of HS-
LCO can recover to the pristine state. And because of the intro-
duction of high spin Co and the suppression of lattice oxygen
reaction, the kinetics of the whole reactions is largely improved.
Moreover, the morphological features across a wide range of
length scales also have a very significant role to play. A small
particle size contributes to the fast Li transport dynamics.*> And
in addition, particle size influences the spin state as well.?

In order to explore the role of added elements, we did a pre-
liminary investigation. Based on the amounts of added elements
for HS-LCO, the samples added with only Ni, Mn (labeled as
LCO-NiMn) and with only Zr (labeled as LCO-Zr) were syn-
thesized, respectively. The SEM images, XRD plots, and elec-
trochemical properties are shown in Figure S35. It could be seen
that the Ni/Mn element divides the LCO particles. Obvious lat-
tice mismatch stress is expressed in LCO-Zr but not in LCO-
NiMn, evidenced by the relative 003 peak intensity and the
charge-discharge curves. From the electrochemical results, it
concludes that LCO-Zr cannot maintain the lattice mismatch
stress stably. These results demonstrate that Ni/Mn, Zr elements
should be together to maintain the interfacial lattice mismatch
stress.

The Zr in HS-LCO has been shown to be unevenly distributed
by Figure S10. This is related to the grain fusion characteristic
of HS-LCO. A certain degree of the atomic mismatch is formed
at the grain-fused interface, which enhances the lattice energy
and the solubility of Zr element near the fused region.

And the atomic mismatches and defects at the lattice interface
account for high spin state of Co cations. The maintenance of

the atomic mismatches and defects is the key for the reversible
redox of the high spin Co cations. Zr has a positive effect on
improving structural stability. Moreover, Zr*" introduction fa-
vors the formation of Co?*, which deepens the structural distor-
tions and favors the high spin state. Therefore, the enrichment
of Zr at the fusion interface is beneficial to generate and stabi-
lize the high spin state of Co cations in HS-LCO. This plays an
important role in the reversible redox of high spin Co. It is con-
cluded that to construct stable lattice stress field, the additive
needs elements with good compatibility with the host, as well
as other elements with large ionic sizes to induce lattice differ-
ences.

CONCLUSIONS

In summary, an atomically engineered high spin LCO is syn-
thesized through constructing a defective nanoribboned net-
work. Orbital reconstruction is induced to change Co from low
spin state (f,° e,’) to high spin state (5, e;'). A tuned redox
mechanism with almost only Co redox is demonstrated. Firstly,
the high spin Co network eliminates the adverse phase transi-
tion of O3—H1-3, delays the exceeding of O 2p band over the
Fermi level and the resulted excessive O—Co charge transfer at
high voltages. It intrinsically promotes the Co redox and re-
strains the O redox, fundamentally addressing the issues of O,
release and coupled detrimental Co reduction. Moreover, the
chemo-mechanical heterogeneity caused by different kinetics of
Co/O redox centers and the inferior rate performance limited by
slow O redox kinetics are simultaneously improved owing to
the suppression of slow OAR and the excitation of fast Co redox.
And because of the high electron energy occupied state and the
simplified electronic structure evolution, the high spin state en-
hances the activity and reversibility of Co redox in LCO. These
fundamentally improves the discharge capacity, cycling stabil-
ity, and rate capability of the 4.6V LCO. HS-LCO delivers high
capacities of about 216 mAh g! (@1C), 195 mAh g! (@5C)
and superior cycling retentions of 86.9% (@500 cycles@5C).
The stabilized high-capacity delivered by HS-LCO promises to
build next generation Li-ions batteries. The proposed insights
on the importance of spin state modulation in tunning cati-
onic/anionic redox chemistry are applicable to other O redox
cathodes.
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The intrinsic inferior thermodynamics and kinetics issues of O anion redox (OAR) inherently deteriorate the high-voltage
LiCo00O;. Herein, an atomically engineered high spin LiCoO, demonstrates a tuned redox mechanism with almost only Co
redox, which fundamentally addresses the unfavorable issues. The redox modulation originates from the restriction of Fermi
level to t; band by the high spin Co framework.
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