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ABSTRACT

Li-rich layered oxides (LRs) are promising candidates for high-capacity cathodes in next-generation lithium-ion batteries (LIBSs).

However, their commercialization faces challenges such as rapid capacity fading, voltage decay, and irreversible oxygen release.

In this study, we develop an innovative interface engineering driven by bicarbonate pyrolysis, which constructs a coherent spinel-

phase surface layer, generates abundant oxygen vacancies, and facilitates near-surface metal ion doping (K*, Na*, or Mg**) on

LRs. These enhancements work synergistically to significantly boost the electrochemical performance of the cathode. Notably, the

optimized KHCO,-treated sample (SK-LR) exhibits outstanding cycling stability, retaining 94.9% of its capacity after 500 cycles at
1C and 98.9% after 100 cycles at 0.1C, compared to only 67.8% and 85.5% retention for the pristine cathode. Furthermore, SK-LR
achieves a high energy density of 1110.5 Wh kg~!, along with superior rate capability and thermal stability. Through ex/in situ

characterizations and theoretical calculations, this interface engineering is evidenced to be effectively stabilize lattice oxygen by

increasing oxygen vacancy formation energy from 3.87 to 5.34 eV, enhancing crystal structure via strengthened Mn—O bonds, and

optimizing Li* /e~ transport kinetics. This work presents effective interfacial engineering to develop ultra-stable Li-rich cathodes,

offering a viable pathway for advancing high-energy density LIBs.

1 | Introduction

The rapid growth of electric vehicles, portable electronics, and
grid-scale energy storage systems has sharply increased the
demand for lithium-ion batteries (LIBs) with higher energy
density and longer cycle life, thereby driving the development
of advanced cathode materials [1, 2]. Conventional cathodes
such as LiCoO,, LiNi,sMn, ;0,, and LiFePO,, are increasingly
constrained by their limited specific capacities, which fail to
meet the performance requirements of next-generation LIBs. In

© 2026 Wiley-VCH GmbH

this context, Li-rich layered oxides (LRs), typically described
as xLi,MnO,;-(1-x)LiIMO, (M = Ni, Co, Mn, 0 < x < 1), have
emerged as promising cathode candidates due to their high
specific capacity (> 250 mAh g™), elevated operating voltage
(> 3.5 V vs. Li/Li*), and cost advantage [3, 4]. Their ultrahigh
specific capacity arises from the synergistic participation of both
transition metal cations and oxygen anions in redox reactions,
providing marked performance advantages over conventional
cathodes [5, 6]. Despite these merits, the practical application
of LRs is severely impeded by several challenges, including low
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initial Coulombic efficiency (ICE), severe capacity degradation,
poor rate capability, and continuous voltage fading and hysteresis
during cycling [7, 8].

The oxygen anionic redox process, while contributes to the
superior specific capacity, simultaneously initiates a cascade of
detrimental effects that compromise battery performance [9, 10].
During the initial charging process, the irreversible release of
oxygen from the crystal lattice drives the migration of transition
metal (TM) ions into the adjacent Li* sites, which reduces active
sites number available for Li* intercalation, thereby leading to
a low ICE [11]. The TM ions migration also triggers a structural
transformation from the original layered phase to spinel and/or
rock-salt phases, which is directly responsible for the capacity
degradation and voltage decay [12, 13]. In addition, the intrinsi-
cally sluggish kinetics of the anionic redox reaction, compared to
cationic redox, adversely impact the rate capability of LRs [14].
Furthermore, side reactions between the highly oxidized cathode
surface and the electrolyte not only deplete the accessible Lit
ions but also lead to the formation of a passivation layer that
hinders Li* diffusion, which further accelerates capacity loss [15].
Besides, repeated lithiation/delithiation cycles induce internal
lattice strain and microcracks, facilitating electrolyte penetration
and accelerating parasitic reactions, which result in structural
degradation [16-18].

Extensive studies have established that the structural degrada-
tion of LRs typically initiates at the surface and subsequently
propagates into the bulk phase [19]. Moreover, while the oxygen
anionic redox in the bulk is largely reversible, these reactions at
the surface often tend to cause irreversible oxygen release, fur-
ther aggravating structural instability [20]. Accordingly, interface
engineering has proven crucial for enhancing the performance
of LRs. Surface coating is a widely adopted strategy due to its
effectiveness in mitigating interfacial issues [21, 22]. However,
conventional coatings often suffer from weak interaction with the
host material, resulting in inadequate protection [23]. To address
this limitation, Pan et al. demonstrated that pre-introduced
oxygen vacancies could in situ induce a spinel phase layer, which
achieved coherent lattice matching with the layered bulk struc-
ture of LRs [24]. This spinel layer not only stabilized the interface
but also provided 3D pathways that promoted Li* transport [25].
Moreover, the introduced oxygen vacancies helped modulate
the local electronic structure of the cathode, thereby enhancing
both electronic conductivity and rate capability [26]. Given the
multifaceted nature of LRs degradation, element doping is often
integrated with surface engineering to synergistically improve
cathode performance [27]. By strengthening the TM—O bonds,
doping effectively suppresses lattice oxygen loss and improves
structural stability [28]. Despite these insights, the rational
design and practical fabrication of such a hierarchically modified
structure continue to pose a significant challenge.

In this study, we develop an innovative interface engineer-
ing strategy driven by metal bicarbonate (KHCO,;, NaHCO;,
or Mg(HCO;),) pyrolysis for Li,,Mn,s,Ni,;;C0,,;0, cathode
material. Specifically, the thermal decomposition of this metal
bicarbonate triggers gas-solid interface reactions between the
released CO, and the cathode surface. This process promotes the
generation of oxygen and lithium vacancies, which subsequently
facilitates the formation of a spinel phase layer and promotes the

diffusion of metal ions (K*, Na*, or Mg?") into the near-surface
region of the cathode material. Previous CO,-driven surface mod-
ification strategies typically employed pure CO, gas or NH,HCO,
pyrolysis and mainly focus on generating vacancies and triggering
surface phase transitions [29-31]. In contrast, the use of metal
bicarbonate in our approach enables the simultaneous integra-
tion of oxygen vacancies, a spinel phase layer, and near-surface
metal ions doping (K*, Na*, or Mg?") in a single and facile treat-
ment process. Benefiting from these coupled effects, the modified
cathode exhibits significantly enhanced cyclic stability and rate
capability. Notably, the KHCO;-treated sample delivers an ultra-
stable cycling performance, retaining 94.9% of its initial capacity
after 500 cycles at 1C, far exceeding the 67.8% retention of the
unmodified cathode. The mechanisms underlying this interface
engineering are systematically elucidated through a combination
of ex/in situ characterizations and theoretical calculations. The
results highlight the effectiveness of this multifunctional inter-
face engineering in improving interfacial stability, suppressing
lattice oxygen release, enhancing Li* diffusion kinetics, and mit-
igating structural degradation. This work provides a promising
interface engineering strategy for developing high-performance
LRs, contributing to the advancement of high-energy density
LIBs.

2 | Results and Discussion

2.1 | Bicarbonate Pyrolysis-Driven Strategy for
Interface Engineering of LRs

To mitigate performance degradation in LRs, a bicarbonate
pyrolysis-driven strategy is developed to construct a multi-
functional interfacial structure on the Li,,Mn,s,Nij;3C0,150,
cathode. As shown in Figure 1la, this structure incorporates a
spinel phase layer, abundant oxygen vacancies, and near-surface
metal ion doping. In a typical synthesis, the cathode powder and
a selected bicarbonate (KHCO;, NaHCO;, or Mg(HCO;),) are
sealed in an argon-filled reaction vessel and heated at 200°C for 3
h. Upon heating, the bicarbonate decomposes, releasing CO, that
initiates gas—solid interfacial reactions with the cathode surface.
These reactions lead to the extraction of lattice oxygen from the
subsurface region of the cathode, resulting in the generation of
oxygen vacancies (OVs) [29]. Concurrently, lithium atoms on
the cathode surface bond with the released CO,, forming Li
vacancies [30]. The coupled formation of Li/O vacancies induces
a partial structural transformation from the layered to the spinel
phase, while promoting the diffusion of metal ions (K*, Na*, or
Mg**) from the decomposed bicarbonate into the near-surface
region of the cathode. Collectively, these effects establish a multi-
dimensional interface modification that significantly enhances
the interfacial and structural stability of the cathode.

2.2 | Morphology and Structure Analysis

To illustrate the morphological and structural evolution of
the cathode material after modification, the KHCO;-treated
Li;,Mn, 5,Nij3Co, 130, (denoted as SK-LR) is selected as a rep-
resentative example, with the pristine material (denoted as P-LR)
serving as the comparison. As shown in Figure S1, scanning elec-
tron microscopy (SEM) images reveal that both samples consist
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FIGURE 1 | (a)Schematic diagram of bicarbonate pyrolysis-driven interface engineering for Li, ,Mny 54Nig 1300130, cathode. (b) XRD patterns,
(c) the magnified (101) diffraction peak of XRD patterns, (d) Raman spectra, (e) Mn 3s XPS spectra, (f) O 1s XPS spectra, and (g) EPR spectra of SK-LR

and P-LR.

of microspherical particles, indicating that the treatment remains
the overall morphology for the material. X-ray diffraction (XRD)
is employed to analyze the phase composition of SK-LR and P-
LR. Both their XRD patterns (Figure 1b) display characteristic
diffraction peaks of the hexagonal LiTMO, phase (R-3m space
group), along with weak peaks appearing around 20-25°, which
are attributed to the monoclinic Li,MnO; phase (C2/m space
group). Notably, closer examination of the (101) diffraction peak
(Figure 1c) reveals noticeable broadening in SK-LR compared to
P-LR, suggesting the presence of a spinel phase (Fd-3m space
group) in the modified sample. This broadening is due to the (311)
diffraction peak of the spinel phase emerges around 36.8°, thereby
contributing to the widening of the (101) reflection [32]. Rietveld

refinements of the XRD patterns (Figure S2) further support these
observations. Corresponding refinement results are provided in
Table S1 and S2, which further demonstrate the formation of the
spinel phase and oxygen vacancies after treatment. Furthermore,
a c-axis expansion and an increase in unit cell volume are
observed for SK-LR, primarily due to the incorporation of large-
radius K* ions into the Li slabs [7, 24]. Additionally, the degree
of Li/Ni cation mixing decreases from 2.23% in P-LR to 1.15%
in SK-LR, indicating that the treatment effectively improves
the structural ordering of the cathode. Lattice strain for P-LR
and SK-LR samples is evaluated using the Williamson-Hall plot
method, revealing a lattice strain value of 0.1619% for P-LR and
0.1889% for SK-LR (Figure S3). The increase in lattice strain in
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SK-LR indicates that K* doping induces local lattice distortion,
attributed to the ionic radius mismatch between K* and Li* [33].
The increased lattice strain, along with Li deficiency and oxygen
vacancies that promote defect formation, also contributed to the
lattice expansion observed in SK-LR.

Raman spectroscopy is employed to probe the surface fine
structures of SK-LR and P-LR. As shown in Figure 1d, both
samples display two characteristic peaks, with one at 485 cm™
corresponding to the E, mode (O—M—O bending) and the
other at 595 cm™ assigned to the A;,, mode (M—O stretch-
ing), both indicative of the layered LiTMO, phase with the
R-3m space group [34]. A peak observed around 415 cm™! is
attributed to the A, mode (phonon vibration) of the monoclinic
Li,MnO; phase with the C2/m space group [35]. Compared
with P-LR, the A;, vibration mode of SK-LR shows a redshift.
Furthermore, a shoulder peak around 650 cm™ is detected in
SK-LR, which is ascribed to the Mn—O vibration of a cubic
spinel phase with the Fd-3m space group, corroborating the
formation of a spinel structure after treatment [36]. The surface
chemical composition and valence states of SK-LR and P-LR
are investigated using X-ray photoelectron spectroscopy (XPS).
The comparison of the Ni 2p XPS spectra (Figure S4a) shows
no significant change in binding energy after treatment, and
a similar trend is observed in the Co 2p XPS spectra (Figure
S4b), revealing that the valence states of Ni and Co in the
cathode remain unchanged upon treatment. Moreover, the C 1s
XPS spectra for both samples (Figure S4c) exhibit three peaks
corresponding to C—C/C—H (284.8 eV), C—0 (286.2 eV), and C=0
(288.3 eV) [37]. The relative content of surface carbon species
(C—0 and C=O0) is lower for SK-LR (24.81%) compared to P-
LR (28.05%), indicating that the treatment effectively reduced
carbon species residues on the surface of the treated sample.
The Mn 3s XPS spectra are deconvoluted to determine the
average oxidation state (AOS) of Mn. As shown in Figure le, the
splitting energy (AE) is 4.61 eV for SK-LR and 4.49 eV for P-LR,
respectively. Using the formula AOS = 8.956-1.126AE, the AOS
of Mn decreases from +3.90 in P-LR to +3.77 in SK-LR, which
is attributed to the formation of a spinel phase on the surface
[38]. Although the valence of Mn decreases in SK-LR, the Jahn-
Teller effect is not expected to occur since the AOS remains above
+3.5[39].

Figure 1f presents the O 1s XPS spectra for these two samples.
Peaks located at 529.6, 531.1, and 532.7 eV are assigned to
TM—O bonds, oxygen vacancies, and adsorbed oxygen species,
respectively [30]. Compared to P-LR, the peak intensity at 531.1
eV increases from 17.2% to 30.5% in SK-LR, confirming that the
formation of oxygen vacancies. This result is further supported
by electron paramagnetic resonance (EPR) analysis. As shown in
Figure 1g, both samples exhibit EPR signals at a g-factor of approx-
imately 2.010, characteristic of oxygen vacancy [40]. The stronger
EPR signal observed in SK-LR indicates a higher concentration
of oxygen vacancies compared to P-LR. Furthermore, to clearly
confirm the formation of oxygen vacancies, soft X-ray absorption
spectroscopy (sXAS) measurement is conducted. As shown in
Figure S5, the pre-edge peak splits into two signals due to crystal
field splitting, labeled as t,, and e, [41, 42]. Typically, a weaker pre-
edge peak intensity in the O K-edge spectrum indicates a higher
oxygen vacancy concentration [43, 44]. Consistent with this, the
reduced pre-edge peak intensity observed in SK-LR compared

to P-LR suggests a higher oxygen vacancy concentration in the
treated sample.

The detailed phase composition in the near-surface region of
the material is investigated using high-resolution transmission
electron microscopy (HRTEM) and fast Fourier transform (FFT).
As shown in Figures 2a, P-LR exhibits a typical layered structure
both on the surface and in the bulk phase, corresponding to the
(003) plane of the R-3m phase or the (001) plane of the C/2m
phase. In contrast, while SK-LR retains the layered phase in the
bulk, a surface spinel layer approximately 4 nm thick (white
region) is observed, characterized by a lattice spacing of 0.210
nm matching the (400) plane of the spinel structure (Figure 2b).
Furthermore, TEM analysis is conducted on multiple randomly
selected regions of the SK-LR sample to confirm the presence of
the spinel phase. As shown in Figure S6, distinct lattice fringes
corresponding to the spinel phase are consistently observed in the
near-surface region across all analyzed areas. The FFT patterns
obtained from these regions all display characteristic diffraction
spots that match the spinel structure. Elemental mapping based
on an energy-dispersive X-ray spectrometer (EDS) reveals a
homogeneous distribution of all elements in SK-LR (Figure 2c).
The exact concentration of K in SK-LR was measured using
inductively coupled plasma-optical emission spectrometry (ICP-
OES) and determined to be 0.86 wt.%, corresponding to a K/TM
atomic ratio of 0.0243. Furthermore, according to the ICP-OES
results, the Li content decreases from 10.67 wt.% in P-LR to 10.34
wt.% in SK-LR, indicating slight Li loss during the treatment
process. This moderate Li extraction further induces surface
structural transformation and K* doping. To further probe the
distribution of K* ions, XPS depth profiling with Ar* etching is
performed. As shown in Figure 2d, the gradient distribution of
K* ions in SK-LR is evidenced by the K 2p signal, which decays
progressively with increasing etching depth, demonstrating near-
surface K* ions doping. Collectively, these analyses demonstrate
that the bicarbonate pyrolysis process effectively integrates a
spinel phase layer, abundant oxygen vacancies, and near-surface
metal ion doping, thereby achieving multifunctional interface
engineering in Li-rich cathodes.

Encouragingly, this bicarbonate pyrolysis-driven interface engi-
neering strategy demonstrates excellent versatility. In addition to
KHCO;, other bicarbonates, such as NaHCO; and Mg(HCO;),,
can also be effectively employed in this method, as they similarly
decompose to release CO, upon heating. However, due to differ-
ences in metal species, the use of NaHCO; and Mg(HCO,), results
in different doping effects. The resulting cathodes prepared
with these bicarbonates are labeled as SNa-LR and SMg-LR,
respectively. SEM images (Figure S7) and XRD patterns (Figure
S8) indicate that both modified materials retain the original
morphological and structural characteristics. Similar to SK-LR,
the (101) diffraction peak of SNa-LR and SMg-LR shows slight
broadening, suggesting successful formation of a spinel phase.
Furthermore, Raman spectra of the treated samples exhibit
characteristic vibrations associated with LiTMO, and Li,MnO,,
along with an additional Mn—O vibration signal attributable
to the spinel phase (Figure S9). XPS analysis confirms the
incorporation of Na* and Mg?* ions into SNa-LR and SMg-LR,
respectively, based on the detected Na 1s and Mg 1s signals. A
gradient distribution of Na and Mg is also observed in SNa-
LR and SMg-LR, supporting the near-surface metal ion doping
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(Figure 2e,f). However, the XPS etching profiles reveal distinct
distribution behavior of K, Na, and Mg. While all three dopants
exhibit near-surface doping characteristics, K demonstrates a
steep decline in concentration at the surface, becoming very weak
in the subsurface region. In contrast, Na and Mg exhibit a more
gradual decrease, retaining relatively stronger signal intensities
in the subsurface region. This discrepancy can be attributed to
the difference in ionic radii. K* has the largest ionic radius (1.38
A), which significantly hinders its inward diffusion, leading to
strong surface localization. In comparison, Na* (1.02 A) and
Mg?* (0.72 A) possess smaller ionic radii, allowing for deeper
incorporation into the subsurface. Analysis of the O 1s XPS
spectra reveals an increased oxygen vacancy concentration in
both modified samples compared to P-LR (17.2%), with calculated

Binding energy (eV)

Binding energy (eV)

HRTEM images and FFT patterns of (a) P-LR and (b) SK-LR. (c) Elemental mapping of SK-LR. (d) XPS etching profile of K 2p for
SK-LR. XPS etching profile of (¢) Na 1s for SNa-LR and (f) Mg 1s for SMg-LR.

values reaching 23.3% for SNa-LR and 37.2% for SMg-LR (Figure
S10a,b). These results are further corroborated by the enhanced
EPR signals observed in both modified samples (Figure S10c).

2.3 | Electrochemical Performance Evaluation

To evaluate the impact of the bicarbonate pyrolysis-driven inter-
face engineering on the lithium storage performance of LR,
systematic electrochemical tests are conducted on both SK-LR
and P-LR over a voltage range of 2.0-4.8 V (vs. Li/Li*). Figure 3a,b
present the initial charge—discharge profiles measured at 0.1C
(1C = 250 mAh g™') and the corresponding dQ/dV curves. Both
samples exhibit similar electrochemical behavior, with typical
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electrochemical performance comparison.

redox reactions of transition metal cations (Ni**/Ni**/Ni*t,
Co*"/Co*t, and Mn**/Mn*") and oxygen anions, consistent with
the characteristic redox activities of Li-rich cathode materials
[29, 36]. Notably, during the initial charging process, SK-LR
shows a shortened plateau above 4.4 V, which is associated
with the oxygen anionic oxidation, implying effective suppression
of irreversible oxygen release [42]. Moreover, SK-LR delivers a
higher discharge capacity of 309.72 mAh g™ than that of P-LR
(299.62 mAh g71), reflecting improved structural stability that
facilitates more efficient Li* (de)intercalation. As a result, the ini-
tial Coulombic efficiency (ICE) of SK-LR increases significantly to
87.1%, compared to 81.8% for P-LR. Further evidence comes from
the dQ/dV curves, in which the reduced peak intensity around 4.5
V for SK-LR indicates mitigated lattice oxygen loss. The enhanced
discharge capacity and suppressed oxygen release in SK-LR are
attributed to the multifunctional interface engineering, which
effectively reduces the surface lattice oxygen reactivity, inhibits
side reactions, and strengthens the metal-oxygen bonds.

Figure 3c compares the cycling performance of the SK-LR and P-
LR cathodes at 0.1C for 100 cycles. The P-LR cathode delivers a
discharge capacity of 256.32 mAh g™! after cycling, corresponding

to 85.5% retention of its initial capacity. In contrast, the SK-
LR cathode demonstrates significantly improved cycling stability,
maintaining a discharge capacity of 305.26 mAh g™! after 100
cycles, with a capacity retention as high as 98.9%. The long-
term cycling performance is further evaluated at 1C over 500
cycles. As shown in Figure 3d,e, SK-LR exhibits exceptional
cyclic stability with an ultrahigh capacity retention of 94.9%,
experiencing only a minimal capacity loss of 12.79 mAh g™'. By
comparison, P-LR suffers from severe capacity fading, with a
capacity reduction of 80.26 mAh g~! and a final retention of only
67.8% after 500 cycles. The charge-discharge profiles at selected
cycles further confirm the effective suppression of capacity fading
in the modified sample (Figure Slla,b). The discharge-voltage
retention curves for both samples are presented in Figure Sllc,
illustrating that SK-LR exhibits a slight reduction in voltage
decay (2.36 mV/cycle) compared to P-LR (2.63 mV/cycle) over
200 cycles. However, SK-LR does not demonstrate a significant
reduction in voltage decay compared to P-LR. This can be
attributed to the focus of the modification strategy on cathode
interfacial engineering, which, although effective in enhancing
interface stability, has limited capacity to regulate the bulk
oxygen-redox processes closely associated with voltage decay [45].
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The cycling performance of SK-LR is also benchmarked against
other reported Li-rich cathodes. As summarized in Figure 3f
and Table S3, the comparison clearly demonstrates the superior
cycling stability of our modified material. In addition, SK-LR
achieves a high energy density 0f 1110.50 Wh kg™, which remains
at 680.79 Wh kg after 500 cycles, significantly higher than the
475.78 Wh kg™ of cycled P-LR (Figure S12). A comprehensive
performance comparison between SK-LR and P-LR is presented
in the radar chart in Figure 3g, which incorporates key metrics
such as ICE, initial discharge capacity at 0.1C, capacity retention
atvarious current densities, and energy density. This visualization
underscores the overall superiority of SK-LR and highlights its
strong potential for advancing high-energy density LIBs.

The rate capabilities of the SK-LR and P-LR cathodes are com-
pared in Figure 4a. SK-LR exhibits higher discharge capacities
than P-LR across all current densities. Notably, at high rates of
2C and 5C, SK-LR delivers discharge capacities of 214.00 and
158.90 mAh g1, respectively, significantly surpassing those of P-
LR (198.26 and 145.01 mAh g™'). This enhanced rate performance
originates from the synergistic effects of the spinel phase with
3D Li* diffusion channels, abundant oxygen vacancies, and
strengthened K—O bonds in the modified cathode, which collec-

tively facilitate rapid Li* transport. The charge transfer kinetics
are further investigated using electrochemical impedance spec-
troscopy (EIS). Nyquist plots of both cathodes before and after 500
cycles at 1C are presented in Figure 4b,c, with the corresponding
equivalent circuit and fitting parameters provided in Figure S13
and Table S4, respectively. The charge transfer resistance (R.) of
P-LR increases markedly from 443.6 to 1188.0 Q after cycling. In
contrast, SK-LR exhibits consistently lower R values, rising only
from 354.2 to 820.1 Q after the same cycling period. An additional
semicircle emerges in the high-frequency region after cycling
for both samples, which is ascribed to the cathode/electrolyte
interface impedance (Rcg). The Rqg; value of SK-LR (26.14
Q) is lower than that of P-LR (31.29 Q), suggesting enhanced
interfacial stability, likely resulting from the protective function
of the spinel phase layer. The Li* diffusion coefficients (D;;*)
are qualitatively assessed using the galvanostatic intermittent
titration technique (GITT). As illustrated in Figure 4d,e and
Table S5, SK-LR and P-LR exhibit similar D;;* values during
the first charge-discharge cycle, with SK-LR showing a slightly
higher average D;;*. By the second cycle, the average D;;*
of P-LR decreases, whereas SK-LR maintains a higher aver-
age value, indicating more favorable and stable Li* diffusion
kinetics.
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The optimal dosage of KHCO; for modifying the LR cathode
is investigated. LR treated with varying amounts of KHCO; are
labeled as SK-LR-1 (3 wt.%), SK-LR (5 wt.%), and SK-LR-2 (7
wt.%), where the mass ratio is relative to the mass of the LR
material. The exact amount of K in the cathode was measured
using ICP-OES. The results indicated that the K concentration
was 0.56wt.%, 0.86wt.%, and 0.97 wt.% for the SK-LR-1, SK-LR,
and SK-LR-2 samples, respectively. As shown in Figure S14, the
cycling performance of these KHCO;-treated samples along with
the P-LR is evaluated at 1C. All samples exhibit comparable initial
discharge capacity, approximately 252.92 mAh g™ for SK-LR,
249.85 mAh g™ for SK-LR-1, 246.53 mAh g for SK-LR-2, and
249.55 mAh g! for P-LR. After 500 cycles, SK-LR demonstrates
the best cyclic stability with a capacity retention of 94.9%. SK-
LR-2 also displays significantly improved performance compared
to P-LR, retaining 85.5% of its initial capacity. In contrast, SK-
LR-1 shows a capacity fading trend similar to that of P-LR, with
retention of 70.3% and 67.8%, respectively. Based on these results,
the optimal KHCO; dosage is determined to be 5 wt.% relative
to the LR mass. To further assess the universality and feasibility
of the bicarbonate pyrolysis-driven interface engineering strategy,
the long-term cycling performance of LR cathodes treated with
different bicarbonates is tested over 300 cycles at 1C. In line with
the optimized KHCO; dosage, equivalent mass ratios relative
to LR are also applied for NaHCO; and Mg(HCO;),. The Na
concentration in SNa-LR was measured to be 0.53 wt.% through
ICP-OES, while the Mg concentration in SMg-LR was 0.79 wt.%.
As illustrated in Figure 4f, all modified cathodes demonstrate sig-
nificantly enhanced cycling stability compared to the untreated
P-LR. Among them, SK-LR delivers the highest capacity retention
of 97.9%, follows by 88.0% for SNa-LR and 85.3% for SMg-LR,
all of which considerably exceed the 74.0% retention observed
in P-LR. These results clearly confirm the effectiveness of the
bicarbonate pyrolysis treatment in improving the electrochemical
performance of Li-rich cathodes, underscoring the broad applica-
bility and promising potential of this strategy for the optimization
of next-generation high-capacity cathode materials.

2.4 | Structure and Morphology Evolution

The structural stability of the samples during charge-discharge
cycling is evaluated using dQ/dV analysis and in situ XRD.
Figure 5a,b displays selected dQ/dV curves measured at 1C. For
SK-LR, the reduction peak corresponding to Mn**/Mn3** and
0,%/0,* shifts from 2.953 to 2.802 V, a displacement of 151 mV. In
contrast, P-LR exhibits a more pronounced peak shift, from 2.976
to 2.719 V, corresponding to 257 mV. The smaller peak shift in SK-
LR indicates improved crystal structure stability and suppressed
oxygen loss after modification [32]. More detailed structural
evolution is probed by in situ XRD during the first cycle at 0.15C.
The charge-discharge profiles and corresponding contour plots
for SK-LR and P-LR are presented in Figure 5c,d. Diffraction
peak shifts are commonly used to assess structural stability and
reversibility during cycling [46, 47]. Notably, the characteristic
peaks of P-LR, including (003), (101), and (104), undergo larger
shifts compared to SK-LR. For instance, the (003) peak shift is
reduced to 0.168°, down from 0.262° observed in P-LR. Similar
reductions are found for the (101) peak (from 0.245° to 0.171°)
and the (104) peak (from 0.152° to 0.141°). These reduced shifts in
SK-LR confirm significantly enhanced structural stability, which

can be attributed to the reduced irreversible oxygen release by
this multifunctional interfacial engineering. Lattice parameters,
including a-axis, c-axis, and unit cell volume, are derived from
Rietveld refinement of the XRD data. Both samples show similar
patterns of expansion and shrinkage along the c-axis and a-axis
during cycling. However, SK-LR exhibits smaller variations than
P-LR. During charging, the Ac value for SK-LR is 1.02%, compared
to a larger variation of 1.15% for P-LR. Moreover, the unit cell
volume change in SK-LR is less pronounced throughout the entire
process. The restrained variation in lattice parameters further
demonstrates the efficacy of the interfacial engineering strategy
in suppressing irreversible oxygen loss and phase transformation.

To further validate the reduction in gas emissions after modi-
fication, in situ differential electrochemical mass spectrometry
(DEMS) is performed to monitor the gas evolution behavior of
both SK-LR and P-LR during the first charge at 0.5C. As shown
in Figure 5e, P-LR exhibits significant O, release, reaching a
substantial amount of 0.35 nmol h™, indicating severe lattice
oxygen loss. In contrast, almost no O, release is detected during
the charging process of SK-LR (Figure 5f), confirming that irre-
versible lattice oxygen redox reactions are effectively suppressed
through interface engineering. The excellent suppression of O,
evolution observed in SK-LR can be attributed to both the physical
barrier effect of the spinel layer and the thermodynamic stabiliza-
tion of lattice oxygen, which arises from the synergistic effects of
near-surface K* doping and the increased oxygen vacancy con-
centration. Similarly, SK-LR shows a marked reduction in CO,
emissions compared to P-LR. Since CO, generation is generally
attributed to the decomposition of surface residual lithium com-
pounds and side reactions between the cathode and electrolyte,
the lower CO, level observed for SK-LR suggests a decrease in
residual lithium compounds and suppressed undesirable reac-
tions at the cathode/electrolyte interface. These results further
demonstrate the effectiveness of the multifunctional interfacial
engineering in addressing crucial issues related to oxygen loss
and structural instability in Li-rich cathodes. Consequently, the
modified cathode exhibits significantly improved cycling perfor-
mance and rate capability, along with enhanced safety due to
reduced emission of flammable O,. Furthermore, the thermal
stability of both samples is evaluated using differential scanning
calorimetry (DSC). The corresponding DSC curves are displayed
in Figure 5g. As expected, SK-LR exhibits superior thermal
stability compared to P-LR. An increase in the temperature of
exothermic reactions from 397.26°C (P-LR) to 432.42°C (SK-LR)
is observed, accompanied by a decrease in the total heat release
from 731.31 to 628.98 J g~!, further underscoring the efficacy of the
modification in suppressing lattice oxygen release. Additionally,
cycling performance is tested at an elevated temperature of
45°C (Figure 5h). At the higher operating temperature, both
samples show improved discharge capacity. After 200 cycles, P-
LR retained a capacity of 247.87 mAh g=!, corresponding to a
retention of 85.8%. Notably, SK-LR exhibits better stability under
high-temperature cycling, achieving a higher capacity retention
of 91.4%.

SEM and TEM analyses were performed to examine the mor-
phological and surface structural changes of the cathodes after
cycling. As shown in Figure S15a,b, the cycled P-LR displays
extensive cracks and particle fragmentation. In contrast, SK-
LR maintains their spherical morphology without visible cracks,
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SK-LR and (d) P-LR. in situ DEMS tests during the first charging of (e) P-LR and (f) SK-LR. (g) DSC curves and (h) Cycling performance at 1C, 45°C

within a 2.0-4.8 V voltage range of P-LR and SK-LR.

suggesting mitigated stress accumulation and improved struc-
tural integrity. XRD analysis is performed for both P-LR and
SK-LR electrodes after 500 cycles at 1C, with results shown in
Figure S16. After long-term cycling, the (003) diffraction peak of
both samples has a shift. Specifically, P-LR exhibits a peak shift
of 0.449°, which is significantly larger than the 0.113° for SK-
LR, demonstrating that SK-LR undergoes much weaker lattice
distortion and milder structural degradation during repeated
cycling, in sharp contrast to the severe structural degradation
of P-LR. HRTEM and FFT results further reveal severe surface
degradation in P-LR, where a large region has transformed
from the layered structure to the spinel-like phase (Figure S15c).
In comparison, the cycled SK-LR largely retains the layered
structure, with only a thin spinel layer detected at the surface
(Figure S15d). The interface chemistry of the cycled cathodes is

further probed by XPS analysis. Figure S17a,b present the high-
resolution C 1s and F 1s XPS spectra of P-LR and SK-LR after
500 cycles at 1C. In the C 1s XPS spectra, both samples show
four peaks corresponding to C—C/C—H, C—0, O—C=0, and C=0
bonds. The C—C/C—H signal mainly comes from the binder and
conductive additive, while the other three peaks indicate species
formed by electrolyte decomposition at the cathode surface [48].
In the F 1s XPS spectra, the peak at 687.3 eV is attributed to
polyvinylidene fluoride (PVDF). The peaks at 684.9 and 686.1
eV correspond to LiF and Li,PO,F,/Li,PO, species, respectively,
which are associated with electrolyte decomposition [49]. The
lower intensity of these side-product-related peaks in SK-LR
compared to P-LR confirms that the interfacial engineering
effectively suppresses parasitic reactions between cathode and
electrolyte.
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2.5 | Theoretical Calculation and Mechanism
Investigation

To elucidate the mechanism underlying the performance
improvements, density functional theory (DFT) calculations
are carried out to investigate how the modification strategy
influences the electronic structure, chemical bonding, and
lattice oxygen stability. As depicted in Figure 6a,b, the density
of states (DOS) of P-LR and SK-LR are compared. The enhanced
peak intensity near the Fermi level in SK-LR relative to P-LR
indicates improved electronic conductivity upon modification,
which contributes to its superior rate performance [50].
Furthermore, Crystal Orbital Hamilton Population (COHP)
calculations are performed on the Mn-O bond in both materials.
As illustrated in Figure 6c, the higher integrated COHP
(-ICOHP) value for SK-LR (3.18 eV) compared to P-LR (2.41 V)
reveals a strengthened Mn—O bond due to the multifunctional
interfacial engineering. This reinforcement promotes enhanced
reversibility of oxygen redox reactions and improves the
structural flexibility of the crystal. The oxygen vacancy (OV)

formation energy for both samples is compared in Figure 6d-f.
Notably, SK-LR exhibits a higher formation energy of 5.34 eV
versus 3.87 eV for P-LR, implying a greater energy barrier for
oxygen release, which effectively suppresses lattice oxygen
loss during cycling, thereby contributing to higher ICE and
improved cycling stability. These computational results confirm
that the presented interface engineering strategy effectively
modulates the electronic structure and chemical bonding
characteristics, leading to enhanced electronic conductivity,
improved anionic redox reversibility, and a more stable
crystal structure. A schematic illustration summarizing the
mechanism of this multifunctional interface engineering is
presented in Figure 6g. Benefitting from the incorporation
of a spinel phase layer, abundant oxygen vacancies, and
near-surface metal ion doping, the release of lattice oxygen
is effectively inhibited, while the transport of Li* ions and
electrons is facilitated. These effects collectively enhance the
interfacial and structural stability, thus accounting for the
significant improvements in cycling performance and rate
capability.
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3 | Conclusion

In summary, this study proposes an efficient and practicable
bicarbonate pyrolysis-driven strategy for the interface engi-
neering of Li-rich cathodes. By simultaneously incorporating
abundant oxygen vacancies, a protective spinel phase layer, and
near-surface metal ion doping into the cathode structure, the pro-
posed approach effectively restrains irreversible oxygen release,
suppresses cathode/electrolyte side reactions, and optimizes
transport kinetics. These improvements not only contribute to
enhanced interfacial stability but also inhibit structural degra-
dation, leading to superior overall performance. Consequently,
the modified cathodes deliver significantly improved cycling
stability, superior rate capability, and enhanced thermal stability.
The strategy is successfully applied to fabricate various types
of modified Li-rich cathodes (SK-LR, SNa-LR, and SMg-LR),
all of which exhibit enhanced cycling stability compared to
the unmodified material. Among them, SK-LR demonstrates
the most outstanding cycling durability, achieving an ultra-
high capacity retention of 94.9% after 500 cycles at 1C. Mech-
anism insights gain through comprehensive characterization
and theoretical calculations reveal that the strategy markedly
increases the oxygen vacancy formation energy, enhances inter-
facial/structural stability, and improves ionic/electronic conduc-
tivity. This bicarbonate pyrolysis-driven strategy offers a novel
insight for designing ultra-stable Li-rich cathodes, demonstrating
considerable potential for application in high-energy density
LIBs.
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