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Elevating the charging cut-off voltage is one of the most effective methods to boost the energy density of lithium-
ion batteries utilizing a LiCoOz (LCO) cathode. However, severe interfacial issues and structural degradation
impede the practical application of high-voltage LCO. Here, we develop a surface SO4 tetrahedron modification
strategy to stable the LCO at high voltages. The surface SO4 tetrahedrons were constructed from under-
coordinated oxygen ions on the LCO surface during the reaction with SO, thereby enhancing the stability of
surface oxygen (bonding effect). More importantly, the surface SO4 tetrahedron significantly reduced the
adsorption energy of ethylene carbonate (EC) on the LCO surface, thereby decreasing the likelihood of nucleo-
philic attack and oxidation (shielding effect). Owing to the shielding and bonding effects of the surface SO4
tetrahedron, the interfacial electrochemistry and chemistry of the cathode were regulated. When this strategy
was applied to a Mg&Ce-doped LCO, the modified materials (LCO-MC+S) demonstrated remarkable cycling
performance, showing 84 % capacity retention after 1000 cycles at 3.0-4.6 V and 80 % after 200 cycles at
3.0-4.7 V. This study proposes a new approach to addressing the instability of high-voltage layered cathode

materials.

1. Introduction

With the rapid advancement of portable devices and electric vehi-
cles, there is a growing demand for lithium-ion batteries with higher
energy density and longer lifespans [1-4]. The energy density of
lithium-ion batteries is directly proportional to the product of practical
capacity and output voltage [5]. Therefore, elevating the working
voltage to extract more lithium ions from cathode is one of the most
straightforward strategies to increase the energy density [6]. For
example, the dominant cathode of battery used in 3C electronic devices,
LiCoO, (LCO), reaches a specific capacity of 220 mAh g when the
cut-off voltage is increased from 4.3 V (corresponding to 140 mAh g™1) to
4.6 V [7]. However, operating at such high voltages (>4.6 V) pose great
challenges, including aggressive interfacial issues and structure degra-
dations [8,9].

* Corresponding authors.

The accelerated interfacial issues, including surface side reactions
[10] and oxygen evolution [11], lead to rapid capacity fade and reduced
Coulombic efficiency [12]. Due to extensive efforts, the mechanism
underlying the interfacial issues on the high-voltage cathodes is rela-
tively clear [13-15]. A series of surface side reactions are triggered by
nucleophilic attack and oxidation of solvents (primarily ethylene car-
bonate (EC)) [16,17], which produce H'/H»0, hydrolyze LiPFs, and
form corrosive HF, leading to Co dissolution in return. Regarding oxygen
evolution, the oxygen ions in the outermost layer are under-coordinated
and more likely to be oxidated and released during delithiation [18].
The resulting oxygen vacancies can migrate inward, leading to bulk
structural degradation. Additionally, the accumulation of solvent
decomposition products and surface structural degradation caused by
Co dissolution and oxygen release, impeding Lit transport across the
interphase [19]. Furthermore, particle cracking is associated with the
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reversibility of phase transition from O3 to H1-3 at 4.55 V [20], which is
also significantly influenced by the oxygen evolution [21]. Therefore,
the key to achieving high-voltage cycle stability in LCO is to prevent
surface under-coordinated oxygen release and regulate the
electrode-electrolyte interfacial chemistry.

Surface modification is one of the most widely used and effective
strategies to enhance the electrochemical performance of high-voltage
LCO [22]. Various types of coating materials, such as metal oxides
[23], metal fluorides [24], solid electrolytes/other ionic conductors [25]
and polymers [26] have been used to modify the interface for block the
side reactions. In pursuit of an effective blocking effect, coupled with the
uneven distribution of the coating materials, the coating thickness of the
localized regions may exceed tens of nanometers, negatively affecting
specific capacity and lithium-ion diffusion kinetics [27,28]. Further-
more, due to the distinct texture and weak chemical bond between the
coating layer and the bulk phase, the coating layer may peel off thus
undermining prolonged cycling stability. Therefore, to further enhance
the lifespan of high-voltage LCO, an atomic-thin coating layer with
multifunctional effects, including regulation of interfacial chemistry and
stabilization of surface under-coordinated oxygen, is urgently needed.

In this work, a novel surface SO4 tetrahedron modification strategy
was developed. Specifically, surface-bonded SO4 tetrahedrons, origi-
nating from under-coordinated surface oxygens and SO5/O, gas, are
introduced onto the surface of lithium cobalt oxide. The surface-bonded
SO4 tetrahedron not only suppresses oxygen evolution through a
bonding effect but also mitigates side reactions between active material
and electrolyte via an interface shielding effect. The interface shielding
effect is related to the control of species (such as EC and PFg-) in the
inner Helmholtz layer (IHL) by the SO4 tetrahedron layer. The multi-
functionality of the surface-bonded SO, tetrahedron was validated
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through both first-principles calculations and experiments. When
applied to Mg and Ce co-doped LCO (LCO-MCQ), this strategy signifi-
cantly enhances its high-voltage electrochemical performance. LCO-
MC+S retained 84 % of its capacity with an average Coulombic effi-
ciency (ACE) of 99.94 % after 1000 cycles at 3.0-4.6 V and 1C, and 80 %
capacity retention with an ACE of 99.68 % after 200 cycles at 3.0-4.7 V
and 1C.

2. Results and discussion

The formation process of surface SO4 tetrahedrons on the surface of
LCO from SO3, Oz and surface under-coordinated oxygen was theoreti-
cally simulated. For simplicity, we calculated the formation energy of a
surface SO4 tetrahedron based on SO3 and surface under-coordinated
oxygen of LCO, which was —2.509 eV, indicating that this process is
thermodynamically favorable. The optimal connection is presented in
Fig. S1, showing the surface SO4 tetrahedron sharing one oxygen atom
with LCO and forming two Co-O bonds with the under-coordinated co-
balt atoms. EC is the most commonly used solvent in the commercial
electrolytes of LIBs due to its multiple functions [29]. However,
decomposition of EC on the cathode side by Co*t and O% (a<2) at high
voltages leads to cathode interfacial degradation (oxygen vacancy for-
mation and low-valence oxide phase formation) and organic-rich CEI
formation. Thus, we calculated the adsorption energies of EC on the
(104) surfaces of LCO and surface SO4 tetrahedron-bonded LCO
(LCO+S) using density functional theory. As shown in Fig. 1a, the
adsorption energy of EC on the surface of LCO and LCO+S was —0.952
eV and 0.586 eV, respectively. This result revealed that the adsorption of
EC on LCO is energetically favorable, whereas the adsorption of EC on
LCO+S is endothermic. The significantly reduced adsorption energy
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Fig. 1. The model used to calculate the adsorption energy between LCO/LCO+S and EC (a); the calculated adsorption energies between EC and LCO/LCO+S (b); the
model of LCO/LCO+S in the delithiated states used for the calculation of oxygen vacancy formation energy (c); the calculated oxygen vacancy formation energies of

LCO/LCO+S both in the pristine and delithiated states.
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indicated lower adsorption capacity, thus significantly mitigating
nucleophilic attack and oxidation [30]. In addition to this interaction,
the oxygen vacancy formation energies on the surfaces of LCO and
LCO+S in pristine and fully delithiated states were also calculated
(Figs. 1b and S2). After surface SO4 tetrahedron bonding, the oxygen
vacancy formation energy increased to 2.934 eV for LCO+S, which is
much higher than the 0.980 eV for LCO in the fully delithiated state,
indicating that oxygen evolution is significantly hindered in LCO+S.
Therefore, the SO4 tetrahedron on the surface of LCO not only mitigates
side reactions with the electrolyte (shielding effect) but also suppresses
oxygen evolution into the solution (bonding effect), and its beneficial
effects on LCO are schematically illustrated in Fig. S3. Further electro-
chemical tests demonstrated that the ACE and cycling stability of LCO+S
were notably improved, verifying the reduction of side reactions at the
cathode-electrolyte interface mediated by the surface SO4 tetrahedrons
(Fig. S4).

This strategy was also applied to LCO-MC to confirm the effects of
surface SO4 tetrahedrons further. SEM images of LCO, LCO+S, LCO-MC
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and LCO-MC+S are displayed in Figs. 2a—c and S5a. The average particle
size is approximately 5 ym for LCO and LCO+S and 3 pm for LCO-MC
and LCO-MC+S, implying that Mg and Ce co-doping restricted grain
growth to some extent. The Rietveld refined XRD data show that all
samples are composed of a single phase of hexagonal R-3m structure
(Figs. 2d-f and S5b). The refined results are listed in Table S1. In com-
parison with LCO (14.0477 A), the increased lattice parameter ¢ for LCO-
MC (14.0509 A) and LCO-MC+S (14.0510 A) will enhance the lithium-
ion transport kinetics [31], due to co-doping of the Mg and Ce into the
lattice. The occupation ratio of heavy elements (Mg and Ce) at the Li site
for LCO-MC and LCO-MC+S is 0.77 % and 0.49 %, respectively, directly
proving the successful doping of the foreign ions at the Li sites. SEM-EDS
mapping of LCO-MC+S shows the uniform distribution of Co, O, Mg, Ce
and S elements (Fig. 2 g). XPS etching result proves that the S with
valence of +6 only presents on the surface of LCO-MC+S (Fig. S6a and b)
[32]. As shown in Fig. Sé6c, the lattice oxygen peak of LCO-MC+S is
291.30 eV, which is higher than that of LCO (291.15 eV), implying that
SO4 tetrahedrons were bonded on the surface of LCO-MC+S, forming
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Fig. 2. SEM images of LCO (a), LCO-MC (b) and LCO-MC+S (c); refined XRD data of LCO (d), LCO-MC (e) and LCO-MC+S (f), respectively; SEM-EDS mapping of

LCO-MC+S (g); HRTEM images of LCO(h) and LCO-MC+S (i).
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metal-O-S bonds [33]. Additionally, both LCO and LCO-MC+S surface
exhibit a layered structure, indicating that doping and surface SO4 tet-
rahedron modification have negligible effects on the surface structure
(Fig. 2h, i). There is no perceptible coating layer on the surface of
LCO-MC+S, which indicates that the surface-bonded SO4 tetrahedrons
layer is quite thin, probably due to the self-limiting reaction between
LCO and SO,.

To further evaluate the high-voltage performance of the samples, the
cells were galvanostatic tested within a voltage range of 3.0-4.6 V. As
shown in Fig. 3a, the samples exhibited a similar discharge capacity of
219 mAh g at 0.1C (1C = 280 mA g'), while the charge capacity was
different. Thus, the initial Coulombic efficiency (ICE) for LCO, LCO-MC
and LCO-MC-+S was 95.2 %, 96.1 % and 97.8 %, respectively. LCO-MC
and LCO-MC+S exhibited comparable rate performance (Fig. 3b), which
was much better than that of LCO. This indicates that Mg and Ce doping
can significantly enhance the lithium diffusion kinetics. Remarkably,
LCO-MC+S exhibited a capacity retention of 84 % after 1000 cycles at
1C, while LCO and LCO-MC showed capacity retention of 18 % and 80 %
after only 300 cycles (Fig. 3c). The corresponding Coulombic efficiency
of the samples during cycling was also compared in Fig. 3d. LCO-MC+S
exhibited an ACE of 99.92 % and 99.94 % after 300 and 1000 cycles,
respectively. In contrast, the ACE of LCO and LCO-MC after 300 cycles
was only 99.50 % and 99.80 %, respectively. Even though SO gas
treatment may raise cost for large-scale production due to safety con-
cerns, the high-voltage cycling stability of LCO-MC+S is outstanding
among Lithium cobalt oxides (Table S2). In addition, the minimum
leakage current density of LCO-MC+S was 2.96 pA cm'? (floating charge
at 4.6 V and 45 °C), much lower than 8.94 pA cm for LCO (Fig. S7a).
Even after floating charge for 90 h, the leakage current density of LCO-
MC+S only increased to 5.46 pA cm2, which was significantly lower
than 33.23 pA em™? for LCO (Fig. S7b). The exceptional ACE and sup-
pressed leakage current density of LCO-MC+S indicate negligible side
reactions between the active materials and electrolyte, even at 4.6 V.
Additionally, as shown in Fig. S8, the voltage decay was significantly
suppressed during cycling in LCO-MC+S compare to the other three
counterparts. Additionally, when cycled at 3.0-4.7 V and 1C, LCO-
MC+S exhibits a capacity retention of 80 % (corresponding to a
maximum value of 220 mAh g!) and an ACE of 99.68 % after 200 cycles
(Fig. 3e-f), as well as 62 % capacity retention after 500 cycles (Fig. S9a).
In addition to surface modification, structure engineering to eliminate
layer glide and O1 phase formation is concurrently necessary for further
enhancing the stability at 4.7 V. The cyclic voltammetry (CV) profiles of
the samples, presented in Fig. S10, showed that the reduction peak in-
tensity for LCO decreased gradually with the increase in cycle count,
while that for LCO-MC+S increased gradually. This seemingly contra-
dictory result indicates that the reversibility of LCO is poor and there is
an activation process for LCO-MC+S.

In-situ XRD measurements were conducted to investigate the phase
evolution and volume variation during the charge/discharge process
(Figs. 4 and S11). Changes in the (003) and (110) peaks are related to the
variation of lattice parameter ¢ and a, respectively. The anisotropic
volume variation in LCO, as reported in our recent works [20], can cause
serious interphase stress. The slab glide during the phase change from
03 to H1-3 is schematically illustrated in Fig. 4a and b, with a gliding
vector of (2/3, 1/3, 0). Thus, the Co-O slab glide will cause (101), (104)
and (107) peaks to abruptly shift to lower angles, while the (012), (015)
and (018) peaks shift to higher angles [6]. As shown in Figs. 4c,d and
S11, the (003) peak shift of LCO-MC+S and LCO-MC was 1.19°, which
was slightly lower than the 1.21° shift for LCO. The Ola (in H1-3) phase
was slightly intense in LCO relative to LCO-MC+S or LCO-MC, implying
that Mg and Ce co-doping shows a limited effect to the H1-3 phase
transformation. This result indicates that Mg&Ce doping and SO4 tet-
rahedron modification improve phase transition reversibility rather
than inhibit phase transition.

The atomic scale surface structure of the cycled samples was inves-
tigated by high-angle annular dark-field scanning transmission electron
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microscope (HAADF-STEM). As shown in Fig. 5a, a cation-densified
layer (~8 nm), including rock-salt and spinel phases, was formed at
the surface of LCO. Additionally, as confirmed by the low-magnification
image (Fig. 5b), this cation-densified layer is uniformly formed on the
surface. The complete coverage of the cation-densified layer blocks the
transport of Li'" ions and thus reduces the capacity [34]. In contrast, the
LCO-MC+S maintained its original layered structure after enduring the
same operational conditions (Fig. 5c). Moreover, no cation-densified
layer was observed on the surface of LCO-MC+S (Fig. 5d). Further, the
surface structure of the three samples after 300 cycles were investigated
by TEM. Glide (Fig. S12b) and pores (Fig. S12¢) were observed in the
300-cycled LCO. The formation of pores indicates oxygen evolution and
Co dissolution. In addition, the surface layered structure was completely
transformed into a spinel structure (Fig. S12c,d) or a spinel and rock-salt
mixed structure (Fig. S12 f, g,i-k). For 300-cycled LCO-MC, cracks and
glide were also formed (Fig. S13a,c,d), and the surface layered structure
was also transformed into a spinel structure completely (Fig. S13b-f).
The transformation of layered LCO into spinel Co304 or rock-salt (CoO)
is accompanied by lattice oxygen evolution because the O/Co ratio of
the generated structures is lower than that of the layered LCO. In
contrast, no glide/crack or pores were observed, and only a small part of
the layered structure was transformed into a spinel structure on the
300-cycled LCO-MC+S surface (Fig. S14). These results indicate that the
surface-bonded SO4 tetrahedrons can significantly mitigate the surface
degradation of the sample.

To further investigate the surface degradation of the samples, time-
of-flight secondary ion mass spectrometry (TOF-SIMS) was performed
to characterize the spatial distribution of fragments after 100 cycles at
4.6 V. The 3D images of Li-, Co-, O- and LiF2- fragments for the LCO and
LCO-MC+S are displayed in Fig. 6a and b. The Co- and Li- fragments are
well overlapped for cycled LCO-MC+S, while the Li- fragment is less
pronounced in the surface region compared to the Co- fragment for
cycled LCO. This is further confirmed by the depth profiles and their
intensity ratio (Fig. 6c-€). As shown in Fig. S15, this near-surface
Lithium-barren phenomenon was also observed in the cycled LCO-MC.
A lower Li signal in the surface region indicates the formation of
Co304 or CoO phases in cycled LCO due to surface degradation, which
coincides with the TEM results. As shown in Fig. S16, the LiSO4- frag-
ments are covered on the Co- fragments well, implying the SO4 tetra-
hedrons layer didn’t degrade over time and protects the cathode
persistently. Additionally, the intensity of LiF2- for cycled LCO-MC+S
was higher than that of LCO, implying that there is more LiF on the
surface of cycled LCO-MC+-S, consistent with the XPS results in Fig. S17.
Furthermore, the content of surface O on the surface of cycled LCO is
higher than that of cycled LCO-MC+S (Fig. S17) [35], indicating that the
solvent (such as EC) decomposition was effectively mitigated on the
surface of LCO-MC+S. The high content of inorganic LiF ensures the
high chemical stability of the surface layer at high voltages, which is
crucial for the high-voltage stability of LCO [36].

The polarization and Li* apparent diffusion coefficient (Dy;,) of the
samples after long-term cycling (100 cycles at 4.6 V and 1C) were
revealed by the galvanostatic intermittent titration technique (GITT).
Fig. S18 shows the GITT curves of the three samples tested at a current
density of 28 mA gl. The average overpotential of LCO during the
charge process is 0.0837 V, which is about an order of magnitude higher
than 0.0084 V for LCO-MC+S. Moreover, the overpotential difference is
more pronounced during the discharge process (Fig. S18a). The Dy of
LCO, LCO-MC and LCO-MC+S is displayed in Fig. S18b-d, respectively.
Most importantly, the average Dy;. of LCO-MC+S is 3.51 x 107! em? s~
!, which is higher than 1.84 x 10-11 cm?s! and 2.06 x 1072 cm?s™! for
LCO-MC and LCO, respectively.

In-situ galvanostatic electrochemical impedance spectra (GEIS)
measurement was conducted to monitor the dynamic and CEI evolu-
tions. The time-voltage profiles of the LCO and LCO-MC+S for GEIS
testing are presented in Fig. S19a. The variation of Nyquist plots during
the charging/discharging process for 200-cycled LCO and 200-cycled
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Fig. 4. Schematic illustration of the gliding process during phase transformation from O3 to Ola, shown from the side (a) and top (b) perspectives. In-situ XRD peak
evolution of LCO (c¢) and LCO-MC+S (d) during the first cycle. The green dotted arrow in (b) indicates the side-view orientation of (a).

LCO-MC+sS is illustrated in Fig. S19b and S19c, respectively. Each
Nyquist plot exhibits two semicircles, which could be attributed to solid
electrolyte interface resistance (Rsei) and charge transfer resistance
(Rct), respectively [19]. For better comparison, the curves were fitted
with an equivalent circuit model (Fig. S19b inset). LCO and LCO-MC+S
exhibit a Rct of 1525.0 and 269.4 Q, respectively, at 4.6 V. LCO showed
much higher Rct with greater variation throughout the process
(Fig. S19d). In detail, during charging, Rct for LCO decreases signifi-
cantly in the voltage range of 3.88-4.20 V, remains relative steady in the
voltage range of 4.20-4.50 V, and increases dramatically from 4.50 V to
4.60 V. During discharging, Rct shows similar variations across the three
voltage ranges. The dramatic variation of Rct in LCO during different
SOC is indicative of significant dynamic CEI evolution [37,38]. These
results indicate that the CEI for LCO-MC+S is more stable than that of
LCO. To further interpret the EIS, distribution of relaxation time (DRT)
[39] analysis was conducted. In the time-domain-based DRT pattern, the
peak positions and areas represent the relaxation time and impedance of
the specific electrochemical process, respectively. The results, in
Fig. S19e-i, revealed that the charge transfer in LCO-MC+-S cell (0.54 s)
is more rapid than in LCO (3.1 s).

Thermal instability is a major safety concern in the application of
LCO batteries at high voltages. We investigated the thermal stability of
the fully-charged cathodes by simultaneously probing gas evolution and
weight change during abuse heating. As shown in Fig. S20a, the onset
temperature of decomposition was enhanced, and the total mass loss
was reduced for LCO-MC+S compare to LCO. Specifically, the onset

temperature of decomposition was 207 °C for LCO and 230 °C for LCO-
MC+S. Correspondingly, a sharp O3 evolution peak at 274 °C for LCO
and a broad O, evolution peak at 310 °C for LCO-MC+S were observed
(Fig. S20b). Additionally, the CO, evolution peak shifted to a higher
temperature for LCO-MC+S relative to LCO (Fig. S20c). These results
clearly reveal that the thermal stability of LCO-MC+S is improved.

3. Conclusion

We developed a novel surface SO4 tetrahedron modification strategy
to improve the performance of lithium cobalt oxide at high voltages.
Specifically, we constructed surface-bonded SO4 tetrahedrons by treat-
ing the LCO surface with SO gas. Theoretical calculations and experi-
mental results revealed that SO, reacts spontaneously with under-
coordinated oxygen atoms on the LCO surface, forming surface-
bonded SO4 tetrahedrons. Based on our calculations, the constructed
surface SO4 tetrahedrons significantly affect the surface properties by
tuning the adsorption energies of EC, influencing the species in the inner
Helmholtz layer (shielding effect), and increasing the surface oxygen
vacancy formation energy (bonding effect). These effects of surface
modification were verified through a series of experiments, including
analysis of the CEI composition and thickness, surface structure evolu-
tion, in-situ EIS evolution, and leakage current density. When this sur-
face modification strategy was applied to Mg&Ce co-doped LCO, the
cycling performance and average Coulombic efficiency at high voltages
were further significantly enhanced. Upon testing at 3.0-4.6 V and 1C,
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Fig. 5. HAADF-STEM images of LCO (a,b) and LCO-MC+sS (c,d) after 100 cycles at 4.6 V. (a;) and (ap) are the enlargements of the square regions in image (a); (c1)

and (cp) are the enlargements of the square regions in image (c).

LCO-MC+S demonstrated a capacity retention of 84 % after 1000 cycles,
compared to 18 % and 80 % retention for LCO and LCO-MC after only
300 cycles. Furthermore, LCO-MC+S exhibited a capacity retention of
80 % after 200 cycles at 3.0-4.7 V and 1C, compared to 2 % and 45 %
retention for LCO and LCO-MC after only 100 cycles. This work in-
troduces a novel approach to designing high-voltage cathodes, opening
up new possibilities for high-energy lithium-ion batteries.

4. Experimental section

Materials synthesis: the bare LiCoO, and Mg, Ce co-doped LiCoOy
were prepared using a solid-state reaction method. Li;COs (98 %),
Co304 (99.9 %), MgO (99 %) and CeO; (99.9 %) were used as the raw
materials. The Li:Co molar ratio was 1.05:1 in the precursor of LiCoO»,
while the molar ratio of Li, Co, Mg and Ce was
1.035:0.9975:0.0075:0.0025 in the precursor of Mg, Ce co-doped
LiCoOs. The raw materials were ground in an agate mortar for half-
hour to form the mixed precursor, which was calcined at 550 °C for 4
h, followed by 950 °C for 10 h in air, to obtain the products. To obtain
the final products, the as-prepared lithium cobalt oxides were mixed
with sulfur (S) powders (molar ratio of LiCoO; to S = 1:0.05) and sin-
tered for a second time at 550 °C for 2 h, followed by 850 °C for 4 h in
air.

Structural and morphological characterizations: The crystal
structure of the samples was analyzed via X-ray diffraction (XRD) using
a Bruker D8 Advance diffractometer (Cu Ka radiation, A=0.154 nm). In-
situ XRD data were collected using the same instrument with the in-situ
cell accessory (approximately 6 min to collect each pattern). Rietveld

refinements of XRD patterns were performed using FullProf software.
Scanning electron microscopy (SEM, Zeiss SUPRA-55), equipped with an
X-Max EDS detector, was used for morphological and elemental distri-
bution characterization. High-resolution field-emission transmission
electron microscopy (FETEM, JEOL-3200FS, 300 kV) was employed for
local structural investigation. The atomic structures of the samples were
investigated via high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM, JEM-ARM300F, Japan). The cross-
sectional sample of the individual particle was prepared using a focused
ion beam (FIB/SEM, Nova200 NanoLab, Thermo Fischer Scientific,
USA). The chemical states of the elements were analyzed using X-ray
photoelectron spectrometry (XPS) on an ESCALab 250Xi electron spec-
trometer (Thermo Fisher Scientific, USA). Simultaneous thermal
analyzer coupled with gas chromatography-mass spectrometry (STG-
GC/MS, STA8000-Frontier-Clarus SQ8, PerkinElmer, Netherlands) was
employed to detect gas evolution and weight loss simultaneously of the
charged electrode during heating (4.6 V; LCO: PVDF: acetylene black =
94: 3: 3; 30-600 °C). The surface properties of the cycled cathodes were
obtained using time-of-flight secondary ion spectrometry (TOF-SIMS, 5
iontof, PHI NanoTOFII, Germany).

Electrochemical measurements: the active material (80 %), poly-
vinylidene fluoride (PVDF, 10 wt %) and acetylene black (10 wt %) were
thoroughly mixed in N-methyl-2-pyrrolidone (NMP) solvent to form a
slurry. The slurry was cast onto aluminum foil and dried at 105 °C in a
vacuum oven overnight to form the electrodes. Electrochemical per-
formance was evaluated in CR2032 coin cells, with Celgard 2316 as the
separators, lithium metal sheets as anodes, and an electrolyte of 1 M
LiPFg in a 1:1 vol ratio of ethylene carbonate (EC) to dimethyl carbonate
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(DMC) with a 5 % fluoroethylene carbonate (FEC) additive. The cells
were galvanostatically tested at 3.0-4.6/4.7 V (1C = 280 mA g™1). Cyclic
voltammetry (CV) and in-situ electrochemical impedance spectroscopy
(EIS) measurements were performed on a Solartron workstation. The
galvanostatic intermittent titration technique (GITT) and Floating
charge tests were conducted using a Neware battery test system (CT-
4008T-5V10mA-164, Shenzhen, China).

Calculations details: All calculations were carried out utilizing the
plane-wave-based density functional theory (DFT), implemented within
the Vienna ab initio simulation package (VASP) [40-42]. The Per-
dew-Burke-Ernzerhof (PBE) formulation of generalized gradient
approximation (GGA), grounded in the projector-augmented wave
(PAW) method, was employed to describe the exchange-correlation
potential for electrons [43-45]. The cutoff energy was set at 520 eV,
and the electronic energy convergence was set to 10> eV. For surface
slab calculations, the bottom atomic layer was constrained to the opti-
mized bulk structure, while the upper two layers were allowed to relax.
A vacuum of 20 A was introduced along the z-axis, perpendicular to the
terminating (104) surface, to prevent spurious interactions between
periodic images of the surface slabs. The Brillouin zone sampling for
surface slab calculations used Monkhorst-Pack k-point meshes, with a
grid density of 2 x 2 x 1. To adequately describe the localization of
transition-metal p-electrons, the GGA+U method was adopted, incor-
porating strong correlation interactions [46,47]. The U parameter for
cobalt was set to 3.3 eV [48]. Atomic geometries were optimized until
the forces acting on the atoms were below 0.02 eV A%, and spin po-
larization was considered. Additionally, the DFT-D3 semi-empirical van
der Waals correction was employed to account for dispersion forces
during the structure relaxation [49].

The adsorption energy (E,qs) was calculated using the expression:
Eads=Eslab+Ec—Eslab—Egrc, where Egapigc represents the energy of the
slab with the adsorbed solvent molecule, Eq,}, is the energy of the clean
slab, and Egc is the energy of the isolated solvent molecule.

To assess the thermodynamic stability of oxygen on the model sur-
face, the oxygen vacancy formation energy Ef(Vp) was calculated using
the equation: Ef(Vo)=E(Vo)+1/2E(O3)—E(pristine), where E(Vp) and E
(pristine) correspond to the total energies of the oxygen-deficient and
pristine structure, respectively, and E(Oy) refers to the energy of the
oxygen molecule. A correction of —1.36 eV was applied to the Oq
molecule energy in all calculations to address self-interaction errors
within DFT [48].
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