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Li- and Mn-rich layered oxides (LMRs) offer high capacity through transition-metal and oxygen redox but un-
dergo irreversible oxygen loss and surface degradation during high-voltage operation. Here, we investigate an
oxygen-redox-coupled cathode-electrolyte interphase (ORC-CEI) strategy based on the proposed interaction of
SOs-containing moieties with reactive surface oxygen, using 1,4-butane sultone (BS) as the precursor. Voltage-
resolved XPS and ToF-SIMS reveal transformation of the BS-derived interphase toward sulfate-like environ-
ments. Calculations using a nominal Ni**/Mn** surface reference model show that the proposed S-O anchoring
locally reduces oxygen-hole density and raises the energy required to remove the participating lattice oxygen.
Complementary measurements show reduced O; evolution and mitigated surface reconstruction. Following
formation to 4.7V, the modified Li; 2Nip.2Mng Oz cathode retains 79% of its capacity after 100 cycles over
2.3-4.5V at 125mA g}, compared with 57% for the baseline electrode. With repeated cycling to 4.7 V, the
corresponding retention is 67% after 70 cycles versus 37%. These results support the proposed connection be-
tween interphase transformation and local surface-oxygen stabilization.

1. Introduction participation of transition-metal (TM) and lattice oxygen redox pro-

cesses during high-voltage charging [3,4]. This dual-redox mechanism

Lithium-ion batteries (LIBs) have become the dominant energy
storage technology for portable electronics, electric vehicles, and large-
scale energy storage systems owing to their high energy density and long
cycle life [1]. As the demand for electrified transportation and grid-scale
energy storage continues to increase, the development of
next-generation cathode materials capable of delivering higher energy
density has become increasingly important [2]. In particular, achieving
high reversible capacity while maintaining structural and interfacial
stability under high-voltage operation remains a central challenge for
advanced LIB systems.

Among various cathode candidates, Co-free Li- and Mn-rich layered
oxides (LMRs) have attracted considerable attention because they can
deliver capacities exceeding 250 mAh g~! through the combined

enables significantly higher energy densities than those of conventional
layered oxide cathodes. However, despite these advantages, LMR cath-
odes suffer from severe voltage decay, structural degradation, and pro-
gressive deterioration of the cathode-electrolyte interface during
cycling, which remain major obstacles for their practical implementa-
tion [5,6].

The instability of LMR cathodes is closely associated with oxygen-
active surface environments generated during high-voltage operation.
When lithium extraction exceeds the TM-based redox limit, lattice ox-
ygen can be partially oxidized to O~ species [7,8]. These oxygen radicals
are thermodynamically unstable and tend to undergo O-O dimerization,
which may ultimately lead to molecular oxygen release from the lattice
[9,10]. The formation of O-O dimers and oxygen evolution induces
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irreversible surface reconstruction from layered to spinel- or
rock-salt-like phases [11-13]. In addition, oxygen-active surfaces
significantly accelerate electrolyte oxidation and parasitic interfacial
reactions, resulting in rapid impedance growth and pronounced voltage
decay during cycling [14-16].

To mitigate these degradation pathways, extensive efforts have been
devoted to stabilizing the cathode-electrolyte interface (CEI), including
surface coatings [17-19], compositional modification [20,21], and
electrolyte additive engineering [22,23]. Among these approaches,
electrolyte additives represent a particularly effective strategy for
regulating interfacial reactions [24,25]. However, most conventional
additives were originally developed for layered oxide cathodes whose
electrochemical behavior is governed primarily by TM-based redox re-
actions [26,27]. In these systems, additive decomposition is typically
tailored to suppress electrolyte oxidation at high potentials associated
with TM-based redox processes [28-30].

In LMR cathodes, oxygen participation in charge compensation in-
troduces an additional requirement for interphase design: stabilization
of reactive oxygen sites generated during high-voltage charging
[31-33]. Conventional sulfur-containing CEIs are commonly discussed
in terms of their protective interphase properties. However, the presence
of sulfate-like species alone does not establish chemical stabilization of
the oxidized oxygen sites of the cathode. The interaction between an
interphase-forming species and reactive surface oxygen therefore war-
rants consideration alongside the composition of the resulting protective
film.

Recent studies have explored oxygen-reactivity-based interfacial
engineering, including nucleophilic oxygen-engineered dual-gradient
CEIs and electrophilic electrolyte formulations for high-voltage stabili-
zation [34,35]. These studies provide precedents for using oxygen
reactivity to regulate cathode-electrolyte interactions. Our previous
study demonstrated that 1,4-butane sultone (BS) stabilizes the CEI and
improves high-voltage cycling of Co-free LiNip 75Mng 2502 (NMX), with
its relatively low HOMO level considered in relation to high-voltage
compatibility [24]. Building on this work, the present study examines
the chemical functionality of an SOs-containing moiety toward reactive
surface oxygen in oxygen-redox-active LMR cathodes.

We propose that BS-derived organosulfonate moieties can participate
in interfacial bond reorganization involving S-O bonding with cathode
surface oxygen, producing a surface-bound sulfate-like environment.
Within this model, the SO3-containing moiety provides the precursor
functionality, whereas the sulfate-like environment describes the
resulting surface-bonded configuration. The proposed protective func-
tion arises from local electronic passivation of the participating oxygen
through this interaction. BS serves as the molecular precursor used to
investigate this concept. Voltage-resolved interphase characterization,
gas-evolution measurements, structural analyses, and calculations are
combined to evaluate the proposed connection between interphase
transformation and suppression of irreversible surface degradation.

Here, we investigate this oxygen-redox-coupled cathode—electrolyte
interphase (ORC-CEI) strategy using Co-free Lij oNigoMnggOo (LNM)
and a BS-containing electrolyte. The resulting system, denoted as
LNM@ORC-CEI, is examined in terms of voltage-dependent trans-
formation of SOs-containing interphase species and the proposed local
stabilization of reactive surface oxygen through S-O bonding. Electro-
chemical measurements show an initial Coulombic efficiency (ICE) of
82.16 +0.24% for LNM@ORC-CEI, compared with 79.72 + 0.09% for
the bare LNM reference cathode (B-LNM; mean + sample standard de-
viation, n=3). Following an initial formation cycle to 4.7V,
LNM@ORC-CEI retains 79% of its initial capacity after 100 cycles over
2.3-4.5V at 125mA g}, compared with 57% for B-LNM. In addition,
the ORC-CEI effectively suppresses voltage decay, exhibiting a voltage
drop of 1.3 mV per cycle compared with 3.2 mV for B-LNM.

Structural and spectroscopic analyses further support an association
between the improved electrochemical stability and regulation of
oxygen-redox-driven surface reactions by the ORC-CEL The interphase
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suppresses irreversible structural degradation, reduces O evolution and
parasitic electrolyte oxidation at high states of charge, and is associated
with more reversible evolution of the TM-O electronic structure during
cycling. In addition, first-principles calculations indicate local electronic
passivation of the anchored surface oxygen within the modeled config-
uration. As a result, the ORC-CEI significantly enhances the structural
integrity and electrochemical durability of LMR cathodes under high-
voltage operation.

2. Results and discussion

2.1. Proposed surface-oxygen anchoring of BS-derived species in LMR
cathodes

First-principles calculations were performed to examine how the
proposed S-O anchoring interaction modifies reactive surface oxygen,
with the Heyd-Scuseria—Ernzerhof (HSE06) hybrid functional used for
projected density-of-states analysis [36]. A simplified LijaNigMn;2036
surface model was employed to approximate the nominal Ni**/Mn**
environment associated with partially delithiated LipgNip2Mng ¢Oa.
Under formal charge counting, LipgNip2MngeO2 corresponds to the
extraction of 0.4 Li from LijoNigsMnggOy through Ni2*-to-Ni**
oxidation with Mn remaining nominally tetravalent. This simplified
model provides a reference for examining oxygen participation upon
further delithiation and the local stabilizing effect of S-O anchoring.
Bare and anchored surfaces with the same substrate composition and
Li-site occupancies were compared to evaluate the local effect of S-O
bonding.

Fig. la presents the proposed conversion of a BS-derived organo-
sulfonate environment into a surface-bound sulfate-like configuration
through S-C bond cleavage and S-O bond formation with surface oxy-
gen. To evaluate the anchoring interaction within a defined model, the
adsorption energy of an inorganic sulfur-oxygen model unit consisting
of one sulfur atom and three oxygen atoms was calculated on the
reference and Li-free surfaces. It changes from —0.57 to —3.96 eV upon
removal of all 12 Li atoms (Fig. S1), indicating more favorable adsorp-
tion in the computational delithiation limit. The corresponding bare and
anchored configurations, denoted B-LNM and LNM@ORC-CEI, respec-
tively, are used to assess the effect of S-O bonding on local oxygen
electronic structure and stability.

To investigate the electronic structure changes associated with ox-
ygen redox, the projected density of states (pDOS) of Mn 3d, Ni 3d, and O
2p orbitals was calculated for both B-LNM and LNM@ORC-CEI struc-
tures before full delithiation (Fig. 1b). In the B-LNM structure, the O 2p
states dominate near the Fermi level, reflecting the contribution of lat-
tice oxygen to the near-Fermi-level electronic structure [37,38]. In
contrast, the LNM@ORC-CEI structure exhibits a distinctly different
electronic structure, where the O 2p contribution near the Fermi level
becomes significantly suppressed for the sulfate-anchored oxygen sites.
This result suggests that sulfate anchoring stabilizes these oxygen atoms
electronically and reduces their tendency to participate in oxygen redox
reactions.

The hole density distributions further reveal the effect of sulfate
anchoring on oxygen redox behavior (Fig. 1¢). In the B-LNM structure
before full delithiation, the lattice oxygen located at the surface clearly
exhibits hole density, consistent with the involvement of surface lattice
oxygen in charge compensation [31,39]. In contrast, the oxygen atoms
bonded to sulfate species in the LNM@ORC-CEI structure show negli-
gible hole density at the same Li content. This result indicates local
electronic passivation of the anchored oxygen sites within the modeled
configuration.

The structural implications of sulfate anchoring were further inves-
tigated by analyzing the local geometry around the oxygen sites
(Fig. 1d). Before full delithiation, the O-O distance near the surface
oxygen site in B-LNM is calculated to be 2.57 A. Upon sulfate anchoring,
this distance increases to 2.71 A with only minor distortion of the
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Fig. 1. Ly gNM and LoNM denote the models before (Li/(Ni+Mn) = 0.8) and after full delithiation. (a) Proposed conversion of BS-derived organosulfonate species
into surface-oxygen-anchored sulfate-like species through S—C bond cleavage and S—Ogyrface bond formation. Orange spheres denote carbon-containing substituents;
the identities of the released carbon-containing products and the detailed proton/electron balance are not established. (b) pDOS of Mn 3d, Ni 3d, and O 2p orbitals for
B-LNM and LNM@ORC-CEI before full delithiation. (c) Hole density distributions and (d) structural comparison of the bare and anchored models at the indicated Li
contents. (e) Bader charge analysis before and after full delithiation. The substrate before full delithiation is the Li;3Ni3zMn;,03¢ reference model, corresponding to

nominal Ni*"/Mn**

configurations are used to examine local oxygen participation and the effect of S-O anchoring.

states under the formal Li* and O?~ assignment. The fully delithiated computational limit is obtained by removing all 12 Li atoms. These
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surrounding MnOg octahedra. After full delithiation, the sulfate-
anchored structure retains an O-O distance of 2.63 A. The increased
0-0 separation is consistent with a reduced tendency toward local O-O
dimerization [40]. To further quantify the stability of surface lattice
oxygen, oxygen-vacancy formation energies were calculated for the bare
and SO3-derived species-anchored LNM surfaces at the same fully deli-
thiated state. For the anchored structure, the surface lattice oxygen
directly involved in S-O anchoring was removed, while the corre-
sponding lattice-oxygen site was removed from the bare LNM surface.
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The oxygen-vacancy formation energy increased from 0.45 eV for bare
LNM to 4.60 eV for LNM@ORC-CEI (Fig. S2), corresponding to an in-
crease of 4.15eV upon S-O anchoring. The higher oxygen-vacancy
formation energy indicates that S-O anchoring increases the energetic
cost of removing the selected surface lattice oxygen, supporting its sta-
bilization against oxygen loss.

Bader charge analysis further supports the electronic stabilization of
lattice oxygen induced by sulfate anchoring (Fig. 1e). The effective
charges of Mn atoms in both structures remain nearly unchanged before

b
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Fig. 2. (a) Rietveld refinement of XRD pattern. (b) HRTEM image with corresponding FFT. The subscript R denotes the zone axis indexed to the R-3m layered
structure. (¢) HOMO and lowest unoccupied molecular orbital (LUMO) energy levels of EC and the sulfur-containing electrolyte modifiers. (d) Comparison of initial
charge/discharge curves in the voltage range of 2.3-4.7 V (vs. Li*/Li) at current density of 25 mA g~*. The first-cycle charge—discharge profiles are representative
curves from individual cells. ICE statistics from three independent cells for each condition are reported in the main text. (e) XPS S 2p spectra of B-LNM and

LNM@ORC-CEL (f) ToF-SIMS depth profile of LNM@ORC-CEI.
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and after full delithiation, indicating limited changes in the local Mn
charge during Li extraction. In contrast, lattice oxygen in the B-LNM
structure exhibits noticeable charge variation upon full delithiation.
However, the sulfate-anchored oxygen in the LNM@ORC-CEI structure
maintains a nearly constant effective charge before and after full deli-
thiation, supporting reduced electronic rearrangement at the anchored
lattice-oxygen site.

Within the modeled configuration, S-O anchoring reduces hole
density at the participating oxygen site, increases the local O-O sepa-
ration, and raises the energetic cost of removing that lattice oxygen [41].
These results support local electronic passivation of an oxygen site
susceptible to irreversible reactions. Such passivation may help preserve
electrode-level reversibility by limiting oxygen loss and associated sur-
face degradation, without requiring increased redox activity at the
passivated site itself.

2.2. Oxygen-redox-coupled CEI (ORC-CEI) formation in LMR cathodes

To experimentally realize the oxygen-redox-coupled CEI (ORC-CEI)
strategy, a Co-free LMR cathode, Li; 5Nig osMng ¢O2 (LNM), was synthe-
sized and employed as the model system. Following the procedure
described in the Experimental Section, a transition-metal carbonate
precursor was prepared via a co-precipitation route and subsequently
lithiated through thermal treatment to obtain the pristine LNM cathode.

The crystallographic structure of LNM was verified by powder X-ray
diffraction (XRD) combined with Rietveld refinement (Fig. 2a). The
diffraction pattern exhibits the characteristic reflections of LMR mate-
rials, confirming that the synthesized material consists of a composite
layered framework composed of a rhombohedral Li[TM]O, phase with
R3m symmetry (@ = b = 2.84996(6) A and ¢ = 14.2238(4) A) and a
monoclinic Li;MnOs-like phase with C2/m symmetry (a = 5.0274(5) A,
b = 8.5636(13) A, and ¢ = 5.0147(10) A). No detectable impurity re-
flections were observed. In particular, the superlattice reflections in the
20 range of 20-32° support the presence of in-plane Li/TM ordering
associated with LisMnOs-like domains, which is a representative struc-
tural feature of LMR cathodes [42]. Detailed structural information of
LNV, including atomic coordinates, occupancy, and isotropic tempera-
ture factors (Bjso), is summarized in Tables S1 and S2.

The local crystal structure was further examined by high-resolution
transmission electron microscopy (HRTEM) (Fig. 2b). Clear lattice
fringes corresponding to the layered framework were observed, and the
measured (003) interplanar spacing of 0.47 nm agrees with c/
3 =4.74 A obtained from the Rietveld-refined lattice parameter c
= 14.2238 A. The fast Fourier transform (FFT) pattern further confirms
the well-preserved layered structure without detectable structural
degradation. In addition, scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) mapping analyses reveal
that LNM consists of spherical secondary particles with an average
diameter of approximately 5 pm and that Ni, Mn, and O are homoge-
neously distributed throughout the particles (Fig. S3).

After confirming the structural integrity of the cathode material, we
next investigated how different electrolyte chemistries influence inter-
facial reactions occurring in the oxygen redox region. In LMR cathodes,
the high-voltage region beyond the TM redox limit corresponds to the
onset of oxygen redox, where highly reactive lattice oxygen species
emerge at the cathode surface. Electrolyte components may form in-
terphases at lower potentials and undergo further reactions in this ox-
ygen redox region.

To systematically examine the influence of interfacial chemistry, two
sulfur-containing electrolyte modifiers were selected, namely 1,3,2-
dioxathiolane 2,2-dioxide (ethylene sulfate, DTD) [43] and 1,4-butane
sultone (BS) [24]. This comparison evaluates the interfacial chemis-
tries derived from these two specific additives, which differ in molecular
connectivity, ring structure and decomposition pathways. In density
functional theory (DFT) calculations, the highest occupied molecular

Nano Energy 159 (2026) 112487

orbital (HOMO) level reflects oxidative stability; molecules with lower
HOMO energies require higher potentials to undergo oxidation. Among
the electrolyte modifiers investigated, the sulfur-containing electrolyte
modifiers exhibit low HOMO energy, indicating that their oxidative
decomposition occurs at a higher potential (Fig. 2¢). This result suggests
relatively high oxidative stability of the sulfur-containing electrolyte
modifiers.

The electrochemical influence of these electrolyte systems was first
evaluated through galvanostatic charge-discharge measurements be-
tween 2.3 and 4.7 V (vs. Lit/Li) at a current density of 25 mA g’1
(Fig. 2d). The LNM cathode cycled in the base electrolyte without
modifiers, denoted as B-LNM, delivered an initial charge capacity of
307.7 mAh g’1 with an initial Coulombic efficiency (ICE) of 79.8%.

More notably, the LNM cathode cycled in the DTD-containing elec-
trolyte, denoted as DTD-LNM, exhibited a lower ICE of 78.3% together
with a reduced discharge capacity of 241.0 mAh g~! in the representa-
tive first-cycle profile. This result indicates that DTD does not improve
the initial Coulombic efficiency under the conditions investigated.

In contrast, the electrolyte incorporating BS exhibited a markedly
improved electrochemical response. In the representative first-cycle
profile, the corresponding LNM cathode, denoted as LNM@ORC-CEI,
delivered an initial discharge capacity of 254.3 mAh g~! with an ICE
of 82.3%, representing a clear improvement compared with B-LNM as
well as DTD-LNM. This improvement suggests that BS-derived interfa-
cial chemistry suppresses irreversible reactions during the initial acti-
vation process. The initial Coulombic efficiencies of B-LNM, DTD-LNM,
and LNM@ORC-CEI were 79.72 + 0.09%, 78.29 + 0.31%, and 82.16
=+ 0.24%, respectively, based on three independent cells for each con-
dition (mean + sample standard deviation).

These results reveal a clear contrast between BS- and DTD-derived
interfacial chemistry. While DTD deteriorates both ICE and discharge
capacity even compared with B-LNM, BS promotes a significantly
improved electrochemical response. Notably, the enhanced perfor-
mance observed in the BS-containing electrolyte system is proposed to
be related to interfacial reactions in the voltage region where oxygen
redox is activated. In LMR cathodes, the high-voltage plateau beyond
the TM redox limit corresponds to oxygen redox reactions accompanied
by the formation of highly reactive lattice oxygen species at the cathode
surface.

Here, oxygen-redox coupling refers to the proposed connection be-
tween activation of reactive surface oxygen and further transformation
of pre-existing SOs-containing interphase species during high-voltage
charging. In the proposed model, S-O bonding with surface oxygen
produces a surface-bound sulfate-like environment that locally passiv-
ates the participating oxygen.

To confirm the incorporation of BS into the electrolyte, 13C NMR
spectroscopy was conducted for the BS-containing electrolyte formula-
tion (Fig. S4). The characteristic signals of BS were clearly observed
without noticeable additional resonances, verifying the chemical
integrity of BS in the electrolyte prior to electrochemical evaluation.

The formation of sulfur-derived interphase species during the initial
cycle was further examined by X-ray photoelectron spectroscopy (XPS)
and time-of-flight secondary ion mass spectrometry (ToF-SIMS) ana-
lyses. After the first charge, the XPS spectra of the LNM electrode cycled
in the BS-containing electrolyte system exhibit clear signatures of S-O
bonding configurations, indicating the formation of sulfur-derived sur-
face species (Fig. 2e) [44]. Consistently, ToF-SIMS analyses reveal the
presence of SOx-related fragments on the surface of the cycled electrode,
with depth profiles showing that these sulfur-containing species are
concentrated near the cathode surface (Fig. 2f) [45]. These results
identify S-O-based interphase species on the LNM surface during the
initial activation process, consistent with the proposed ORC-CEI model.

To examine the voltage dependence of BS-derived interphase
chemistry, S 2p XPS spectra were collected from LNM electrodes charged
to 4.3, 4.5, and 4.7 V (Fig. S5). The S 2p signal is weak at 4.3 V. At4.5 V,
the spectrum is dominated by the contribution assigned to
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organosulfonate-like species, whereas the sulfate-like contribution in-
creases at 4.7 V. Complementary ToF-SIMS spectra show decreased
C4H7SO3 and C4HgSOj3 signals and increased SO; and HSOj signals
between 4.5 and 4.7 V (Fig. S6). These observations support further
transformation of the pre-existing sulfur-containing interphase toward
sulfate-like environments during charging through the high-voltage
oxygen-redox region.

BS-derived organosulfonate species are considered possible pre-
cursors to the proposed surface-anchored interphase. Here, “SO3-con-
taining moiety” denotes the sulfur—oxygen unit within such an organic
species. Signals assigned to C4H;SO3 and C4HgSO3 at 4.5 V support the
presence of BS-related organic sulfur species (Fig. S6). Ring opening
followed by subsequent reactions provides a possible route to these
species [24].

The subsequent decrease in organosulfonate-related fragments and
increase in sulfate-related fragments motivate a proposed interfacial
bond-reorganization model involving S-C bond cleavage and S-O bond
formation with reactive cathode surface oxygen (Fig. 1a). Within this
model, the participating oxygen remains connected to the cathode
framework, and the resulting surface-bound sulfate-like environment
locally passivates that oxygen.

DTD was evaluated at the same additive mass fraction as BS (1.5 wt
%) in the same baseline electrolyte. At 4.7 V, the DTD-containing LNM
electrode exhibits sulfate-related S 2p XPS signatures and SOz /HSO4
fragments in ToF-SIMS (Figs. S7 and S8). The observation of sulfate-like
products in both systems, together with their different electrochemical
performance, indicates that the presence of such products alone is
insufficient to explain the stabilization observed with BS. This compar-
ison motivates consideration of the formation pathways and surface
interactions of the sulfur-containing species, including the proposed S-O
linkage between an SOs-containing precursor and reactive surface
oxygen.

The BS-containing LNM electrode exhibits stronger MnSO4 and
NiSOy signals at 4.7 V than at 4.5 V and than the DTD-containing LNM
electrode charged to 4.7 V (Figs. S6 and S8). These fragments are
consistent with an association between sulfur-oxygen species and
transition-metal-containing surface regions.

For comparison, a LiFePO4 (LFP) electrode was charged to 4.7 V and
held at this potential for 5h in the same BS-containing electrolyte.
Relative to LNM charged to 4.7 V, LFP exhibits stronger C4 sulfonate-
related fragment signals and weaker SO4 and HSOj signals, while its
S 2p spectrum is dominated by the organosulfonate-like contribution
(Figs. S7 and S8). Prolonged exposure to the same upper potential on
LFP therefore does not reproduce the interphase signature observed on
LNM. This comparison supports a role for cathode surface chemistry in
the transformation.

2.3. Electrochemical stabilization of LMR cathodes enabled by ORC-CEI
formation

The electrochemical performance of LNM was evaluated after an
initial formation cycle between 2.3 and 4.7 V at 25 mA g~ '. Subsequent
cycling between 2.3 and 4.5 V at 125 mA g~ was used to examine the
persistence of the stabilization following high-voltage activation
(Fig. 3a). B-LNM exhibited gradual capacity decay, retaining only 57%
of its initial capacity after 100 cycles. Notably, DTD-LNM provided only
limited improvement, retaining 61% of its initial capacity after 100
cycles. In contrast, LNM@ORC-CEI demonstrated significantly improved
cycling stability, maintaining 79% of its initial capacity after 100 cycles,
representing a clear improvement compared with all other CEI chem-
istries investigated. Additional BS-content-dependent cycling retention
data are provided in Fig. S9. This result highlights the critical role of BS-
derived interfacial chemistry in stabilizing the electrochemical reaction
of LNM under high-voltage operation.

To evaluate cycling stability under the voltage conditions used for
the mechanistic investigations, additional half-cell tests were performed
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between 2.3 and 4.7 V at 125 mA g~ following an initial formation
cycle at 25 mA g~ (Fig. 510). After 70 cycles, LNM@ORC-CEI exhibited
a capacity retention of 67%, compared with 44% for DTD-LNM and 37%
for B-LNM. These results demonstrate that the improved capacity
retention with the BS-containing electrolyte persists under repeated
cycling at an upper cutoff voltage of 4.7 V.

To further evaluate the stability of the electrochemical reaction
beyond capacity retention, the evolution of the average discharge
voltage during cycling was quantitatively analyzed (Fig. 3b). B-LNM
exhibited a substantial voltage decay of approximately 0.32 V over 100
cycles, indicating severe structural degradation and accumulated po-
larization. Similarly, DTD-derived CEI chemistry showed pronounced
voltage fading with a voltage drop of 0.31 V over 100 cycles, consistent
with its poor cycling stability. On the other hand, LNM@ORC-CEI
exhibited significantly suppressed voltage decay, with a minimal
voltage drop of only 0.13 V after 100 cycles. This markedly reduced
voltage fading supports the contribution of interfacial stabilization to
improved electrochemical reversibility under high-voltage operation.

The voltage decay behavior was further examined using normalized
voltage profiles. In B-LNM, the discharge curves progressively shift to-
ward lower voltages during cycling, reflecting significant voltage decay
associated with structural degradation of the layered framework
(Fig. 3c). In contrast, LNM@ORC-CEI exhibits substantially suppressed
voltage shifts and maintains a more stable discharge voltage even after
prolonged cycling (Fig. 3d).

Further insight into the redox behavior was obtained from differ-
ential capacity (dQ/dV) analysis (Fig. S11). In B-LNM, the redox peaks
progressively shift and broaden as cycling proceeds, indicating
increased polarization and gradual degradation of the electrochemical
reactions. By contrast, LNM@ORC-CEI maintains sharper and more
stable redox peaks throughout cycling, suggesting improved revers-
ibility of the redox processes and reduced electrochemical polarization.

The improved interfacial stability also leads to enhanced rate capa-
bility (Fig. 3e~f). At a low current density of 0.1 C, LNM@ORC-CEIL
delivers a discharge capacity of 219.7 mAh g™, higher than the 215.6
mAh g~! of B-LNM. However, as the current density increases, the
performance gap widens considerably. At 3 C, LNM@ORC-CEI retains
131.6 mAh g~! compared with only 71.1 mAh g~ for B-LNM, demon-
strating that the ORC-CEI effectively reduces interfacial resistance and
supports more facile Li* transport kinetics under high-rate conditions
[46]. In the rate-capability test with 5 cycles at each current density
(Fig. S12), LNM@ORC-CEI recovers 88.7% of its initial capacity, indi-
cating better stability than B-LNM.

Electrochemical impedance spectroscopy (EIS) was used to compare
interfacial resistance after the 1st and 100th cycles (Fig. 3g-h). The
fitted charge-transfer resistance (R.) of B-LNM increases from 21.6 +
1.9 to 101.6 &+ 6.9 Q, whereas that of LNM@ORC-CEI increases from
14.4 + 1.4 to 43.0 = 13.2 Q (Table S3). The uncertainties are the
parameter uncertainties reported by ZMAN, which are derived from the
covariance matrix of the modulus-weighted complex nonlinear least-
squares fit and do not represent cell-to-cell variation. These results
indicate a smaller increase in the fitted charge-transfer resistance for
LNM@ORC-CEI during cycling, consistent with mitigated interfacial
degradation [47].

The practical relevance of the ORC-CEI strategy was evaluated
through full-cell cycling tests between 2.25 and 4.45 V (Fig. 3i). Full
cells were assembled using an LNM cathode paired with a graphite
anode under a sufficiently balanced N/P ratio of 1.3. Under these con-
ditions, the full cell employing LNM@ORC-CEI exhibited significantly
improved cycling stability compared with the B-LNM full cell. After 200
cycles, the LNM@ORC-CEI full cell retained 81% of its initial capacity,
whereas the B-LNM full cell retained only 68%. These results demon-
strate that ORC-CEI formation not only improves half-cell electro-
chemical stability but also effectively stabilizes LNM cathodes under
practical full-cell operating conditions.



H. Jang et al.

Nano Energy 159 (2026) 112487

4 LNMIILi Half Cell (2.3-4.5V, @ 125mA g) . Average Discharge Voltage (2.3-4.5V, @ 125mA g')
(FEFFF AR AR AR AR, ameann: Hw;mw'loo
200 S
o . )
g | g s
= no3
2‘150 o 8
S 100" Cycle Capacity Retention > L 33} 100" Cycle Voltage Drop TTth
100 -O- B-LNM: 57% O DTD-LNM: 61% 20 '0\3 -0- B-LNM: 0.32V -0O- DTD-LNM: 0.31V 2
-O- LNM@ORC-CEI: 79% g O LNM@ORC-CELI: 0.13V Jl@*
. L | | i
0 20 40 60 80 100 3'20 20 40 60 80 100
Cycl Cycle
c ycle d Y
45 B-LNM 4.5 |LNM@ORC-CEI
40+ 4.0 -
= =)
o 35 Voltage fading 035+
g & g
2301 L2301
25 25
15t A100t 15t A100t
20 1 1 L L 1 L 20 L 1 L L 1 L
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Normalized Capacity Normalized Capacity
e f
B-LNM (2.3-4.5V, @ 1C=250mA g"') LNM@ORC-CEI (2.3-4.5V, @ 1C=250mA g
45 —— 4.5 _——
///
S a0 Discharge capacity at 3C ;4'0 s \ ~ Discharge capacity at 3C
< = -1 < —— . =131. -1
=35 \\\\71.1 mAh g =35 \\\ __ =1316mAng
g ~ — 2 = =
£30 \ £30 SR e Ny
. S} \
25 \ 25 \ \
20 20
—3C —2C —1C > — 0.1C —3C—2C —1C 0.2C — 0.1C
| | | | L L L L
0 50 100 150 200 250 0 50 100 150 200 250
Capacity (mAh g™) Capacity (mAh g™")
g B-LNM ORaw — Fitting h LNM@ORC-CEI ORaw — Fitting
Ret w
150
€
B o
Q 100
g
N
50
D 1st Cycle O 1st Cycle
© 100th Cycle 0 O 100th Cycle
150 0 50 100 150
Zreal(ohm)
B-LNM LNM@ORC-CEI
—o— Capacity = —o— Capacity —o— B-LNM : 68% 94
—o—- LNM@ORC-CEI : 81%
100 L L 1
0 50 100 150 200
Cycle

Fig. 3. Comparison of (a) discharge capacity and (b) average discharge voltage over 100 cycles between 2.3 and 4.5 V at 125 mA g~ *. Normalized discharge profiles
over 100 cycles for (c) B-LNM and (d) LNM@ORC-CEIL Charge/discharge profiles of (e) B-LNM, (f) LNM@ORC-CEI at various current densities. EIS results for (g) B-
LNM and (h) LNM@ORC-CEI after the 1st and 100th cycles. (i) Discharge capacity over 200 cycles in graphite full cell between 2.25 and 4.45 V. For the half-cell
cycling results in (a—d), an initial formation cycle between 2.3 and 4.7 V at 25 mA g~ ! preceded cycling between 2.3 and 4.5 V at 125 mA g '. The formation cycle is
excluded from the cycle count in the cycling-performance plots. Discharge capacities in (a) and (i) and average discharge voltages in (b) are presented as mean +

standard deviation from three independent cells for each condition.

(%) Aousioyy3 olquiojnoy



H. Jang et al.

2.4. Stabilization of surface oxygen and structural evolution by ORC-CEI

formation

To elucidate the mechanistic origin of the improved electrochemical
stability enabled by ORC-CEI formation, a combination of operando
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XRD, in-situ differential electrochemical mass spectrometry (DEMS),
synchrotron-based X-ray absorption spectroscopy (XAS), and post-
cycling HRTEM analyses was performed.

Operando XRD measurements were first performed to monitor the
structural evolution of LNM during the initial charge/discharge cycle. In
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LMR cathodes, the most critical structural signature during the activa-
tion process is the stability of the superlattice reflections associated with
LioMnOs-like ordering, which provide an indirect indicator of local
structural ordering.

In B-LNM (Fig. 4a), the superlattice reflections gradually weaken
during the first charge and nearly disappear at the end of the charging
process. This behavior is consistent with a loss of Li;MnOs-like ordering
during oxygen-redox activation. In contrast, LNM@ORC-CEI (Fig. 4b)
retains clearly identifiable superlattice reflections even near the end of
the charging process, consistent with better preservation of local
LioMnOs-like ordering during the initial oxygen-redox activation.

Another notable difference is observed in the evolution of the (003)
reflection. In B-LNM, the disappearance of the superlattice reflections is
accompanied by a noticeable reduction in the (003) peak intensity near
the end of charging, indicating progressive structural disorder within the
layered framework. By contrast, LNM@ORC-CEI maintains a relatively
stable (003) peak intensity throughout the initial cycle, suggesting
improved structural integrity of the layered lattice. For clarity, these
results highlight selected diffraction regions that capture the key
structural evolution during the initial activation process, while the full
operando XRD patterns of B-LNM and LNM@ORC-CEI are provided in
Figs. S13 and S14.

To further probe the evolution of lattice oxygen during the activation
process, in-situ DEMS measurements were conducted during the first
charge-discharge cycle. In B-LNM (Fig. 4c), pronounced O, and CO,
evolution signals are detected during the high-voltage plateau region
corresponding to oxygen-redox activation. The evolution of these gases
is associated with oxygen release and parasitic electrolyte oxidation
reactions occurring at high states of charge [48].

LNM@ORC-CEI (Fig. 4d) exhibits markedly suppressed Oy and COy
evolution throughout the high-voltage region. Integration over the
entire first charge-discharge cycle shows that cumulative Oy evolution
decreased from 0.0137 pmol mg ™! for B-LNM to 0.0069 pmol mg™! for
LNM@ORC-CEL while the corresponding CO5 evolution decreased from
0.0065 to 0.0035 pmol mg ™! (Fig. 4c,d). These measurements establish
reduced gas-phase Oy evolution under the measurement conditions,
consistent with suppression of irreversible oxygen-release reactions.

To examine the TM-O electronic structure, O K-edge soft X-ray ab-
sorption spectroscopy (sXAS) was performed (Fig. 4e-f). The pre-edge
region corresponds to the hybridized TM 3d-O 2p states, including the
feature near 530-531 eV [49]. Upon charging to the high-voltage re-
gion, both B-LNM and LNM@ORC-CEI exhibit an increased intensity of
this feature, indicating changes in the TM-O electronic structure in both
electrodes.

During discharge, the O K-edge spectral features of LNM@ORC-CEI
recover more closely toward the initial spectrum than those of B-LNM
(Fig. 4e—f). This observation is consistent with more reversible evolution
of the hybridized TM-O electronic structure. Because the pre-edge fea-
tures are affected by TM-O hybridization, their recovery is not treated as
an independent measurement of reversible oxygen-redox capacity.

Additional insight into transition-metal redox behavior was obtained
from Ni and Mn K-edge X-ray absorption near-edge structure (XANES)
analyses. Both B-LNM and LNM@ORC-CEI exhibit similar spectral shifts
at the Ni K-edge during charge and discharge, confirming that the Ni%*/
Ni** redox process proceeds comparably in both systems (Fig. S15). In
contrast, the Mn K-edge spectra reveal a clear difference during
discharge. While Mn remains predominantly in the Mn*" state in
LNM@ORC-CEL B-LNM exhibits a more pronounced reduction of Mn**
upon discharge, which may be associated with irreversible TM migra-
tion into the Li layer and the associated conversion of the layered
framework toward spinel- or rock-salt-like phases during the oxygen-
redox process (Fig. S16).

Further analysis of the local coordination environment using Mn K-
edge extended X-ray absorption fine structure (EXAFS; Fig. S17) in-
dicates that the Mn-O coordination-shell feature in LNM@ORC-CEI
evolves more reversibly during charge and discharge, returning close
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to its initial position after discharge. In contrast, B-LNM exhibits a
noticeable deviation of the Mn-O bonding environment after the cycle,
suggesting irreversible distortion of the Mn-O framework. These qual-
itative comparisons suggest that ORC-CEI formation helps preserve the
local Mn-O bonding environment during the oxygen-redox process.

The suppression of oxygen release during the initial activation pro-
cess is expected to significantly influence the long-term structural sta-
bility of LNM. To examine the resulting structural integrity after
prolonged cycling, post-cycling HRTEM images and their corresponding
FFT patterns were analyzed. After extended cycling, B-LNM exhibits
severe surface reconstruction characterized by the formation of rock-
salt-like domains and local structural collapse (Fig. 4g). In contrast,
LNM@ORC-CEI retains a well-preserved layered structure with minimal
surface reconstruction, suggesting that ORC-CEI protects the cathode
surface from structural degradation during repeated electrochemical
operation (Fig. 4h). Further HRTEM analysis supports the interfacial
stabilization effect of ORC-CEI (Fig. S18). B-LNM exhibits a heteroge-
neous CEI layer, indicating nonuniform interphase growth during
cycling. In contrast, LNM@ORC-CEI maintains a uniform CEI layer with
a thickness of 1.3 nm. This more uniform interphase suggests that ORC-
CEI effectively suppresses nonuniform interphase growth during
cycling.

These results collectively support the proposed mechanism in which
surface-oxygen passivation suppresses oxygen release and associated
surface reconstruction, helping preserve the structural integrity and
reversible electrochemical response of LNM during cycling.

2.5. Suppression of structural and interfacial degradation during long-
term cycling of LMR cathodes via ORC-CEI formation

To evaluate the structural stability of the cathode under prolonged
full-cell operation, the cycled LNM electrodes were examined by ex-situ
XRD after 200 cycles (Fig. 5a). The intensity ratio between the (003) and
(104) reflections, 1(003)/1(104), is commonly used as an indicator of
cation mixing in layered oxide cathodes [50]. The pristine LNM exhibits
an 1(003)/1(104) ratio of 2.18, indicating a well-ordered layered struc-
ture. After 200 cycles, LNM@ORC-CEI retains a relatively high 1(003)/1
(104) value of 2.01, whereas the ratio in B-LNM decreases to 1.83. The
more pronounced reduction in B-LNM is consistent with greater loss of
structural ordering during cycling. In contrast, the higher 1(003)/1(104)
ratio maintained in LNM@ORC-CEI is consistent with better preserva-
tion of the layered framework.

The morphological evolution of cathode particles after 200 cycles
was further investigated through the ex-situ SEM analysis. The cycled B-
LNM cathode exhibits extensive microcrack formation and fragmenta-
tion of the secondary particles (Fig. 5b). These cracks are typically
induced by the mechanical strain accumulated during repeated deli-
thiation and lithiation processes. Once formed, such microcracks can
serve as pathways for electrolyte penetration into the interior of sec-
ondary particles, accelerating internal degradation reactions and facil-
itating the accumulation of resistive interfacial species along primary-
particle boundaries.

In contrast, the LNM@ORC-CEI cathode retains a largely intact
secondary-particle morphology with smooth particle surfaces and
significantly reduced crack formation (Fig. 5c¢). The improved
morphological stability suggests that the ORC-CEI effectively stabilizes
the cathode-electrolyte interface, thereby mitigating surface-initiated
degradation and suppressing the propagation of microcracks during
prolonged cycling.

The influence of cathode stabilization on the anode side was also
examined by analyzing the graphite electrode morphology after cycling
(Fig. S19). The graphite anode paired with B-LNM exhibits noticeable
surface deterioration and film-like surface deposits, indicating signifi-
cant parasitic reactions induced by cathode-derived species. In contrast,
the graphite anode cycled with LNM@ORC-CEI maintains a cleaner and
more uniform surface morphology, suggesting that ORC-CEI formation
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suppresses detrimental cathode-anode cross-talk during cycling. SEM-
EDS analysis (Figs. 520 and S21) indicates that these deposits are asso-
ciated with cathode-derived byproducts, which is consistent with
transition-metal dissolution and the migration of CEI/SEI cross-talk
species from the cathode to the anode during cycling.

ToF-SIMS depth profiling and 3D mapping were used to examine
interphase chemistry after prolonged cycling. SO; and SO~ signals
remain enriched in LNM@ORC-CEIL supporting persistent retention of
sulfur-derived interphase components (Fig. 5d-e). The lower NiF3 and
MnF3 signals and their weaker spatial distributions indicate reduced
accumulation of TM-F-containing species at the cathode surface
compared with B-LNM (Fig. 5f-i). Such fragments have been associated
with reactions involving transition-metal species and electrolyte-
derived fluorides [51]. These observations are consistent with miti-
gated interfacial degradation and reduced accumulation of potentially
resistive products during cycling.

3. Conclusion

This work investigates an oxygen-redox-coupled interphase strategy
based on the proposed chemical functionality of SO3-containing moi-
eties toward reactive surface oxygen in LMR cathodes, using BS as a
molecular precursor. Voltage-resolved XPS and ToF-SIMS support
further transformation of BS-derived organosulfonate-related species
toward sulfate-like environments during high-voltage charging. In the
proposed bonding model, S-O linkage formation connects the sulfur-
containing moiety to cathode surface oxygen and produces a surface-
bound sulfate-like configuration. Calculations using a nominal Ni**/
Mn** reference model show reduced hole density at the anchored oxy-
gen and a higher energetic cost of its removal, supporting local elec-
tronic passivation within the modeled environment.

Calibrated DEMS shows reduced gas-phase Oy evolution, while
diffraction, XAS, and post-cycling microscopy indicate better preserva-
tion of structural ordering, TM—O environments, and surface structure.
ToF-SIMS further supports persistent sulfur-containing interphase
components and reduced accumulation of TM-F-containing species.
Together, these observations support suppression of irreversible surface
degradation and improved electrochemical reversibility.

Following an initial formation cycle to 4.7 V, LNM@ORC-CEI retains
79% of its capacity after 100 cycles over 2.3-4.5V at 125mA g *,
compared with 57% for B-LNM, and reduces voltage decay from 3.2 to
1.3 mV per cycle. Its capacity at 3 C is 131.6 mAh g1, compared with
71.1 mAh g~! for B-LNM. During repeated cycling over 2.3-4.7 V, ca-
pacity retention after 70 cycles is 67%, compared with 44% for DTD-
LNM and 37% for B-LNM. Graphite full cells retain 81% of their ca-
pacity after 200 cycles over 2.25-4.45 V, compared with 68% for the
baseline system. These results motivate interphase design that considers
the chemical interaction with reactive surface oxygen alongside the
protective properties of the resulting film.

4. Experimental
4.1. Preparation of electrolyte and electrode

B-LNM'’s electrolyte consisted of 1.2 M LiPFg dissolved in ethylene
carbonate (EC)/ethyl methyl carbonate (EMC)/dimethyl carbonate
(DMC) (2:4:4 vol%). LNM@ORC-CEI's electrolyte (1.2 M LiPFg dis-
solved in EC/EMC/DMC (2:4:4 vol%) + 1.5 wt% 1,4-butane sultone)
was prepared in an Ar-filled glove box. For comparison, a DTD-
containing electrolyte was prepared by adding 1.5 wt% ethylene sul-
fate to the baseline electrolyte of 1.2 M LiPFg in EC/EMC/DMC
(2:4:4 vol%). The NigasMng75C0O3 precursor was prepared by co-
precipitation under Ny using a 2 M mixed NiSO4/MnSOy4 solution (Ni:
Mn = 25:75), supplied at 0.22 L h_l, together with 2 M NayCOs and
0.2 M aqueous NHj solutions. The reaction was maintained at 55 °C and
pH 8.00 for 3 h, followed by aging for 3 h under the same conditions.
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The precursor was washed with deionized water until the filtrate was
neutral and dried at 100 °C for 24 h. The precursor was mixed with
LioCO3 using hand-milling at a Li:TM molar ratio of 1.5. The LNM
mixture was calcined at 900 °C for 10 h under air flow. The LNM
cathodes were fabricated by applying a slurry composed of 92 wt% LNM
as the active material, 4 wt% conductive carbon, and 4 wt% poly-
vinylidene fluoride. N-Methyl-2-pyrrolidinone (NMP) was used as the
solvent, and the slurry was cast on a carbon-coated Al current collector
using a doctor blade. The cathode was then dried in a vacuum oven at
100 °C overnight. The active mass loading of the cathode was
12 mg cm 2. The graphite anode was fabricated by applying a slurry
composed of 92 wt% graphite as the active material, 2 wt% conductive
carbon, 3 wt% carboxymethyl cellulose, and 3 wt% styrene butadiene
rubber. Deionized water was used as the solvent, and the slurry was cast
on a Cu current collector using a doctor blade. The anode was then dried
in a vacuum oven at 100 °C for 2 h. The active mass loading of the anode

was 8.5 mg em™2.

4.2. Electrochemical characterization

Electrochemical performance was evaluated using CR2032-type coin
cells assembled in an Ar-filled glove box. For half-cell tests, cells con-
tained a polypropylene separator (Celgard 2400). For full-cell tests, cells
contained a glass fiber separator (GF/F). Each coin cell contained 0.1 mL
of electrolyte, corresponding to approximately 53 mL Ah~! based on the
nominal cathode capacity. The cathode and graphite anode active mass
loadings were 12 and 8.5 mg cm ™2, corresponding to areal capacities of
2.40 and 3.06 mAh cm ™2 at specific capacities of 200 and 360 mAh g},
respectively. The cathode and anode diameters were 10 and 14 mm. The
N/P ratio was approximately 1.3, calculated from the anode-to-cathode
areal-capacity ratio on an equal-area basis. Galvanostatic charge/
discharge tests were carried out using a battery charge/discharge system
(WBCS 3000, WonATech). For the cycling tests with an upper cutoff
voltage of 4.5 V, half-cells underwent an initial formation cycle between
2.3 and 4.7 V at 25 mA g}, followed by long-term cycling between 2.3
and 4.5 V at 125 mA g~ . For the additional high-voltage half-cell tests,
cells underwent the same formation cycle, followed by cycling between
2.3 and 4.7V at 125 mA g~ ! using the baseline, BS-containing, and
DTD-containing electrolytes. Full cells were tested between 2.25 and
4.45 V, with an initial formation cycle at 25 mA g~ followed by cycling
at 125 mA g 1. All current densities were calculated based on the
cathode active-material mass. For both half-cells and full cells, the for-
mation cycle was excluded from the cycle count in the cycling-
performance plots. For the additional 2.3-4.7 V half-cell tests, capac-
ity retention was calculated relative to the discharge capacity of the first
cycle at 125 mA g~ ! after formation. The key electrochemical compar-
isons were performed using three independent cells for each condition.
ICE was calculated individually for each cell as the first-cycle discharge
capacity divided by the corresponding charge capacity, multiplied by
100%, and is reported as mean + sample standard deviation. For the
cycling comparisons, discharge capacities and average discharge volt-
ages were averaged across the independent cells at each cycle, and error
bars represent the sample standard deviation. Electrochemical imped-
ance spectroscopy (EIS) was performed using a ZIVE MP2F system
(WonATech). Before EIS measurements, cells were discharged to 2.3 V
and rested at open circuit for 24 h at 25 °C. Nyquist spectra were
collected over a frequency range from 1 MHz to 10 mHz with an
amplitude of 10 mV and fitted using ZMAN software with a Randles-type
equivalent circuit (Fig. 3g), in which the ohmic resistance (Rg) is con-
nected in series with a constant phase element (CPE) in parallel with the
charge-transfer resistance (R.) and a finite-length Warburg element
(W). Because the interphase and charge-transfer contributions were not
resolved as separate semicircles, they are represented by a single R¢. The
measurement cycle numbers are specified in the figure captions. Fitted
resistances are reported in Table S3 as the best-fit parameter + the
parameter uncertainty reported by ZMAN, which is derived from the
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covariance matrix of the modulus-weighted complex nonlinear least-
squares fit. These uncertainties arise from equivalent-circuit fitting
and do not represent cell-to-cell variation.

4.3. Materials characterization

Cells were disassembled in an Ar-filled glove box. For the surface
analyses, washed electrodes were rinsed three times with dimethyl
carbonate for 1 min each and twice with acetonitrile for 10 min each. All
recovered electrodes were dried under vacuum at room temperature for
8 h and transferred for analysis without exposure to ambient air.

Powder X-ray diffraction (XRD) patterns were collected to verify the
crystal structure using a Malvern PANalytical Empyrean diffractometer
with Mo Ko radiation (A = 0.71 }o\) over a 20 range of 5-35° with a step
size of 0.016°. Rietveld refinement was performed using the FullProf
software. Operando XRD measurements were carried out at the 3D XRS
beamline at the Pohang Accelerator Laboratory (PAL), South Korea,
using synchrotron radiation (A = 0.688 A). Diffraction patterns were
recorded in transmission mode with a Mar345 image plate detector with
an exposure time of 3 s. Operando XRD was conducted during the first
charge/discharge at a current density of 40 mA g~! within a voltage
window of 2.3-4.7 V (vs. Li"/Li). For ease of comparison with literature
data, all diffraction angles were converted to those corresponding to Cu
Ko radiation (. = 1.54 A). O K-edge soft X-ray absorption spectroscopy
(sXAS) spectra were collected in total fluorescence yield (TFY) mode,
which probes the bulk-averaged electronic structure and minimizes
surface contamination artifacts, at the 4D-PES beamline at PAL. All XAS
data were normalized using the Athena software [52]. Ni and Mn K-edge
X-ray absorption spectra were collected at the 7D beamline of PAL in
fluorescence mode, with the corresponding metal reference foils
measured simultaneously for energy calibration. Data processing was
performed using Athena. Fourier transforms of the EXAFS spectra were
calculated with k? weighting over a k range of 3-11.5 A~! using a
Hanning window. The spectra were compared qualitatively without
quantitative shell-by-shell fitting, and the displayed radial distances
were not phase-corrected. Transmission electron microscopy (TEM) and
atomic-resolution STEM-HAADF images were acquired using a
Cs-corrected microscope (FEL TITAN TM 80-300) operated at 200 kV at
the Korea Institute of Science and Technology (KIST). The point reso-
lution was better than 1 A at the operating accelerating voltage. Images
were recorded using a 4k x 4k CCD camera (Gatan Oneview 1095). The
morphology and microstructure of the particles were examined using
field-emission scanning electron microscopy (FE-SEM, Gemini SEM 560,
ZEISS) at the National Center for Inter-University Research Facilities
(NCIRF), Seoul National University. X-ray photoelectron spectroscopy
(XPS) measurements were performed using an AXIS SUPRA spectrom-
eter (Kratos Analytical) at NCIRF, Seoul National University. Additional
XPS measurements (Figs. S5 and S7) were conducted using an AXIS
Supra+ spectrometer (Kratos Analytical) at the Advanced Institutes of
Convergence Technology (AICT). Binding energies were referenced to
the C-C/C-H component of the C 1 s spectrum at 284.8 eV. The S 2p
spectra were fitted using XPSPEAK 4.1 with a linear background and
Gaussian-Lorentzian line shapes comprising 80% Gaussian and 20%
Lorentzian contributions. Each S 2p doublet was constrained to an S
2ps,2:S 2p1 /o arearatio of 2:1, a spin—orbit splitting of 1.18 eV, and equal
full widths at half maximum. Time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) analyses were conducted in negative ion detection
mode. Depth profiling was performed using a TOF.SIMS 5 instrument
(ION-TOF GmbH, Germany) at NCIRF, Seoul National University, with
Cs™ sputtering and Bi{ analysis beams. Additional mass spectra (Figs. S6
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and S8) were collected using an M6 instrument at AICT. For comparison
of the mass spectra, ion counts were normalized to the total detected ion
counts in the corresponding spectrum, and the target-ion signals were
reported as normalized intensities. Gas evolution was monitored using a
gas-flow battery cell (GFBC, PDC TECH) interfaced with a DEMS
manifold consisting of an Ar carrier-gas line, a mass-flow controller, and
inlet/outlet capillaries. High-purity Ar (99.9999%) was supplied at 2.0
scem, referenced to 0 °C and 1 atm. Before measurement, the cell and
manifold were purged until a stable baseline was obtained. Cells were
cycled between 2.3 and 4.7V at 30 mA g~ ! while the signals at
m/z = 32, 44 and 40 were recorded. The O, and CO, signals were
normalized to the simultaneously recorded Ar signal and corrected for
the open-circuit baseline. Calibration factors relative to Ar were deter-
mined using a certified standard gas containing 100 pmol mol ' each of
0O,, CO, and CO in Ar under identical flow and pressure conditions. The
calibration factors relating the Ar-normalized signals to the corre-
sponding mole fractions were 2.86 for O, and 2.00 for CO,. The cali-
brated concentrations were converted to molar evolution rates using the
carrier molar flow of 89.2 ymol min~! and normalized to the cathode
active mass, yielding rates in pmol min ' mg~!. Cumulative O, and CO,
evolution in pmol mg~! was obtained by integrating the corresponding
rates over the entire first charge-discharge cycle, from the start of
charging to the end of discharge.

4.4. Computational details

DFT calculations were carried out using the Gaussian 16 software
package and the Vienna Ab initio Simulation Package (VASP) [53].
Spin-unrestricted DFT calculations were performed using the Beck-
e-Lee-Yang-Parr (B3LYP) hybrid exchange—correlation functional with
the triple-zeta valence polarization (TZVP) basis set [54-58]. The opti-
mized molecular structures of the additives and solvents were visualized
using Avogadro [59]. To account for solvent effects, the EC/EMC/DMC
(2:4:4 vol%) was modeled using an implicit dielectric environment with
a dielectric constant of 21.468, consistent with previous reports. DFT
calculations for the bulk and surface structures were conducted using
VASP with projector-augmented-wave pseudopotentials and a
plane-wave basis set [60]. The exchange-correlation energy was
described using the Perdew-Burke-Ernzerhof functional within the
generalized gradient approximation [61]. GGA+U was adopted to
describe the localized Ni and Mn 3d states, with U values of 6.0 and
3.9 eV, respectively [62]. A Li;oNigMnj2036 surface model was con-
structed as a simplified layered Li-Ni-Mn-O slab containing Li in the
transition-metal layers to investigate local oxygen stabilization in a
reference configuration with nominal Ni*'/Mn*" states. The Ni:Mn
ratio of 1:4 and the local cation arrangement were chosen to represent a
Mn-rich surface environment in which oxygen atoms are coordinated to
different combinations of Mn, Ni, and Li within the selected surface cell.
The atomic arrangement is provided in Figs. S1 and S2. The model is not
stoichiometrically equivalent to the experimental pristine
Li; oNig.osMng ¢O2 composition. A 2 x 3 x 1 supercell was used, with a
6 x 3 x 3 k-point grid.

Surface calculations were performed using the (001) O-terminated
LNM surface. The slab contained two transition-metal oxide layers with
a substrate thickness of approximately 6.94 A in a simulation cell of
23.68 A along the surface-normal direction. For the SO3-derived species-
adsorbed structure before full delithiation, the minimum vacuum sep-
aration between periodic images was approximately 14.7 A. No atomic
layers were constrained, and all atoms were fully relaxed during struc-
tural optimization. One SOs-derived species was introduced per 2 x 3
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surface supercell, corresponding to a surface coverage of approximately
1.53 nm 2,

The Li;sNigMn;203¢ reference composition corresponds to nominal
Ni**/Mn** states under the formal Li* and 0%~ assignment. The model
therefore approximates the nominal transition-metal oxidation states
associated with partially delithiated Lip gNip 2Mng ¢O2. At each modeled
Li content, the bare and anchored surfaces have identical substrate
compositions and Li-site occupancies. The Li-free computational limit
was obtained by removing all 12 Li atoms. These states are used to
evaluate oxygen electronic structure, adsorption, and oxygen-vacancy
formation within the model.

All periodic calculations were performed with collinear spin polari-
zation (ISPIN = 2). For the nominal Ni** model before full delithiation,
initial magnetic moments of 0.0 and 3.0 pp were assigned to Ni and Mn,
respectively. The nonzero Mn moments were initially aligned parallel.
The same magnetic initialization scheme was applied to corresponding
bare and SOs-anchored structures at each Li content.

To evaluate the energetic favorability of S-O surface anchoring,
adsorption energies of the SOs-derived species were calculated on LNM
surfaces before and after full delithiation. The isolated adsorbate used as
the energy reference was an inorganic sulfur-oxygen model unit con-
sisting of one sulfur atom and three oxygen atoms, with a net charge of
0 and a spin state of S = 0 (singlet). Its relationship to the proposed BS-
derived organosulfonate precursor is limited to serving as an inorganic
reference for the proposed S-O anchoring interaction. The SO3-derived
species was positioned to interact directly with the surface lattice oxy-
gen, and the adsorption energy was calculated according to
Eads=E(slab+adsorbate) —Eslab—Eadsorbates Where E(slabiadsorbate)s Eslab, and
Eadsorbate Tepresent the total energies of the adsorbed system, the cor-
responding LNM surface, and the isolated SOs-derived species, respec-
tively. A more negative E,gs indicates a more energetically favorable
S-O-anchored configuration.

The influence of S-O anchoring on lattice-oxygen stability was
further evaluated from oxygen-vacancy formation energies after full
delithiation, with no Li atoms present in either substrate. For the SOs-
derived species-anchored surface, the LNM surface lattice oxygen
directly involved in S-O anchoring was removed, while the corre-
sponding lattice-oxygen site was removed from the bare LNM surface.
The oxygen-vacancy formation energy was calculated according to
Eyac=Edefective+1/2 EOZ_Eperfecty where Egefective, Eperfect, and Eop repre-
sent the total energies of the oxygen-deficient surface, the corresponding
defect-free surface, and an isolated O, molecule, respectively. All
structures containing an oxygen vacancy were fully relaxed after lattice-
oxygen removal.

A plane-wave cutoff energy of 500 eV was used, and all atoms were
relaxed until the residual forces were below 0.03 eV A~ The Heyd-S-
cuseria-Ernzerhof (HSE06) hybrid functional was employed to obtain
the projected density of states of Ni, Mn, and O. Crystal structures were
rendered using VESTA software [63].
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