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ARTICLE INFO ABSTRACT

Keywords: Layered Ni-rich oxides (LiNi,Co,Mn,0», with x > 0.8 and x + y + z = 1) are promising cathode materials for
Ni-rich cathode high-energy-density lithium-ion batteries (LIBs) owing to their high specific capacity and high operating voltage.
Coating

However, the Ni-rich cathode suffers from notorious deterioration when in contact with ambient air, primarily
driven by nickel’s multivalent (Ni**/Ni%*/Ni*") reactions and humidity sensitivity. In this study, we report a novel
surface modification strategy for LiNig.g3C00.12Mng.0502 (NCM83) via Li,SiOy coating, achieved through chem-
ical grafting using the silane coupling agent, (3-aminopropyl) triethoxysilane (KH550), followed by thermal
treatment. The modified NCM83 exhibits enhanced moisture resistance due to a superhydrophobic surface that
suppresses detrimental reactions between residual lithium species (Li2O, LiOH, etc.) and water. Furthermore, the
Li,SiOy coating mitigates mechanical degradation by facilitating strain relaxation. Notably, the modified NCM83
retains high electrochemical performance after 28 days of air exposure, delivering a specific capacity of 157 mAh
g ! after 100 cycles at 1C, compared to 108 mAh g-! for the uncoated counterpart. Overall, these findings present
an effective strategy for improving upon the surface stability of Ni-rich cathodes, facilitating their processing and
paving the way for large-scale applications in high-energy LIBs.

Chemical grafting
Ambient air resistance
Residual lithium

1. Introduction

The rapid development of electric vehicles (EVs) has intensified the
demand for high-performance, rechargeable lithium-ion batteries (LIBs)
[1]. To meet the endurance requirements of EVs, LIBs must achieve
significantly higher energy densities, primarily dictated by the cathode’s
specific capacity and operating voltage [2,3]. Compared with LiCoOq
[4], LiFePO4 [5], and LiMny04 cathode materials [6], layered Ni-rich
oxides (LiNiyCoyMn;_,_yOo, with x > 0.8; referred to as NCM or
NMC) have emerged as viable candidates for next-generation LIBs, of-
fering high reversible specific capacities (gq;s > 200 mAh g~1) and good
rate capabilities [7-9]. Despite these advantages, Ni-rich cathodes
encounter significant challenges in practical applications, particularly
instabilities in ambient atmosphere, stemming from the unique
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electronic structure of nickel ions (Ni2*/3+/4%) and sensitivity to moist
air [10].

Under ambient atmospheric conditions, Ni-rich cathode particles
readily adsorb H20 and CO,, forming LiOH and Li»CO3 residues on the
surface [11]. These inactive lithium compounds increase the pH of the
electrode slurry, resulting in a gel-like state during preparation and
hindering uniform coating on the current collector [12]. Additionally,
airborne components react with active oxygen species generated by the
reduction of Ni®* on the surface, leading to the formation of impurities
that can induce detrimental subsurface phase transformations, con-
verting the layered structure into a redox-inactive NiO-like rock-salt
structure [13]. More seriously, such transformations negatively impact
rate performance and cycling stability by obstructing lithium diffusion
channels and increasing the energy barrier for (de)lithiation [14].
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Furthermore, the anisotropic volume expansion and contraction of the
unit cell during battery operation generate microcracks (mainly inter-
granular cracks) inside the particles, which then propagate to surface
[15], further accelerating capacity decay. Intergranular cracks facilitate
electrolyte penetration along the newly generated “channels” within the
particles, resulting in the accumulation of the detrimental NiO-like
rock-salt phase from the reduction of active Ni*" at high states of
charge [16]. Therefore, strategies to mitigate both surface and bulk
structural instabilities are crucial for the practical application of Ni-rich
cathodes in advanced LIBs.

Effective modification strategies, such as washing, secondary sin-
tering, and surface coating, have been proposed to decrease the air
sensitivity of Ni-rich cathode materials [17]. Water washing removes
excess lithium, including LiOH and Li,COs3, thereby helping to lower the
electrode slurry’s pH and prevent gelling during fabrication [18].
However, it may negatively affect the subsurface structure (Li*/H" ex-
change), increasing instabilities during charging/discharging [19] and
rendering the material more susceptible to air exposure, thus necessi-
tating further protective measures [20]. Secondary sintering effectively
eliminates surface lithium species through thermal decomposition and
solid-state reactions without wastewater production, making it envi-
ronmentally friendly [21]. However, it cannot prevent surface degra-
dation upon prolonged air exposure and requires precise control of
parameters [22], increasing manufacturing complexity. In contrast,
surface coating is the most effective strategy for enhancing the interfa-
cial stability of Ni-rich cathodes [23]. Protective coatings isolate the
cathode from ambient air, reducing interactions with moisture and COs,
thereby preventing formation of lithium residues on the particle surface
[24,25]. They also serve as a barrier against electrolyte penetration and
mitigate crack propagation by providing mechanical support, ultimately
enhancing structural integrity [26]. Notably, selecting compatible
coating materials is essential to avoid performance degradation.

In this study, we utilized chemical grafting with the hydrophobic
silane coupling agent (KH550) to modify the surface of LiNiggs.
Cog.12Mng 9502 (NCM83), aiming at increasing chemical and environ-
mental stability. Through structural characterizations and theoretical
calculations, we provide insights into the origin of air instability and its
effects on electrochemical activity. Our experimental results demon-
strate that the Li,SiO, coating is capable of inhibiting adverse chemical
reactions with H,O and CO., effectively addressing the air sensitivity of
the Ni-rich cathode. Additionally, the coating improves the tolerance of
NCMBS83 to strain at high states of charge by reducing c-lattice parameter
shrinkage. Consequently, the surface-coated cathode material exhibits
superior cycling performance and faster charge-transfer kinetics
compared to pristine NCM83 (showing reduced initial specific discharge
capacity after 28 days of air exposure). Taken together, this work pre-
sents an industrial solution for the large-scale application of Ni-rich
cathodes, stabilizing their surface structure and enhancing chemical
stability against ambient air/moisture.

2. Experimental
2.1. Material preparation

The LiNig g3C0¢.12Mng 0502 (NCM83) cathode material was synthe-
sized by a facile solid-state method. A Nig g3C0g.12Mng ¢5(OH)y precur-
sor was mixed with LiOH-H50 in a molar ratio 1:1.05, then calcined at
500 °C for 4 h, and finally at 780 °C for 12 h. A uniform Li,SiO, coating
was applied to the surface of the NCM83 particles through a wet-dipping
method. The silane coupling agent (KH550, 98 wt.%, Shanghai YuanYe
Biotechnology Co., Ltd.) was dissolved in a mixture of absolute alcohol
and water (2:1volume ratio) to hydrolyze at 60 °C. NCM83 powder was
dispersed into this solution and stirred at 80 °C for 6 h. After solid-liquid
separation, the material was dried at 100 °C for 12 h, followed by
calcination at 600 °C for 6 h. The resultant samples are referred to as
NCM83@Si-5, NCM83@Si-10, and NCM83@Si-15, depending on the
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mass fraction of KH550 (0.5, 1.0, and 1.5 wt.%, respectively). For
comparison, a control sample (NCM83@Si-0) was prepared without
using any KH550.

2.2. Air exposure

The samples were placed in a controlled environment at 25 °C and 50
% relative humidity for either 14 or 28 days. The respective samples
after air exposure are referred to as 14NCM83@Si-0, 14NCM83@Si-5,
14NCM83@Si-10, and 14NCM83@Si-15 or 28NCM83@Si-0,
28NCM83@Si-5, 28NCM83@Si-10, and 28NCM83@Si-15, respectively.

2.3. Characterization

X-ray diffraction (XRD, Empyrean 2) analysis was performed to
examine the crystal structure with a scanning angle of 10-80°. Rietveld
refinements were performed using the GSAS software. The surface
morphology was probed using field-emission scanning electron micro-
scopy (SEM, JSM-7900F, JEOL) and high-resolution transmission elec-
tron microscopy (HRTEM, Talos F200X). The surface elemental
composition was determined by X-ray photoelectron spectroscopy (XPS,
Kratos), with depth analysis performed via argon ion etching. The Ni I-
edge and O k-edge were measured using synchrotron radiation at the
NSRL (Soochow beamlines MCD-A and MCD-B). The residual lithium
content was quantified by neutralization titration using 0.1 M HCI as
titrant, with an endpoint pH of 7.0.

2.4. Electrochemical testing

Cathodes were prepared by mixing the active material, poly-
vinylidene fluoride (PVDF), and acetylene black in an 8:1:1 mass ratio,
followed by the addition of 1-methyl-2-pyrrolidone (NMP) as solvent to
form a slurry. The slurry was coated onto aluminum foil and dried at 90
°C for 8 h. Electrodes were punched into 13 mm disks (having areal
loadings of active material of 2-3 mg cm™2) and used to assemble 2032-
type coin cells with a lithium-metal anode, a polypropylene separator
(Celgard 2400), and 1 M LiPFg dissolved in EC, DEC, and EMC (1:1:1 by
weight) as electrolyte. Charge-discharge tests were mostly conducted
between 2.8 and 4.3 V vs. Li"/Li using a Neware battery test system
(Shenzhen Neware Technology Co., Ltd.). Electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) measurements were
performed using an electrochemical workstation (VMP-300, Bio-Logic).

2.5. Density functional theory (DFT) calculations

First-principles calculations were performed using DFT, with
detailed methodologies provided in the Supporting Information.

3. Results and discussion
3.1. Structural characterization

As illustrated in Fig. 1a, a hydrophobic Li,SiO, coating was intro-
duced onto the surface of NCM83 particles via a grafting reaction,
aiming to enhance air stability. Initially, hydrolyzed KH550 adsorbed on
the free surface, forming Si-O-Li bonds with surface oxygen atoms.
Upon thermal treatment, the hydrolyzed KH550 decomposed, resulting
in the formation of a uniform Li,SiO, coating. Inductively coupled
plasma (ICP)-assisted elemental analysis confirmed that the Si content
largely agrees with the targeted KH550 concentration (see Table S1). X-
ray diffraction (XRD) indicated that the diffraction peaks detected for all
samples (see Figure S1) match the expected hexagonal a-NaFeO,
structure (R — 3m space group). The apparent splitting of the (006)/
(012) and (018)/(110) reflections demonstrates that the surface modi-
fication does not alter the bulk structure of NCM83 [27]. No crystalline
impurities were observed, which can likely be attributed to the low
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Fig. 1. (a) Schematic illustration of the chemical grafting process of KH550 onto the NCM83 surface. SEM images of (b) NCM83@Si-0 and (d) NCM83@Si-10. TEM
images at different magnifications of (c) NCM83@Si-0 and (e) NCM83@Si-10 and corresponding FFT patterns. (f) EDS mapping of NCM83@Si-10.

concentration and amorphous nature of the Li,SiOy coating.

Scanning electron microscopy (SEM) imaging of NCM83@Si-0 and
NCM83@Si-10 (see Fig. 1b and d) revealed spherical secondary particle
morphologies. As can be seen, the latter particles were composed of
primary grains of size 200-300 nm. NCM83@Si-10 exhibited smoother,
more round-shaped particles, with the primary grains largely masked by
the coating. High-resolution transmission electron microscopy (HRTEM)
imaging revealed clear lattice fringes (4.73 A), corresponding to the
(003) planes of the layered structure of NCM83@8Si-0 (see Fig. 1c¢). In
contrast, NCM83@8Si-10 exhibited an amorphous ~4 nm thick surface
coating without disrupting the underlying crystal structure (see Fig. le).
Increasing the KH550 content to 5 % resulted in the appearance of
additional XRD reflections, matching well with Li>SiO3 (see Figure S2),
thus confirming the formation of a lithium silicate coating, which fa-
cilitates lithium transport and acts as a protective barrier against in-
teractions with air and electrolyte. Besides, Si 2p X-ray photoelectron

spectroscopy (XPS) depth profile analysis was performed to gain more
insight into the elemental composition of NCM83@Si-10. As shown in
Figure S3, Si is only detected near the surface. This result confirms that
it is enriched on the surface rather than diffusing into the bulk during the
heat-treatment process. Infrared (IR) spectra (see Figure S4) further
support the presence of lithium silicate through the presence of addi-
tional bands, complementing the original OH™/H30 and CO%~ vibra-
tions observed for NCM83@Si-0 and NCM83@Si-10 [28]. Additionally,
EDS mapping of NCM83@Si-10 (see Fig. 1f) confirmed the uniform
distribution of Si on the particle surface, demonstrating successful
encapsulation by the hydrophobic Li,SiO, coating.

3.2. Structural evolution upon air exposure

To investigate the effects of ambient air exposure on morphology and
microstructure of the NCM83 cathode, both coated and uncoated
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samples were treated under controlled conditions [temperature = (25 +
1) °C, relative humidity = 50 %]. SEM images of NCM83@Si-0 and
NCM83@Si-10 taken before and after 14 and 28 days of exposure are
presented in Fig. 2a-f. After 14 days, NCM83@Si-0 displayed small
flakes on its surface, leading to blurred (primary) grain boundaries (see
Fig. 2b). By 28 days, a thick layer of impurities formed (see Fig. 2c),
attributed to reactions with atmospheric moisture. The latter led to
lithium migration from the bulk phase and H™ penetration, thereby
forming LiOH and LipCOs impurities. In contrast, the NCM83@Si-10
maintained a clean surface, with the primary particles remaining well-
defined even after 28 days of air exposure (see Fig. 2e and f). These
findings suggest that the Li,SiO, coating effectively prevents ion-
exchange reactions at the electrode|air interface, thereby enhancing
stability.

XPS analysis confirmed an increase in carbonate content in
NCM83@Si-0, from 10.3 % for the pristine sample to 42.2 % after 28
days, while NCM83@Si-10 exhibited minor changes, from 9.7 % to 14.7
% (see Fig. 2g and h). These results underscore the effectiveness of the
protective coating in preventing reactions of NCM83 with H,0 and CO»
in the air, accounting for the enhanced cycling stability of NCM83@Si-
10. The residual lithium species present on the cathode surface were
quantified by chemical titration measurements (see Fig. 2i). In general,
NCM83@Si-0 demonstrated significantly higher residual lithium levels
compared to NCM83@S5i-10, indicating much higher sensitivity toward
air. After 14 and 28 days, the residual lithium content in NCM83@Si-
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0 strongly increased to 1425 and 1872 ppm, respectively, due to
continuous Li*/H'" exchange, while that in NCM83@Si-10 remained
fairly constant. These results provide profound evidence that the Li,SiO,
coating enhances air stability by limiting the formation of surface
impurities.

To examine the properties of coating, dynamic contact angle mea-
surements were conducted on both NCM83@Si-0 and NCM83@Si-10
after varying periods of air exposure. Pristine NCM83@Si-0 exhibited
a relatively low contact angle of 23.4° (see Fig. 3a), indicative of a hy-
drophilic surface. In contrast, pristine NCM83@Si-10 revealed a much
higher contact angle of 53.1° (see Fig. 3d), signifying increased water
repellency. NCM83@Si-0 became even more hydrophilic upon air
exposure, with the contact angle decreasing to 19.6° and 16.7° after 14
and 28 days, respectively (see Fig. 3b and c), likely due to formation of
LiOH and Li»CO3 on the top surface. Conversely, NCM83@Si-10 main-
tained its hydrophobic nature, with only slight decreases in contact
angle to 52° after 14 days and to 50° after 28 days (see Fig. 3e and f).

XRD analysis also confirmed that both materials retained their
a-NaFeO,-type structure after air exposure (see Fig. 3g and h). However,
NCM83@Si-0 exhibited a (003) peak shift by 0.76° to larger angles after
28 days, indicating increased layer spacing [23]. In contrast,
NCM83@Si-10 only showed a shift by 0.21°, suggesting effective bulk
passivation. Rietveld refinements further validated these findings. As
shown in Figures S5-S7 and Tables S2-S4, the relatively low
discrepancy (error index) values indicate good reliability. After 28 days,
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Fig. 2. SEM images of (a-c) NCM83@Si-0 and (d-f) NCM83@Si-10 taken before and after air exposure for 14 and 28 days and (g, h) corresponding normalized C 1 s
XP spectra. (i) Comparison of residual lithium concentrations before and after air exposure.
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the c lattice parameter of NCM83@Si-0 increased from 14.163 to 14.170
}o\, while that of NCM83@Si-10 underwent minor changes. The cation
intermixing (Li*/Ni?*) also increased from 4.3 % to 6.8 % in the case of
NCMB83@Si-0, accompanied by a significant decrease in I\go3)/I(104) ratio
(from 1.51 to 1.38) due to Ni?* occupying lithium-site vacancies [12]. In
contrast, NCM83@Si-10 experienced much less cation intermixing, with
the Ioo3)/I(104) ratio remaining at 1.50 after 28 days of exposure,
corroborating that the coating indeed mitigates structural degradation
upon air exposure.

Overall, the Si-based coating significantly improved the air/moisture
stability of NCM83 by strongly suppressing the formation of surface
impurities and reducing lithium migration, thus preserving the mate-
rial’s structural integrity.

3.3. Electrochemical stability before and after air exposure

The electrochemical performance of the as-synthesized cathodes was
evaluated in CR2032-type half cells with lithium metal as the anode.
Figure S8 presents the initial charge/discharge curves for the pristine
materials at a rate of 0.1C (with 1C = 180 mA g’l). All samples showed
similar voltage profiles, indicating no additional electrochemical re-
actions due to the silicon modification. The initial specific discharge
capacities of NCM83@Si-0, NCM83@Si-5, NCM83@Si-10, and
NCM83@Si-15 were 205, 204, 204, and 202 mAh g’l, respectively, with
corresponding Coulomb efficiencies of 82.3 %, 83.5 %, 85.2 %, and 84.7
%. These results indicate that the Li,SiO, coating enhances the electro-
chemical reversibility, although excessive modification leads to some

capacity loss. Cyclic voltammetry (CV) measurements performed in the
same potential window of 2.8-4.3 V vs. Li*/Li (0.1 mV s~ 1 revealed
three distinct peaks for NCM83@Si-0 and NCM83@Si-10, corresponding
to the phase transitions from H1 to M, M to H2, and H2 to H3 (see
Figure S8) [29]. The redox peak potential difference (AE) for
NCM83@Si-10 (47.2 mV) was found to be smaller than that for
NCM83@Si-0 (67.2 mV), suggesting reduced polarization and increased
stability in the coated cathode [30]. Long-term cycling performance
testing further demonstrated that the modified NCM83 exhibits signifi-
cantly improved capacity retention, with NCM83@Si-10 retaining 94.7
% of its capacity after 100 cycles at 1C, compared to only 74.5 % for
NCMB83@Si-0 (see Fig. 4a). The charge/discharge curves in Fig. 4b and ¢
indicate significant voltage fluctuations for NCM83@Si-0 due to polar-
ization, while NCM83@Si-10 revealed much more stable profiles, as
supported by the differential capacity curves shown in Figure S9. The
enhanced stability of NCM83@Si-10 is attributed to its higher structural
robustness during battery operation.

Increasing the operating voltage window of LIBs is essential for
meeting the growing demand for high-energy-density storage systems.
However, high cut-off potentials (states of charge) increase the forma-
tion of Ni*t [31], which can destabilize the layered structure through
transition-metal dissolution and surface degradation [32]. Testing the
NCM83@Si-0 and NCM83@Si-10 cathodes in a potential range between
2.8 and 4.5 V vs. Li"/Li (see Fig. 4d) showed that NCM83@Si-10 is
capable of maintaining 87.9 % of its capacity after 100 cycles at 1C,
while NCM83@Si-0 exhibited only 70.2 % retention, demonstrating that
the surface coating indeed helps reduce electrolyte interaction with
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reactive Ni** (see also voltage profiles in Figure $S10). The rate perfor-
mance of the as-prepared cathodes was also examined, as shown in
Fig. 4e. At 0.1C, all samples delivered similar capacities. However, the
Li,SiOy-modified cathodes clearly outperformed the uncoated
NCM83@Si-0 upon increasing the current density. Notably,
NCM83@Si-10 retained a specific discharge capacity of 172 mAh g~ ! at
8C, compared to 161 mAh g’1 for NCM83@Si-0. CV analysis further
confirmed improved kinetics for NCM83@Si-10 (see Figure S11), with
Li-ion diffusion coefficients of 2.04 x 107'* and 1.27 x 10~ em? s
between 2.7 and 4.3 V, significantly higher than those of NCM83@Si-0
(6.97 x 107'° and 4.98 x 107 cm? s!). This is due to the Li,SiO,
coating being present, reducing interfacial impedance and promoting
homogeneous ion flux across the electrode|electrolyte interface.

The chemical stability of NCM83@Si-0 and NCM83@Si-10 toward
H,0 and CO; was investigated by assessing their cycling stability after
28 days of air exposure (see Fig. 4f). The NCM83@Si-0 cathode expe-
rienced a sharp decline in initial specific capacity from 187 to 170 mAh
g (2.8-4.3 V vs. Li/Li), leading to inferior capacity retention of 63.3
% (108 mAh g~ 1) after 100 cycles at 1C. This degradation is attributed to
the loss of active lithium and surface phase transformations that impede
ion diffusion. In contrast, the NCM83@Si-10 cathode maintained a
reversible specific capacity of 157 mAh g~! (87.6 % capacity retention)

after 100 cycles, indicating that the protective coating effectively pre-
vents surface reactions with moisture, thereby enhancing both the
storage stability under ambient conditions and the cycling performance.

Electrochemical impedance spectroscopy (EIS) measurements were
also performed to examine the interfacial kinetics before and after air
exposure (see Fig. 4g and h). The impedance spectra (Nyquist plots)
exhibited two depressed semicircles and a Warburg-like capacitive tail,
with the high- and mid-frequency semicircles corresponding to the
cathode electrolyte interphase (CEI) resistance and charge-transfer
resistance at the electrode|electrolyte interface, respectively [33,34].
The low-frequency capacitive tail represents ion diffusion within the
material [35]. Fitting the EIS data (see Fig. 4i and Figure S12) revealed
no significant differences between the cathodes prior to air exposure.
However, after 28 days, the charge-transfer resistance (R.) of
NCM83@Si-0 increased to 167 Q, indicating impaired interfacial ki-
netics due to surface degradation, whereas NCM83@Si-10 revealed a
much lower R¢; of 75 Q. This provides further evidence that the Li,SiO,
coating improves the surface integrity by increasing chemical stability.

3.4. Enhanced structural stability under ambient air conditions

The degradation mechanism observed suggests that Ni-rich cathode
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particles readily adsorb HoO and CO» from the atmosphere, resulting in
residual lithium formation and Ni®* reduction after air exposure. X-ray
absorption near edge structure (XANES) spectroscopy measurements
were conducted on the NCM83@Si-0 and NCM83@Si-10 after different
air exposure durations. In the case of uncoated NCM83, the Ni K-edge
shifted significantly from 8352.1 eV (after 14 days) to 8350.1 eV (after
28 days), indicating increased Ni%t concentration due to surface
degradation (see Fig. 5a). In contrast, NCM83@Si-10 exhibited only a
minor shift, with the Ni oxidation state(s) remaining rather stable (see
Fig. 5b and ¢). While increasing the Ni content increases the specific
capacity in layered oxide cathodes, it also facilitates irreversible
reduction of Ni** to Ni>* upon air exposure, causing cation mixing and
transformation of the layered structure into redox-inactive rock-salt
phase.
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Extended X-ray absorption fine structure (EXAFS) analysis was also
performed to study the evolution of the local chemical environment of
Ni during air exposure. Fig. 5d and e shows two major peaks located at
1-2 A and 2-3 A, corresponding to the nearest oxygen (Ni-O bonds)
and transition metals (Ni-TM bonds) around the Ni atoms. After 28
days, the Ni-O and Ni-TM bond distances in NCM83@Si-0 increased,
indicating Ni?* accumulation from surface deterioration. In contrast,
NCM83@Si-10 maintained consistent bond lengths, confirming
enhanced stability against moisture. (2D contour) Fourier-transformed
Ni K-edge EXAFS analysis further demonstrated stable bond lengths
and intensities in NCM83@Si-10, emphasizing the protective role of the
LixSiOy coating (see Fig. 5f and Figures S13 and S14). By contrast, the
bond lengths and intensities in NCM83@Si-0 showed significant atten-
uation after 28 days of air exposure, which can be attributed to the
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formation of lithium vacancies caused by ion diffusion from the bulk to
the surface.

To gain insights into the effect that the surface modification strategy
after 28 days of air exposure has on the phase transitions occurring
during cycling, in situ XRD was employed to monitor the structural
evolution of both NCM83@Si-0 and NCM83@Si-10 upon (de)lithiation.
Both cathodes showed a similar shift in (003) reflection, representing
changes in c-axis parameter (see Fig. 5g and h) [36]. The initial shift to
lower angles during charge corresponds to the H1-M-H2 transitions and
c-axis expansion [31]. Further delithiation resulted in a pronounced
shift to higher angles, indicating lattice contraction and H3 phase for-
mation due to increased Ni*"-0?" bond covalence [37]. The latter
typically induces mechanical stress and leads to particle fracture.
Notably, 28NCM83@Si-10 exhibited a smaller shift during the H2-H3
transition compared to 28NCM83@Si-0 (by 0.296° vs. 0.780° at 4.3
V), thus reducing stress accumulation. Additionally, the c-axis shrinkage
(see Fig. 5i) was significantly lower for NCM83@Si-10 (1.6 %)
compared to NCM83@Si-0 (3.7 %), indicating that the Li,SiOy coating
helps mitigate the internal strain associated with the detrimental H2-H3
phase transition.
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Post mortem characterizations were conducted on the NCM83@Si-
0 and NCM83@Si-10 cathodes that underwent 28 days of air exposure
to examine the cumulative structural degradation after extended cycling
(100 cycles). XRD patterns collected before and after cycling (see
Fig. 6a) revealed the characteristic reflections of the layered structure.
For 28NCM83@Si-0, a notable reduction in peak intensity indicated
mechanical fatigue. Moreover, as expected (see Fig. 6b), a smaller shift
in (003) reflection was observed for 28NCM83@Si-10 (by 0.14°)
compared to 28NCM83@Si-0 (by 0.60°). Likewise, the transition-metal
leaching from the 28NCM83@Si-10 cathode was significantly lower, as
can be seen in Fig. 6¢, indicating that the protective coating helps pre-
vent electrolyte-induced surface corrosion.

Morphological changes to the materials were examined via surface
and cross-sectional SEM. The analysis revealed severe intergranular
cracking of the 28NCM83@Si-0 particles (see Fig. 6d and e), caused by
the continuous anisotropic lattice-parameter changes during electro-
chemical cycling. These cracks propagated to the surface (mainly along
the grain boundaries), compromising mechanical integrity. In contrast,
the 28NCM83@Si-10 particles showed fewer microcracks (see Fig. 6g
and h), confirming enhanced resistance toward mechanical stress. The
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formation of microcracks in 28NCM83@Si-0 provided channels for
electrolyte penetration, leading to parasitic side reactions and
transition-metal dissolution, as confirmed by XPS analysis. Unlike
28NCM83@Si-0, the P 2p spectrum collected from the cycled
28NCM83@Si-10 cathode revealed minor Li,PO,F,/Li,PF, formation
(see Figure S15), thus suggesting fewer side reactions at the electrode|
electrolyte interface [38].

High-resolution TEM (HRTEM) further demonstrated that the cycled
28NCM83@Si-10 maintained its layered structure (R — 3m space group;
see Fig. 6f). In contrast, the surface of the 28NCM83@Si-0 particles
underwent severe degradation (see Fig. 6i), transforming into a NiO-like
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rock-salt phase (Fm—3m space group) and increasing the energy barrier
for lithium (de)intercalation, thus ultimately compromising the
cyclability.

To better understand the chemical degradation mechanisms at the
electrode|air interface, theoretical calculations of the adsorption free
energies of HoO and COs, coupled with ex situ XPS analysis, were per-
formed. The most stable planes, (111) for NCM83 and (001) for the Si-
based coating, were selected for the calculations (see Fig. 7a—-c). The
results indicated that the formation of residual lithium species on
NCM83@Si-0 is thermodynamically favorable (AG = —1.416 €V). In
contrast, the NCM83@Si-10 exhibited a positive AG value (0.154 eV),
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(d) e N O)
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Fig. 7. (a-d) Theoretical calculations of adsorption free energies for H,O and CO5 on (a) NCM83 (111), (b) Li»SiO3 (001), and (c) SiO5 (001) surfaces. Adsorption
free energies of a single H,O molecule on (¢) NCM83 (111) and (f) Li»SiO3 (001) surfaces considering two configurations. (g) Schematics of the working principle of
pristine and coated NCM83.
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demonstrating enhanced air stability due to the protective coating,
which increases the formation energy (see Fig. 7d). The adsorption free
energy of HyO is a key factor in surface reactions upon air exposure, as
its adsorption within the inner Helmholtz layer is essential for subse-
quent reactions [39]. Stronger adsorption correlates with a higher pro-
pensity for surface reactions following air exposure. As demonstrated in
Figures S16-S18, two adsorption configurations for a single HpO
molecule are considered when evaluating the free energy. The adsorp-
tion free energy for the HoO/NCM83@Si-0(111) interface is —0.258 and
—0.219 eV (see Fig. 7e), indicating that the cathode material can be
wetted well by H,O. In comparison, the Si-based (001) surface showed
much higher adsorption free energies of 0.217 and 0.131 eV, mani-
festing reduced wettability and moisture uptake (see Fig. 7f). It should
be noted that SiO, exhibited even higher adsorption free energies (0.408
and 0.378 eV), but the inferior ionic conductivity limits its application
(see Figure S19). Overall, the theoretical calculations confirm that the
presence of a uniform Li;SiO3 surface coating inhibits physical contact
between the NCM83 and H5O, thus reducing air/moisture-induced side
reactions and preserving electrochemical performance.

Both nickel migration and cation mixing were also assessed, as these
processes induce irreversible phase transitions. For NCM83@Si-0,
extended air exposure led to the formation of LioCO3 and LiOH on the
surface, driven by Ni* reduction (see Figures $20 and S21) [10,15,40].
The reduction of Ni** to Ni?* occurs due to the better stability of Ni%*
under ambient conditions. Ni>*, with its low-spin t2g°eg! electronic
configuration, undergoes Jahn-Teller distortion, leading to dispropor-
tionation into Ni** and Ni*. Simultaneously, the reduction of Ni**
causes oxidation of 0%~ (lattice oxygen) to O~ (active oxygen), thereby
weakening the Ni-O bonds. This active oxygen then undergoes dispro-
portionation into 0% and O, which in turn reacts with both the CO5 and
H,0 present in the air to form CO%- and OH-, eventually resulting in the
formation of surface contaminants, such as LiOH and Li;COs. In
contrast, the NCM83@Si-10 cathode maintains stable Ni%*/Ni%* ratio
(see Figures S21), preventing unwanted side reactions by limiting
nickel reduction at the electrode|air interface.

Based on the aforementioned observations, Fig. 7g illustrates the
working principle of the surface modification strategy. Overall, the
parasitic surface reactions discussed above impair the electrochemical
activity by hindering lithium diffusion and increasing the energy barrier
for (de)lithiation. In addition, particle fracture caused by anisotropic
volume variations, especially during the detrimental H2-H3 phase
transition at high states of charge, accelerates capacity degradation.
However, the Si-based coating is capable of mitigating these issues by
reducing surface wettability, increasing chemical stability, and
improving mechanical robustness of the cathode.

4. Conclusions

The inherent chemical instability of NCM83 under ambient condi-
tions can be mitigated by grafting a 1i,SiO,, coating onto the secondary
particle surface. Structural characterization and DFT calculations
demonstrate that the protective coating strongly reduces the hydrophi-
licity, suppresses the formation of residual lithium species, and prevents
undesired phase transformations upon air exposure. It also improves the
mechanical resilience, alleviating isotropic strain-induced particle
fracture and delamination cracking during prolonged battery operation.
With 28 days of air exposure, the coated cathode is still capable of
delivering a high specific capacity of 157 mAh g~ ! after 100 cycles at 1C
(87.6 % capacity retention), clearly outperforming the uncoated coun-
terpart (108 mAh g~!, 63.3 % capacity retention). Taken together, this
study provides a promising strategy for advancing Ni-rich cathodes,
offering insights into addressing atmospheric stability issues of air-
sensitive battery materials.
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