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Incorporating a lithium-deficient layer and
interfacial-confined catalysis enables the
reversible redox of surface oxygen species in
lithium-rich manganese-based oxides¥

Junpeng Sun,® Hai Yang, 2 Jialong Shen,® Huadong Qi,* Mei Sun,” Yuhang Lou,®
Yu Yao,? Xianhong Rui, © ¢ Yu Shao,® Xiaojun Wu @2 and Yan Yu @ *

Lithium-rich manganese-based oxides (LRMOs) are promising next-generation candidate cathode
materials, offering a high discharge capacity exceeding 300 mA h g~ This exceptional capacity is
attributed to the synergistic redox activity of transition metals and lattice oxygen. Nevertheless, the over-
oxidation of lattice oxygen in LRMOs leads to capacity fading, severe lattice strain, and sluggish oxygen
redox reaction kinetics. Herein, we introduce a lithium-deficient layer and a RuO,-promoted interface-
confined catalysis network on the surface of LRMO (Ru-1). The lithium-deficient layer effectively
passivates the surface lattice oxygen by reducing the Li-O-Li configurations at the atomic level. The
RuO,-promoted interface-confined catalysis network successfully captures trace amounts of lost lattice
oxygen and catalyzes the reversible reduction of activated O species. This configuration yields a specific
discharge capacity of 307 mA h g~! at 0.1C, with an impressive capacity retention rate of 97% after
300 cycles at 1C. The Ru-1|graphite pouch cell exhibits a superior capacity retention rate of 85% after
450 cycles at C/3 and the Ru-1|/Li pouch cell exhibits a high energy density of 513 W h kg™, Our strate-
gies involving the lithium-deficient layer and interface-confined catalysis offer novel insights into pro-
tecting the surface and enhancing oxygen reusability within the LRMOs.

Increasing interest has been directed towards lithium-rich manganese-based oxides (LRMOs) as a leading candidate for next-generation cathode materials.
However, challenges such as capacity fading, oxygen evolution, and sluggish oxygen redox kinetics due to the over-oxidation of lattice oxygen persist. To address
these issues, we have innovated by integrating a lithium-deficient layer alongside a RuO,-enhanced interface-confined catalysis network on the surface of
LRMOs. The lithium-deficient layer acts to passivate the lattice oxygen activity on the surface of LRMOs by minimizing Li-O-Li configurations at the atomic
scale. Meanwhile, the RuO, network effectively captures and catalyzes the reversible reduction of the trace amount of lost lattice oxygen. Our strategies of
employing a lithium-deficient layer and an interface-confined catalysis mechanism provide critical insights into surface protection and oxygen reusability

enhancement within LRMOs, paving the way for the development of robust, high-performance cathode materials.

Introduction
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electronic devices, developing high-energy-density Li-ion bat-
tery systems is of great significance.” The co-redox properties of
transition metals and lattice oxygen confer Li-rich and Mn-rich
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300 mA h g, suggesting a promising future for the commer-
cialization of high-energy-density batteries.”>”® Nevertheless, the
anion redox processes in lithium-rich manganese-based oxides
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deterioration of the battery performance, causing severe
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problems like lattice oxygen loss and voltage fade.”'® Addition-
ally, the oxygen released during these processes contributes to
capacity fading, phase transition and severe strain problems."*
These drawbacks hinder the commercial development and
application of LRMO cathodes.

The composition of Li-rich cathode materials can be
expressed as xLi,MnOj; (1—x)LiMO, (M = Ni, Co, and Mn). In
the Li,MnOj structure, due to the substitution of some Mn ions
by Li ions in the Mn layer, a large number of axial Li-O-Li
configurations are formed.'” Each oxygen atom is coordinated
to six Li/M atoms. This structural arrangement decreases the
hybridization of certain O 2p orbitals with the d orbitals of the
transition metal (TM), leading to an increase in energy com-
pared to fully axial Li-O-M configurations, such as those
present in Ni-rich cathodes."”® The Li-O-Li configurations
endow LRMO cathodes with the feature of lattice oxygen redox.
However, the oxidized lattice oxygen is harmful to the battery
system, which will cause capacity loss, voltage fade, non-
uniform lattice strain, and serious safety issues.'” The O, is
initially released from the surface lattice of LRMOs, with the
formation of oxygen vacancies, which are subsequently injected
into the bulk lattice of LRMOs.'®° The accumulation of these
oxygen vacancies ultimately leads to the development of nano-
voids, contributing to voltage fading and the formation of a
nonconductive interface.”"

The suppression of oxygen release from the surface lattice is
crucial for the overall stability of the material. Previous studies
have explored various strategies, including surface coating and
the grafting of functional groups, to modify the interface."® For
instance, Zhang et al. used a heterostructured spinel Li;Mns0;,
coating strategy to protect the LRMO surface.?” The spinel
coating layer not only hinders the release of oxygen but also
accelerates the transformation of Li'. Similarly, Sun et al
replaced the surface lattice oxygen with sulfite, effectively
shifting the oxidation state from O*~ to SO;> .>* This charge
transfer helps to prevent the degradation of the LRMO interface
(caused by over-oxidation of surface oxygen). However, it is
important to note that these coating layers do not decrease the
oxygen activity of the near-surface lattice, which is intrinsically
linked to the redox processes associated with the Li-O-Li
configurations in the LRMO lattice. The introduced heteroge-
neous coating layers often fail to integrate seamlessly with the
LRMO lattice, leading to uneven stress during the long cycling
process and resulting in the peeling of the coating layer.
Moreover, existing literature has paid insufficient attention to
the oxygen species that have already escaped from the lattice,
such as Li,0,, LiO,, and O,. The recycling of the released lattice
oxygen can effectively reduce the capacity loss and enhance the
cycling stability. Therefore, it is essential to consider strategies
for reducing the content of Li-O-Li configurations at the
interface and capturing the activated oxygen species.

Ruthenium dioxide (RuO,), as a gas electrode catalyst, exhi-
bits strong affinity for activated oxygen species, effectively cap-
turing the released lattice oxygen species (Li,O,, LiO,, and O,)
and catalyzing their reversible electrochemical reduction.**?
Herein, we propose a bifunctional method that employs an
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acidic Ru*" solution to realize interfacial ion exchange between
H" and Li" from the near-surface lattice, thereby creating a lithium-
deficient interface. This Li-poor surface significantly diminishes the
Li-O-Li configuration, resulting in reduced activity of the lattice
oxygen and alleviating oxygen release at the surface. Meanwhile,
RuO, functions as an interfacial gas adsorption ‘island’, which
captures escaped oxygen species and lowers the energy barrier for
the reduction of O,, facilitating the reutilization of lost O, from the
lattice oxygen, thereby enhancing the reaction kinetics during the
electrochemical reduction of released O, on RuO,. The island-like
RuO, is firmly anchored to the surface of the LRMO, constructing
an interface-confined catalysis array that effectively captures and
catalyzes the reduction of trace amounts of escaped lattice oxygen.
Therefore, the dynamic oxygen evolution equilibrium from the
interface to the bulk in the LRMO is changed, effectively mitigating
the outward diffusion of lattice oxygen and suppressing the
formation of oxygen vacancies in the bulk of the LRMO. The
lithium-deficient layer and interface-confined catalysis strategy
gravely increase the discharge capacity of the LRMO battery from
230 mA h g~ * to 261 mA h g, while also improving the capacity
retention rate from 75% to 97% after 300 cycles at 1C. The
assembled Li metal pouch cell delivers a high energy density of
513 W h kg™ ' and the Ru-1||graphite pouch cell maintains an
excellent capacity retention rate of 85% for 450 cycles. This
approach provides new insight into improving the performance
of LRMO batteries.

Results and discussion

The LRMO powder was synthesized using the coprecipitation
method, and its morphological images are shown in Fig. S1
(ESIY). To reduce the reactivity of the surface lattice oxygen, the
LRMO powder was immersed in RuCl; solutions at varying
concentrations (0.1, 0.2, and 0.6 mg mL™"). These samples are
designated as Ru-0.5, Ru-1, and Ru-3, respectively. During the
stirring process, Li' ions on the surface of the LRMO are
gradually exchanged with H" ions, resulting in the formation
of a gradient lithium-deficient layer and a uniform coating layer
on the exterior. After filtration, washing with deionized water,
and subsequent sintering, rutile RuO, was anchored onto the
surfaces of the primary LRMO particles (XRD patterns in
Fig. S2a and b, ESIt). As shown in Fig. S3 and Table S1 (ESIY),
the initial Coulombic efficiencies (ICEs) of the Ru-0.5, Ru-1, and
Ru-3 samples at a rate of 1C are 95.8%, 97.1%, and 100.0%,
respectively. Correspondingly, their discharge capacities during
the first cycle are 309, 307, and 285 mA h g~ . After 300 cycles,
the capacity retention rates of these samples are 96%, 98%, and
94%, respectively. As the concentration of Ru®" and the acidity
of the solution increase, more Li* ions at the interface of the
LRMO are extracted, leading to a reduction in lattice oxygen
loss and consequently demonstrating a decrease in irreversible
capacity and an increase in ICE. However, when the Ru®*
solution concentration is excessively high, the RuO, deposited
at the interface results in a reduction in the specific discharge
capacity of the battery due to a decrease in the LRMO mass.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1

(@) Schematic diagram of the gradient lithium-deficient layer and RuO, interface-confined catalysis in Ru-1. Characterization of a lithium-

deficient layer. HADDF-STEM images of (b) Ru-1 and (c) the pristine sample. The normalized EELS intensities of the line-scan from the surface to the bulk
of (d) Ru-1 and (e) pristine samples. The 3D plots of the TOF-SIMS Li™ intensity of (f) Ru-1 and (g) pristine samples. The blue region corresponds to the

high Li content.

Given its superior electrochemical performance, Ru-1 was
selected for a comprehensive investigation.

Fig. 1a shows the schematic diagram of the gradient lithium-
deficient layer and the RuO, interface-confined catalysis in Ru-1.
The high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) images presented in Fig. 1b and c
reveal that the tetragonal RuO, is tightly anchored to the
surface of the LRMO, exhibiting layered lattice striations. A
4-5 nm transition interlayer is observed between the RuO, and
the LRMO phase. As illustrated in the energy-dispersive X-ray
spectroscopy (EDS) images (Fig. S4, ESIT), all elements, includ-
ing island-like RuO,, are uniformly distributed in the Ru-1
sample. The powder X-ray diffraction (XRD) refinement results
(Fig. S5, ESIt) demonstrate the characteristic peaks of the
LRMO phase accompanied by the distinctive peak of RuO,,
providing compelling evidence for the successful integration of
the RuO, coating layer in Ru-1. The detailed lattice parameters

This journal is © The Royal Society of Chemistry 2025

of the pristine sample and Ru-1 are shown in Table S2 (ESIf).
Meanwhile, the inductively coupled plasma atomic emission
spectroscopy (ICP-AES) results in Tables S3 and S4 (ESIT) detail
the content of each element. The analysis reveals that in Ru-1,
the chemical formula for the LRMO component is Li; 5o0Mng 555.
Niy.158C00.08002, With RuO, constituting 0.46 wt% of the sam-
ple. During the ion exchange process, driven by the
concentration gradient and the acidic RuCl; solution, some
Li" ions from the surface of the LRMO bulk material are
released into the solution. This effectively reduces the concen-
tration of Li" at the lithium-rich interface, thereby decreasing
the number of Li-O-Li configurations and suppressing lattice
oxygen oxidation. The electron energy loss spectroscopy (EELS),
time-of-flight secondary ion mass spectrometry (TOF-SIMS),
and X-ray photoelectron spectroscopy (XPS) results exhibit a
gradient distribution of Li* from the surface to the bulk. Fig. 1d
illustrates the normalized EELS intensities for the distribution

Energy Environ. Sci., 2025, 18, 4335-4347 | 4337
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of Li and Mn at the interface boundary between RuO, and the
LRMO in Ru-1. The pale region corresponds to the RuO, coat-
ing layer, and the blue region represents the bulk LRMO;
between these two regions lies a transitional layer. The signal
of Li gradually intensifies from the surface to the bulk, and the
signal of Mn maintains a relatively constant level. In contrast,
in the pristine sample, both the signals of Li and Mn exhibit
minimal variation (Fig. 1e), indicating the presence of a gradient
lithium-deficient layer in Ru-1. The raw data without fitting are
shown in Fig. S6 (ESIt). Additionally, Fig. 1f and g present three-
dimensional TOF-SIMS plots that further corroborate the afore-
mentioned results. As the etching time increases, the Li signal in
Ru-1 escalates progressively, whereas the Li signal in the pristine
sample remains essentially unchanged. The corresponding 1D
TOF-SIMS results are depicted in Fig. S7 (ESIt). To exclude the
influence of the surface coating layer on the judgment of Li"
concentration, Ru-1 was first etched with argon ions for 360
seconds to eliminate the oxide coating’s effect on the Li 1s signal
for the XPS analysis. As shown in Fig. S8 (ESIt), after etching, Ru-1
still displays a lower Li 1s signal compared to the pristine sample,
indicating semi-quantitatively that the Li' concentration at the
interface between the coating layer and the bulk material of Ru-1 is
lower than that of the untreated sample.

In situ surface-enhanced Raman scattering (SERS) spectro-
scopy is a powerful tool to provide insightful information on
the operando surface during the electrochemical processes of
batteries. According to Zhou et al., the Raman shift at 850 cm ™
can be attributed to the vibration of the lattice peroxo-like O-O
bond, indicating a reversible redox process.”® As shown in
Fig. 2a, during the charging process, with the voltage increasing,
beyond the signal at 850 cm ™' associated with the lattice O-O
bond, a Raman shift appears at 788 cm™ " in the pristine sample,
corresponding to the formation of lithium peroxide (Li,0,).”” It
is noteworthy that the initial formation of the Li,O, signal is
followed by a decline when the charging voltage exceeds 4.7 V,
suggesting that at higher voltages, Li,O, undergoes further oxidiza-
tion to produce O,. The formation and subsequent decomposition
of Li,O, imply that lattice oxygen participates in a heterogeneous
redox process within the lattice, causing the evolution and oxida-
tion of the Li,O component. This process is irreversible and
contributes to the depletion of lattice oxygen. Conversely, Fig. 2b
demonstrates that the introduction of a lithium-deficient layer in
Ru-1 ensures the reversible redox reaction of lattice oxygen (at 850
cm™ ') without the formation of Li,O,.

The XPS results (etching depth: approximately 20 nm) of the
pristine LRMO and Ru-1 are shown in Fig. S9 (ESIt). At an
energy of 533 eV, the violet region corresponds to oxygen-
containing species that have been deposited on the surface.
The yellow area at 531.5 eV represents oxygen-containing
species that are adsorbed onto the surface. The orange section
at 530.9 eV is associated with peroxide species (0,)"", and the
blue region around 530 eV corresponds to lattice oxygen. When
charged to voltages of 4.4 V, 4.6 V, and 4.8 V, the Ru-1 sample
demonstrates peroxide ratios of 3.9%, 10.7%, and 16.0%,
respectively. In contrast, the pristine LRMO sample exhibits a
significantly higher proportion of peroxides, reaching 8.0%,
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15.1%, and 23.1% at the same voltages. As shown in Fig. 2c and d,
the O K-edge X-ray Absorption Spectroscopy (XAS) results reflect
the oxidation state of lattice oxygen. The t,, peak at 532.5 eV is
indicative of the electronic transition from O 1s to TM 3d t,,
orbital, while the e, peak at 530.5 eV represents the electron
transition to the TM 3d e, orbitals. The hump between these two
peaks at 531.5 eV is regarded as the oxidation state of lattice
oxygen, such as O,"". At open circuit voltage (OCV), 4.6 V, and
4.8V, it can be observed that the signal of O,"~ at 531.5 eV in the
Ru-1 is much lower than that of the pristine sample. Fig. S10
(ESIt) shows the difference of O K-edge XAS spectra between 4.6 V
and OCV during the initial charge process. It is evident that there
are fewer O," -like species at 4.6 V and 4.8 V in Ru-1, indicating
that a smaller amount of lattice oxygen on the surface of Ru-1 has
been oxidized owing to the introduction of a Li-poor interlayer.
Furthermore, as shown in Fig. 2e, the differential electrochemical
mass spectrometry (DEMS) results reveal a lower amount of O,
evolution for Ru-1 compared to the pristine sample. The XAS data
of Mn, Ni, and Co L edges exhibit the dynamic ligand-to-metal
charge transfer (LMCT) during the charging process.’ The LMCT
process plays an important role in regulating the lattice oxygen
redox activity of the LRMO. During the charge process, the
electrons are initially extracted from transition metal (TM) 3d
orbitals and the TM ions are oxidized to high-valence states, such
as Co"" and Ni*". After that, due to the strong coupling of the
lattice oxygen with the TM ions, the electrons of lattice oxygen are
partially removed from the O 2p orbitals to the TM 3d orbitals,
causing the oxidation of the lattice and the reduction of the TM
ions. Initially, Ni and Co are oxidized to a higher valence state,
followed by electron transfer from the oxygen non-bonding states
to these high-valence metal ions, thereby triggering oxygen redox
reactions.”®*® As demonstrated in Fig. S11-S13 (ESIf), the LMCT
process for Ru-1 happens at 4.6 V, which is delayed compared to
the pristine sample (4.4 V), meaning higher stability of the surface
lattice oxygen in Ru-1. After the discharge process, the Mn in Ru-1
keeps in a higher oxidation state, consistent with its initial state,
whereas a significant portion of Mn in the pristine sample is
reduced to +3, suggesting substantial O, evolution and structure
rearrangement on the surface of the LRMO.

The oxidation behaviour of lattice oxygen was further eluci-
dated through the cyclic voltammetry (CV) tests. As shown in
Fig. S14a and b (ESIf), peaks A and B correspond to the
oxidation processes of lattice oxygen and transition metals,
respectively. The ratio of their current intensities, I,/Ig, serves
as a qualitative indicator of the degree of lattice oxygen oxida-
tion. In Ru-1, this ratio is 2.67; whereas in the control sample,
the ratio is as high as 3.62, indicating that the oxidation of
lattice oxygen in Ru-1 is suppressed. Fig. 3a shows the cycling
performance of Ru-1 and the pristine sample at 0.1C. Ru-1
exhibits higher capacity and enhanced cycling stability, main-
taining a high discharge capacity exceeding 300 mA h g~ * after
120 cycles. As shown in Fig. 3b, at a current density of 1C, Ru-1
exhibits the highest reversible discharge capacity of 261 mAh g .
After 300 cycles, it retains a high specific capacity of more than
250 mA h g~ with a capacity retention rate of 98%. In contrast,
the control material delivers a reversible specific capacity of

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Lattice oxygen stability comparison between Ru-1 and the pristine sample. Spectra and contour plots of the in situ SRES tests and the
corresponding charge and discharge curves of (a) pristine sample and (b) Ru-1. The XAS O K-edge spectra of (c) the pristine sample and (d) Ru-1. (e) DEMS
spectra and the corresponding charge curves of Ru-1 and the pristine sample.

230 mA h g~ " and a capacity retention rate of 75% after 300 cycles.
Moreover, Ru-1 shows a median voltage decay of only 509 mV
after 500 cycles, corresponding to a decay of about 1.0 mV per
cycle (Fig. S15, ESIT); whereas the pristine sample experiences a
large voltage decay of 779 mV after 500 cycles, equating to a decay
of about 1.6 mV per cycle. The suppression of voltage decay
further illustrates the inhibitory effect of the coating layer on
the phase transformation and ion migration within the bulk
material. Ru-1 achieves an unprecedentedly high capacity and

This journal is © The Royal Society of Chemistry 2025

ICE. Fig. 3c shows the charge and discharge curves of Ru-1 during
the first cycle at 0.1C (1C = 250 mA g '). Ru-1 has an initial
efficiency of 97%, while the pristine sample is only 86% (Fig. S16,
ESIY), indicating that more lattice oxygen of the pristine sample is
irreversibly oxidized and released during the charging process.
As shown in Fig. S17 (ESIt), the impedance of Ru-1 is significantly
decreased, indicating a higher electronic conductivity of Ru-1.
As depicted in Fig. 3e, Ru-1 has superior rate performance. Even at
a rate of 5C, Ru-1 still achieves a high discharge capacity of about

Energy Environ. Sci., 2025, 18, 4335-4347 | 4339
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185 mA h g~ '. In comparison to recent studies (Fig. 3f), Ru-1
demonstrates a competitively high specific discharge capacity and
extended cycle stability.>***> The detailed data can be found in
Table S6 (ESIt). Furthermore, the CV curves at different scan rates
for Ru-1 and pristine samples, presented in Fig. S18 (ESIt),
indicate improved reaction kinetics for Ru-1. Additionally, the
GITT curves (Fig. S19a, ESIt) reveal that Ru-1 exhibits a lower
overpotential compared with the pristine sample, with the Li"
diffusion coefficients of Ru-1 being higher than those of the
pristine sample (Fig. S19b, ESIT). Therefore, the deficiencies of
Li in the LRMO structure promote the transport of Li' and
accelerate the electrochemical reaction kinetics. To evaluate the
electrochemical performance of the full cell, a Ru-1|/graphite
pouch cell was assembled. This configuration exhibits a high
capacity retention rate of 85% after 450 cycles at C/3 (Fig. 3d) and a
high energy efficiency of 91% (Fig. S20, ESIt). Furthermore, a 5.83 A h
Ru-1| Li pouch cell was constructed. As shown in Fig. 3g and h,
this pouch cell exhibits a high energy density of 513 W h kg™ .
The results of battery test, along with the weight and size
measurements of the Ru-1||Li pouch cell, are shown in

4340 | Energy Environ. Sci., 2025, 18, 4335-4347

) The initial charge and discharge curves of the 5.83 A h Ru-1| Li pouch cell.

Fig. S21 and S22 and Table S5 (ESIt). Meanwhile, a Ru-1|/Li
pouch cell keeps a stable discharge capacity for 22 cycles
(Fig. S23, ESIT). The electrochemical performances of the Ru-
1||Li pouch cell highlight the significant potential of Ru-1 as a
cathode material for high-energy-density batteries.

In situ XRD provides valuable insights into the phase transi-
tions and strain changes during the charge and discharge
processes. Fig. 4a and b present the in situ XRD contour plots
for the pristine sample and Ru-1, along with their corres-
ponding charge-discharge curves. The shift of the (003) peak
serves as an indicator of lattice distortion within the cathode
material. Apparently, a pronounced shift in the (003) peak of
the pristine sample signifies substantial lattice distortion,
which contributes to the irreversible oxidation of lattice oxygen.
Conversely, the (003) peak of Ru-1 remains stable, suggesting
minimal lattice distortion and structural change. The Rietveld
refinement analysis, conducted using GSAS, indicates that Ru-1
exhibits a volume change of 2.69% during the first charge-
discharge cycle, whereas the pristine sample shows a signifi-
cantly higher value of 3.62%. To further investigate the volume

This journal is © The Royal Society of Chemistry 2025
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changes during the initial charge process.

changes and strain behaviour during the charging process,
chemomechanical simulations were employed to examine the
spatial distribution of Li" concentration in the LRMO and the
mechanical stress throughout the Li" extraction process, using

This journal is © The Royal Society of Chemistry 2025

COMSOL software. As shown in Fig. 4c and d, driven by the
electric field and concentration gradient, Li" ions gradually
deintercalate from the lattice. The pristine sample exhibits a
gradient distribution of ion concentration that decreases from
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the interior to the exterior. With the progressive deintercalation
of Li*, the ion concentration in the pristine sample manifests a
gradient that diminishes from the core to the surface. Initially,
the interface reaches a state of lithium depletion, experiencing
a relatively smaller variation in Li" concentration compared to
its original state. However, in Ru-1, as the Li" concentration
decreases, the gradient lithium-deficient layer at the interface
first attains a state of lower lithium content and then remains
unchanged, resulting in a comparatively lower Li" extraction at
the interface when compared to the control group. Referring to
the strain results from in situ XRD during the charging process,
the stress at different delithiation states was simulated using
COMSOL. The in situ XRD reveals a positive correlation between
lattice strain and the absolute amount of deintercalated Li'.
Consequently, the strain at the interface is comparatively
smaller due to the relatively minor change in Li* concentration
at this region compared to the bulk, resulting in the formation
of a buffer layer that prevents grain cracking and lattice
structure damage. As a result, the peak stress in the Ru-1
amounts to 418 MPa (Table S7, ESIt), specifically within the
interior of the interfacial buffer layer. Conversely, the pristine
sample records a significantly higher peak stress of 567 MPa,
situated at the surface, posing a risk of grain rupture. There-
fore, the introduction of a lithium-deficient layer not only
decreases the strain within the LRMO lattice on an atomic
scale by hindering the release of lattice oxygen but also alle-
viates the strain at the primary particle level by controlling the
lithium diffusion gradient.

To explore the impact of the gradient lithium-deficient inter-
layer on interfacial stability, DFT calculations were conducted on
samples with varying lithium contents. It is well established that
Li,MnO; serves as the primary oxygen-activating component in
LRMO cathodes, imparting anionic redox characteristics to the
lithium-rich material through its Li-O-Li configurations. As the
lithium content decreases, the number of Li-O-Li configurations
diminishes, significantly affecting the electronic density of states
(DOS) of oxygen in Li,MnOs3, thereby altering the redox properties
of lattice oxygen. Using Li,MnO; as the reference structure, a
series of six models with progressively reduced lithium contents
are constructed: LizogMn;gOug, LisgMn;9O4g, LizgMnyoOyg,
LiyyMny;04g, LizgMn,,04s, and LisMn,30,g. This is accomplished
by the substitution of Li atoms in the TM layer with Mn atoms, as
illustrated in Fig. S24 (ESIT). These models sequentially reduce the
lithium content, mimicking the actual conditions of oxygen-
activating components within a gradient lithium-deficient layer.
Fig. 5a—f illustrate the distribution of partial electronic density of
states for lattice O and Mn in different models. As the lithium
content decreases, the proportion of O 2p electrons near the
Fermi level (Eg) diminishes, indicating a reduced participation of
lattice oxygen in the oxidation reaction. Fig. 5g presents an
integrated statistical graph of the electronic density of states for
Mn and O within 1 eV below the Er. A decrease in the lithium
content corresponds to a decline in the electron fraction attrib-
uted to oxygen within a 1 eV range below the Ey, from 84.2% to
75.5%. Simultaneously, the electron fraction for Mn rises from
15.8% to 24.5%. This shift reflects a decreasing contribution to
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capacity from oxygen and a corresponding increase from manga-
nese. Notably, the term ‘O’ refers to oxygen atoms bonded to Mn
atoms; thus, the electron fraction of O consistently exceeds that of
Mn. The lithium-deficient layer suppresses oxygen activity and the
coupling between O 2p orbitals with the TM 3d orbitals, thereby
delaying the LMCT process in the LRMO, as shown in Fig. S11-
S13 (ESIf). This well-controlled oxygen activity contributes to
maintaining a high reversible lattice oxygen redox process and
enhancing the cycling stability of the LRMO. Subsequently,
Li,MnO3, Li;oMn;30,44, and LigMn,;0,5 are employed as repre-
sentative models to investigate the diffusive behaviour of Li"
within the Li layer, characterized by a decremental lithium
gradient. The schematic representations of the diffusion models
are delineated in Fig. S25 (ESIt). Fig. 5h illustrates a progressive
decline in the energy barrier for Li* diffusion as the lithium
content diminishes. This means a lower lithium content facil-
itates ion transport at the interface within the Li layer, thereby
reducing polarization and enhancing the overall electrochemical
performance, which aligns with the conclusions derived from
GITT results.

In comparison to the pristine sample, Ru-1 exhibits extre-
mely high capacity and cycling stability. To understand such
performance enhancement, besides the effect of a lithium-
deficient interface layer and the suppression of lattice oxygen
release, a more in-depth investigation into the function of
ruthenium oxide at the interface is warranted. In situ galvano-
static electrochemical impedance spectroscopy (GEIS) tests
(Fig. S26, ESIT) were conducted to evaluate the reaction kinetics
of the O, formation and reduction process. By mathematically
converting the GEIS data, the relaxation time distribution
(DRT) results can be obtained.® As shown in Fig. 6a, the
relaxation time 7 ranging from 102 to 10 s and from 10 to
10 s can be ascribed to charge transfer (R.) and solid-state
diffusion (Rgie), respectively.>**® During the charging process,
the R.. of Ru-1 at high voltage surpasses that of the pristine
sample, indicating a kinetically inhibited LMCT process and
the limited oxidation of lattice oxygen. Nevertheless, upon
discharging, the R effectively decreases, indicating a kineti-
cally promoted O, reduction process, which can be attributed to
the catalytic effect of RuO,.

Gibbs free energy pathways were calculated to reveal the
catalytic capability of the RuO, during the discharge process,
specifically the oxygen electrochemical reduction process. The
whole electrochemical reduction of O, is divided into three
distinct processes, each representing an electron donating. As
shown in Fig. S27 (ESIt), the rate-determining processes are the
electrochemical reduction of Li,O, for both the Li,MnO; and
RuO,, which exhibit the highest free energies among the three
reduction processes. Therefore, in these two materials, the
reduction of Li,O, governs the extent of O, reduction during
the discharge process, thereby characterizing the catalytic
activity of O, in the LRMO battery system, which in turn affects
the discharge specific capacity. Evidently, the free energy of
Li,O, on RuO, is 6.99 eV, which is much lower than that of
Li,MnO; (9.02 eV). This indicates that the conversion energy
barrier for the whole O, electrochemical reduction process is

This journal is © The Royal Society of Chemistry 2025
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considerably lower on RuO, compared to Li,MnOj;, indicative
of the outstanding catalyzing capability of RuO,. The remark-
able adsorption and catalytic performance of RuO, facilitate its
function as an active site for O, adsorption and electrochemical
catalysis, thereby promoting the confinement and conversion
of activated oxygen species.

Previous studies have demonstrated that the Li,MnO; phase
at the LRMO interface exhibits significant capabilities in gas
adsorption and catalysis, leading to its selection as a reference
for comparative analysis. Through DFT calculations, we eval-
uated the adsorptive and catalytic properties concerning the
active oxygen species Li,O,, LiO,, and O, for both Li,MnO; and
RuO,. Fig. 6b presents the adsorption energies of Li,MnO; for
Li,0,, LiO,, and O,, which are measured at —3.850 eV, —3.689
eV, and —0.484 eV, respectively. In contrast, the adsorption
energies of RuO, for these oxygen species are —4.943 eV for
Li,O,, —5.400 eV for LiO,, and —1.497 eV for O,, all of which
surpass those of Li,MnOj;. The elevated adsorption energy

This journal is © The Royal Society of Chemistry 2025

implies that in the Ru-1 sample, even trace amounts of released
oxygen will be effectively captured at the interface of the
cathode, maintaining electrochemical contact and facilitating
interfacial confinement. Conversely, in the pristine sample, the
active oxygen species and emitted oxygen are dispersed
throughout the battery system, which not only results in the
loss of electrochemical interaction and the subsequent failure
to reduce the oxidized lattice oxygen, but also introduces grave
safety hazards. Meanwhile, the change in O, concentration at
the RuO, containing interface significantly influences the over-
all O, diffusion equilibrium in the primary particle. The dis-
tribution of dynamic O, concentration is simulated using
COMSOL software, as shown in Fig. 6¢. For the pristine sample,
O, undergoes unhindered diffusion and rapidly escapes from
the bulk. Within 40 minutes, the O, concentration decreases
from the surface to the bulk, leading to severe lattice distortion
and the formation of oxygen vacancy. Nevertheless, the RuO,
oxygen sequestration array (blue shell in Fig. 6¢, Ru-1, 0 min)

Energy Environ. Sci., 2025, 18, 4335-4347 | 4343
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software.

preferentially captures oxygen molecules, thereby regulating
the equilibrium of O, diffusion and inhibiting further O,
evolution. Therefore, after 40 minutes, the oxygen concen-
tration in Ru-1 is much higher and more evenly distributed
than that of the pristine sample. The high O, concentration
within the Ru-1 lattice is thermodynamically beneficial to
hinder the formation of oxygen vacancy.

XRD, Raman, HRTEM, and TOF-SIMS tests were performed
on the cathode material to investigate the phase transformation

4344 | Energy Environ. Sci., 2025, 18, 4335-4347

and surface side reaction after 200 cycles at 1C. The phase
structure of the pristine sample undergoes notable degrada-
tion, while Ru-1 maintains a well-preserved layered structure.
As illustrated in Fig. S28 (ESIT), the ratio of Ino3/I104 iS com-
monly employed to assess the integrity of the layered structure
in the LRMO."” After cycling, the pristine sample exhibits an
Inos/I104 ratio of 1.46, significantly higher than the initial value
of 1.09, which suggests a substantial alteration in the material’s
structural anisotropy during the cycling process. Additionally,

This journal is © The Royal Society of Chemistry 2025
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Raman spectroscopy serves as a valuable tool for monitoring
the phase transformation of the cathode material. The Raman
shift at 625 cm™* indicates the presence of a spinel phase
component, and the fitting results reveal that the pristine
sample exhibits an increased proportion of the spinel phase
structure after cycling (Fig. S29, ESIt).*® Moreover, the local
phase transformation of the cathode material was analyzed.
As shown in Fig. S30 (ESIt), the layered structure is well-
preserved, and the lattice of the tetragonal RuO, at the interface
remains unimpaired in Ru-1. In contrast, the pristine sample
displays a substantial emergence of rock-salt and spinel phases
at the interface, suggesting a profound structural reorganiza-
tion as a result of lattice oxygen emission. The EDS results
(Fig. S31, ESIY) provide the elemental distribution of the Ru-1
sample after 200 cycles. The elements O, Mn, Ni, Co, and F
(F arising from the decomposition of LiPFs) are uniformly
distributed on the surface of the Ru-1 secondary particles. Ru
is present in an island-like distribution on the surface, similar
to the distribution observed in Fig. S4 (ESIt), indicating that
RuO, remains tightly anchored to the LRMO interface even
after 200 cycles. The interfaces of the cycled Ru-1 and pristine
samples were investigated through TOF-SIMS analysis. As
shown in Fig. S32 (ESIt), the intensity of three-dimension depth
signals of the MnF; ", NiF; ", and CoF;  in the Ru-1 sample is
much lower than that of the pristine sample, indicating fewer
surface side reactions and slighter transition metal dissolution
in Ru-1.*° The cathode-electrolyte interface (CEI) fragments,
including PO,™, PFs~ and LiF, , are significantly more con-
centrated at the interface in Ru-1 compared to the pristine
sample, suggesting a robust and compact CEI in Ru-1.>">* The
corresponding two-dimension overlay mapping images and
depth curves are shown in Fig. S33 and S34 (ESIt), respectively.
The XRD, Raman, HRTEM, and TOF-SIMS analyses collectively
demonstrate that the Ru-1 sample maintains a well-preserved
layered structure with minimal phase transformation, while the
pristine sample undergoes significant surface and bulk degra-
dation, exhibiting increased spinel and rock-salt phases due to
lattice oxygen emission, highlighting the stabilizing effect of
RuO, at the LRMO interface after prolonged cycling.

Conclusions

In summary, we have developed a bifunctional method that
utilizes ion exchange between H' ions and surface Li" to
construct a lithium-deficient layer and a RuO, interface-
confined catalysis network. The lithium-deficient layer effec-
tively prevents the loss of surface lattice oxygen, promotes ion
transportation, and alleviates strain within both the lattice and
the primary particle. Concurrently, the RuO, interface-confined
catalysis network powerfully adsorbs the trace amounts of
activated oxygen species and accelerates the reaction kinetics
of the reduction of O,. As a result, this approach significantly
improves the reversible discharge capacity of the LRMO from
230 mA h g~ " to 261 mA h g~ " at 1C and the capacity retention
rate from 75% to 97%. The Ru-1|/graphite pouch cell exhibits a

This journal is © The Royal Society of Chemistry 2025
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superior capacity retention rate of 85% after 450 cycles at C/3,
and the 5.83 A h Ru-1|Li pouch cell exhibits an energy density
of 513 W h kg *. Our work demonstrates a new feasible strategy
for the reutilization of activated oxygen species within the
LRMO system, effectively enhancing its battery performance
and indicating a promising future for the commercialization
of LRMOs.
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