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Abstract: The application of Li-rich layered oxides is hindered by their dramatic capacity and voltage decay on cycling.
This work comprehensively studies the mechanistic behaviour of cobalt-free Li1.2Ni0.2Mn0.6O2 and demonstrates the
positive impact of two-phase Ru doping. A mechanistic transition from the monoclinic to the hexagonal behaviour is
found for the structural evolution of Li1.2Ni0.2Mn0.6O2, and the improvement mechanism of Ru doping is understood using
the combination of in operando and post-mortem synchrotron analyses. The two-phase Ru doping improves the
structural reversibility in the first cycle and restrains structural degradation during cycling by stabilizing oxygen (O2� )
redox and reducing Mn reduction, thus enabling high structural stability, an extraordinarily stable voltage (decay rate
<0.45 mV per cycle), and a high capacity-retention rate during long-term cycling. The understanding of the structure-
function relationship of Li1.2Ni0.2Mn0.6O2 sheds light on the selective doping strategy and rational materials design for
better-performance Li-rich layered oxides.

Introduction

With the increasing demand for long-range electric vehicles,
improving the energy density of rechargeable lithium-ion
batteries (LIBs) is essential.[1] The limited theoretical
capacity of traditional cathode materials solely based on
transition metal (TM) redox has been a primary factor for
the ceiling placed on the energy density of LIBs.[2] In this
regard, Li-rich layered oxides (LLOs) have received a great
deal of attention, due to their high reversible capacity
(>250 mAhg� 1) and high energy density (900 Whkg� 1),
contributed by the TM redox and the additional O2� redox.
Unfortunately, LLOs suffer from dramatic voltage and
capacity decay during cycling.[3] Substantial studies have
been devoted to unravelling the origin of the decay.[4] It is

well accepted that the direct causes of the voltage decay are
the activation of low-voltage Mn2+/Mn3+ and Co2+/Co3+

redox couples and progressive structural rearrangements
involving irreversible oxygen loss and TM migration.[5]

Based on established knowledge, a variety of strategies,
such as surface modification,[3] cation doping,[6] and compo-
sition tuning,[7] have been employed to suppress voltage
decay and capacity fading. Due to the lack of TM-O
covalency, oxygen oxidation in 3d-TM-based LLOs ulti-
mately ends with oxygen release, triggering TM migration
and subsequent voltage decay.[8] Tarascon et al. investigated
Li-rich Li2Ru1� yMyO3 (M=Ti, Sn) compounds and sug-
gested that large or heavy cations, such as 4d metals, could
be used to obviate the voltage decay issue by limiting the
migration of TM ions and trapping these ions in tetrahedral
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sites.[4a] Later, a series of studies on 4d- and 5d-TM-based
LLOs confirmed that such heavy cations can mitigate
voltage decay effectively by facilitating a reversible oxida-
tion process rooted in their strong covalent bonding of
TM(d)� O(p).[8,9] Nonetheless, the heavy metals-based LLOs
are too penalizing for a practical application because of the
relatively high cost and low energy density.
Doping 3d-TM-based LLOs with heavier cations might

be a more feasible approach to improving performance.[10]

Most recently, it was reported that a Zr-doped
Li1.21Ni0.28Mn0.51O2 cathode, in which Li2ZrO3 slabs were
constructed into Li2MnO3 domains,

[10b] exhibits a low voltage
decay rate (0.45 mV per cycle) due to the restrained
formation of O2 gas and TM reduction and migration.
However, introducing inactive ions or components into
LLOs is generally at the sacrifice of capacity. For example,
the capacity delivered by the Zr-doped cathode is only
�180 mAhg� 1 at 1 C.
In addition, developing Co-free electrodes is inevitably

the ultimate goal, considering that cobalt comes with a high
cost and toxic issues unavoidably causing economic, ethical,
and political issues.[11] Co-free LLO was first introduced by
Thackeray’s group,[12] where the Co-free Li-rich Mn-based
Li1.2Ni0.2Mn0.6O2 (LNMO) cathode has been extensively
studied.[13] However, the electrochemical performance of
such LNMOs is significantly less satisfactory than the Co-
based counterparts.[13c]

In this work, a small quantity (3%) of the electrochemi-
cally active 4d metal, Ruthenium (Ru), is successfully doped
into TM octahedral sites in both hexagonal and monoclinic
phases in the typical Co-free Li-rich LNMO cathode. The
effects of Ru doping on the structure and redox activities of
the LNMO are investigated using various morphological,
local structure, and crystallographic techniques. Neutron-

based pair distribution function (PDF) analysis, neutron
powder diffraction (NPD), and in operando synchrotron-
based X-ray powder diffraction (XRPD) is employed to
characterize the short- and long-range cation arrangement,
the chemical environment of lattice oxygen, and the
structural evolution on cycling. Post-mortem synchrotron-
based near-edge X-ray absorption fine structure (NEXAFS)
and X-ray absorption characterizations (XAS) are utilized
to investigate the cationic/anionic redox process. The
correlation between voltage decay with structural changes is
reported in detail. Owing to enhanced structural stability,
Ru-doped LNMO exhibits an extraordinarily low voltage
decay (<0.45 mV per cycle) and meanwhile retains a high
reversible capacity (215 mAhg� 1 at 1 C) contributed by both
cationic and O2� redox. This work unravels the role of
heavier ions in modifying the structural evolution and
suppressing the voltage decay and sheds light on improving
the performance of cathodes for practical applications in
LIBs.

Results and Discussion

As-prepared Ru-doped Li1.2Ni0.2Mn0.57Ru0.03O2 (LNMO-
0.03Ru) and pristine LNMO show similar particle size and
shape (Figure 1a and S1a, respectively). The transmission
electron microscopy (TEM) image and corresponding en-
ergy dispersive spectroscopy (EDS) mapping demonstrate a
homogeneous elemental distribution of Mn, Ni, Ru, and O
(Figure 1b and 1c). Aberration-corrected scanning TEM
(STEM) images in a high-angle annular dark-field
(HAADF) mode depict the typical atomic arrangement of
TM-Li sequences of monoclinic and hexagonal phases in the
pristine and doped samples. The double-dot feature (TM-

Figure 1. (a) SEM and (b) TEM images of the LNMO-0.03Ru sample; (c) Elemental distribution of Mn, Ni, Ru, and O in the LNMO-0.03Ru sample;
(d, f) The HAADF-STEM images corresponding to the regions in (b) highlighted with a green box and red box, respectively; (e,g) Line profile
analysis within the green box in (d) and the red in (f), respectively.
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TM-Li-TM-TM) of the monoclinic phase in both materials
can be seen in Figure 1d and S1c, respectively, which is
consistent with previous reports.[14] Similarly, the single-dot
(TM-TM) of the hexagonal phase is captured in both
samples (Figure 1f and S1d).
Line profile analyses confirm that the larger-atomic-

number Ru ions locate at the TM sites of both hexagonal
and monoclinic phases, with the increased intensity along
the double-dots (Figure 1e) and the single-dot (Figure 1g)
features. Notably, the octahedral Ru has expanded the TM-
TM distance by �3.3% in the monoclinic phase (Figure S1e
and 1e) and by �4.0% in the hexagonal phase (Figure S1f
and 1g). This result reveals that the Ru introduction affected
both phases of the LNMOs. The close formation energies of
Ru in the hexagonal and monoclinic phase further con-
firmed the two-phase doping (Figure S12).
X-ray photoelectron spectroscopy (XPS) is used to

investigate the Ru doping state. The Ru 3d core spectra
changed significantly in LNMO-0.03Ru (Figure 2a). Com-
pared with RuO2, the Ru 3d5/2 binding energy for the
LNMO-0.03Ru shifts to �282 eV, confirming that Ru4+ is
octahedrally bonded in layered oxides.[4a,9b] Rietveld refine-
ment was performed against XRPD and NPD data (Fig-
ure 2b, 2c, and S2). The XRPD and NPD patterns are fitted
well based on a two-phase model containing a hexagonal
(R�3m space group) phase[15] and a monoclinic (C2/c space
group) phase.[16] This agrees with the fitting result of their
neutron-based PDF data using the two structural models
(Figure S3). The refined results (Table S1 and Table S2)
suggest that the lattice expansion of both C2/c and R�3m
phases upon Ru doping, showing excellent agreement with
the STEM analyses and demonstrating a solid proof of Ru
distribution in two domains. The similar XRPD and NPD
profiles and their intergrown feature have further compli-
cated the refinement process. Determining Ru site occu-
pancy (%) is beyond the data limitation. Furthermore, upon
Ru doping, the weight fraction of the C2/c phase decrease
from 60(2) to 48(1) wt%,[17] which might be related to the
increased complication of cation mixing and the intergrown
feature.
Interestingly, the two phases are marginally different in

crystallography (Table S1 and S2). The minor dissimilarities
can be observed by comparing the TM-O bond lengths and
establishing the Bond-Valence-Sum (BVS) calculation.

Notably, all TM sites in C2/c and R�3m phases are shared by
Mn and Ni (or Li), resulting in the underestimation of the
Mn valence. However, the calculated BVS values are
informative. The higher BVS implies the Mn valence is
closer to +4, while the lower BVS indicates a higher mixing
degree with Li/Ni. For the C2/c phase with Li/Mn mixing
only, the order of Li concentration at Mn sites is Mn1>
Mn3>Mn2 in both samples, despite the Ru inclusion. For
R�3m phase, the lower BVS in LNMO-0.03Ru may suggest
higher Li/Ni mixing, which is supported by the intensity
ratio of peak (003)/(104) in XRPD, indicative of the Li/Ni
mixing in the R�3m phase.[18] Li/Ni mixing is reported to
improve voltage retention by precluding the formation of
O� O dimers.[19]

The initial charge/discharge curves (Figure 3a) show that
LNMO-0.03Ru has a lower oxygen activation plateau than
LNMO, indicating the enhanced Li diffusion in LNMO-
0.03Ru, due to the enlarged diffusion channels and lattice
volume. The higher Li+ diffusion coefficient of LNMO-
0.03Ru is confirmed by the galvanostatic intermittent
titration technique (GITT, Figure S4). LNMO-0.03Ru deliv-
ers a similar initial charge capacity as LNMO but a higher
discharge capacity (�280 mAhg� 1), leading to a higher
initial Coulombic efficiency (ICE, �83%). The electro-
chemical performance of LNMO with different Ru doping
contents (Figure S5) demonstrates that Ru can improve the
electrochemical performance of LNMO effectively. How-
ever, the capacity drops at 5% Ru doping, which may be
due to poor crystallisation (Figure S6). In this regard, 3%
Ru is the focus of this work. Notably, LNMO-0.03Ru
exhibits a better rate capability (�162 mAhg� 1 at 5 C,
Figure 3b) and a significantly enhanced capacity retention,
especially for long cycling, at 1 C (Figure 3c). After 500
cycles, the capacity retention rate for LNMO is only 31%,
while that for LNMO-0.03Ru remains up to 74%.
Meanwhile, a noticeable voltage decay occurs in LNMO

(Figure 3d), but the discharge curves for LNMO-0.03Ru
remain almost unchanged along the cycling (Figure 3e). This
was further investigated using dQ/dV curves (Figure 3f).
The dQ/dV discharge peaks almost resemble in LNMO-
0.03Ru, while the ones of LNMO show a distinct downshift
to the low potential region upon cycling, suggesting the
occurrence of voltage decay. A new peak around 2.9 V
occurs for the LNMO after 200 cycles, indicating significant

Figure 2. (a) Ru 3d XPS spectra of RuO2 and LNMO-0.03Ru; joint Rietveld refinement profiles using (b) XRPD and (c) NPD data of LNMO-0.03Ru
(Rwp=5.789%, combined GOF=1.56, the R�3m phase=52(1) wt%, the C2/c phase=48(1) wt%).
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charge compensation from Mn3+ /4+.[20] The presence of
unstable Mn3+ inevitably leads to the formation of undesir-
able Mn2+ and, thus, Mn dissolution into electrolytes.[1] A
similar tendency was verified using cyclic voltammetry (CV)
curves (Figure S7). No additional peaks for Ru redox were
observed, possibly due to the small doping amount of Ru.
In all, the average voltage decay for LNMO in 500 cycles

is �1.8 mV per cycle; in contrast, LNMO-0.03Ru exhibits
negligible voltage decay (<0.45 mV per cycle) (Figure 3g),
which is significantly reduced compared with other previ-
ously reported LLOs (Table S3). The energy retention rate
of LNMO-0.03Ru is improved by >300%, compared with
that of LNMO (Figure 3h). To our knowledge, the energy
performance of LNMO-0.03Ru is remarkably high, superior
to other reported Co-free LLOs (Figure 3i).[10b,21] It is
unambiguous that Ru doping can lead to a high energy
density by improving the capacity and suppressing voltage
decay and formation of undesirable Mn2+ and thus Mn
dissolution into electrolytes.
The structure evolution was investigated using in oper-

ando synchrotron-based XRPD. LNMO and LNMO-0.03Ru
are similar in the 1st and 50th cycles (Figure 4). The

reflections at 8.3 and 19.5° represent the d-spacing of �4.76
and �2.03 Å, which are usually regarded as 003 and 104 of
the R�3m phase.[17b] The c variation can then be explained to
be originated from the electrostatic repulsion of TMO6
layers[22] and the increased attractive van der Waals
interactions,[23] respectively, upon different degrees of lith-
iation. The continuous decrease of a is due to the oxidation
and decreasing ionic radii of the TM (Ni2+/Ni3+/Ni4+ and
Mn3+/Mn4+) ions. Typically, LiNixCoyMnzO2 (NCM, R�3m)
undergoes various phase transformations during charging,
from hexagonal H1, via a monoclinic M and a hexagonal
H2, to the hexagonal H3 phases.[24] Thus, these reflections
undergo a non-NCM-type evolution in the first cycle (Fig-
ure 4a and 4c). After 50 cycles, different mechanistic
behaviour is observed (Figure 4b and 4d). c increases on the
initial charging and sharply decreases upon further charging
to 4.8 V. A reversed evolution of the c value is observed
when the Li is inserted into the structure. It is undoubtedly a
typical R�3m behaviour, which has been widely observed in
NCM.[25] Unlike the typical NCM, O2� redox occurs at
>4.3 V in LLOs, resulting in the reduced attractive force
between TM and O and the stable a value. Even though

Figure 3. (a) The 1st charge/discharge curves, (b) rate capability, and (c) cycling performance of LNMO and LNMO-0.03Ru; normalised charge/
discharge curves of (d) LNMO and (e) LNMO-0.03Ru, respectively, collected every 25 cycles; (f) Comparison of voltage decay in dQ/dV curves of
LNMO and LNMO-0.03Ru, where the arrows highlight the shift of the profile; (g) Average discharge voltage and (h) energy density of LNMO and
LNMO-0.03Ru at 1 C. At least five coin cells were averaged for each data set. The error for the specific capacity is approximately �3 mAhg� 1.
(i) Energy and capacity performance comparison of LNMO-0.03Ru with other Co-free LLOs previously reported.
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XRPD of C2/c and R�3m are nearly indistinguishable, their
lattice responses upon lithium insertion and desertion tell
the difference.
Previous studies mostly regard LLO as a R�3m phase for

convenience and ignore the presence of the C2/c phase.[26]

As confirmed in diffraction and PDF analyses (Figure 2b,
2c, and S3), the C2/c component or domain has a significant
weight, resulting that LLOs being different from the typical
NCM in terms of phase evolution. The structural changes
observed in both samples during the first cycle are likely
C2/c behaviour. Thus, a mechanistic behaviour transition
from C2/c to R�3m occurs after cycling.
In comparison, LNMO-0.03Ru shows lower lattice

changes in c (0.67%) and a (0.62%) compared with the
variation of c (0.79%) and a (0.72%) in LNMO during the
first charge. The improved structural stability of �15.2%
and �8.9%, along with the c and a axes, respectively,
demonstrate the origins of better capacity and energy
retention, directly showing the positive impact of Ru doping
on the LLO. Moreover, the c and a values are fully
reversible, indicating a highly reversible structural change in
LNMO-0.03Ru. Notably, the improvement in the structural
stability of LNMO-0.03Ru is intensified, compared with
LNMO, after cycling. LNMO-0.03Ru exhibits a remarkably
restrained structural change at the high potential region,
especially along the c axis, where 0.49% is for LNMO-
0.03Ru, and 0.97% is for LNMO. The strain evolution
(Figure S13) during charge-discharge further demonstrated
that Ru doping effectively improves the structure stability of
LNMO-0.03Ru against lithiation and delithiation processes.
OK edge spectra are compared as a function of the

state-of-charge (SOC) (Figure 5a). The pre-edge region

(525–534 eV) reflects the hybridization of O 2p and TM 3d
orbitals (Figure 5b and 5e), where peak A and peak C
correspond to t2g (plus eg spin-up) and eg (spin-down) states,
respectively.[4b] Due to the full t2g and half-full eg orbitals of
Ni2+ (t62g e

2
g), the hybridization of O 2p and Ni 3d orbitals is

only related to peak C, while peak A is mainly assigned to
the hybridization of O 2p and Mn 3d orbitals (Mn3+: t42g e

0
g,

Mn4+: t32g e
0
g). The new peak (labelled as peak B in Figure 5b

and 5e), which gradually appears during the charging
process, is used to characterise the O2� redox reaction.[10b,27]

Peak B appears in LNMO-0.03Ru (Figure 5e) when charged
to 4.3 V, while it does not appear in LNMO until 4.5 V
(Figure 5b), suggesting a lower activation polarisation of O2�

redox after Ru doping. Peak B reaches the maximum
intensity at 4.8 V in both LNMO and LNMO-0.03Ru. Upon
discharge, peak B disappears in LNMO-0.03Ru at 3.6 V, but
does not disappear entirely in LNMO even at 2.0 V,
indicating the high O2� redox reversibility in LNMO-0.03Ru
and agreeing with the dQ/dV results (Figure 3f). Consider-
ably, the Ru inclusion has modified the O-metal chemical
environment and minimized the voltage decay. The inte-
grated intensity of the pre-edge peaks (525–534 eV, Fig-
ure 5d), relative to that of the open-circuit voltage (OCV),
can be used to reflect the density of hole states (DOHS) in
the O 2p and TM 3d orbitals.[13a, 28] DOHS are similar at high
charge for two samples, while LNMO-0.03Ru is relatively
closer to its initial state at high discharge, manifesting higher
reversibility. Furthermore, the DOHS for LNMO-0.03Ru
shows a sudden drop associated with the disappearance of
peak B, verifying that O2� redox largely accounts for the
discharge capacity at the high potential region. Such findings

Figure 4. Contour plot of in operando synchrotron XRPD data and corresponding single peak fitting results and electrochemical voltage curves of
cells containing the undoped LNMO (a) at the first cycle at 0.1 C and (b) after 50 cycles at 0.2 C and LNMO-0.03Ru (c) at the first cycle at 0.1 C
and (d) after 50 cycles at 0.2 C. Note that the C2/c structural model was used for the fitting of the electrodes at the first cycle, while the R�3m
structural model was for after 50 cycles.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202213806 (5 of 9) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202213806 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



are further supported by post-mortem XPS analyses (Fig-
ure S8).
Mn valences can be identified through the peak positions

(photon energies) of Mn L-edge spectra (Figure 5c and 5f).
Mn4+ owns a major peak (643.5 eV) and a shoulder peak
(640.9 eV), whilst Mn3+ has a peak at 641.8 eV, and Mn2+

has a signal at 640.2 eV.[10b] For both materials, typical Mn4+

signals remain unchanged during the first charging process.
On discharge, the signals of Mn2+ and Mn3+ can be distinctly
observed in LNMO, but barely seen in LNMO-0.03Ru,
except for a tiny amount of Mn3+ formed at 2.0 V. This is
verified by the Mn K edge results (Figure S9a and S9b). The
restrained formation of Mn2+ and Mn3+ fully supports our
finding of enhanced structural stability as ascertained via in
operando XRPD. After 50 cycles, LNMO-0.03Ru still has a

relatively lower Mn reduction than in LNMO (Figure S10).
In addition, Ni and Ru contribute to capacity as fully-
reversible cationic redox centres in LNMO-0.03Ru, as
revealed by the variation of Ni K edge (Figure S9c) and the
combination of Ru K-edge (FigureS9d) and Ru 3p XPS
spectra (Figure S8c), consistent with previous studies.[29]

To further examine the effects of Ru doping on the
oxygen lattice, the oxygen vacancy formation energy
(Ef(VO)) in both R�3m (h-LNMO) and C2/c (m-LNMO)
phases were calculated for each oxygen site in the lattices
(24 sites per system). A higher Ef(VO) indicates that the
defect concentration under equilibrium conditions is lower
than for a lower Ef(VO). All Ef(VO) for the undoped and
doped (RuTM) systems are presented in Figure 6. This is
similar to the site dependence observed for RuTM, which also

Figure 5. (a) dQ/dV curves with the corresponding SOCs marked; (b) OK edge and (c) Mn L edge spectra of post-mortem samples of LNMO;
(e) OK edge and (f) Mn L edge spectra of post-mortem samples of LNMO-0.03Ru; (d) Relative integrated intensity variation of the pre-edge peaks
(525–534 eV).

Figure 6. Calculated Ef(VO) for (a) undoped LNMO, (b) h-LNMO with Ru substituted on TM sites, and (c) m-LNMO with Ru substituted on TM
sites. The black trendlines are included as a guide for the eyes.
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showed a clear environmental impact (Figure S11 and S12).
In Figure 6b and 6c, it is clear that Ru-doping introduces
distinct VO environments that were not observed in the
undoped systems (Figure 6a), indicating a degree of Ru
dependence for the VO. VO sites directly next to the RuTM
sites show higher Ef(VO) (second hump in Figure 6b) than
those further away from the dopant site. Examining the
average formation energies (Table S10), it is clear that there
is a shift to higher energies in the average Ef(VO) upon Ru-
doping from an average Ef(VO)=2.52 eV to Ef(VO)=
2.83 eV for h-LNMO, and Ef(VO)=2.24 eV to Ef(VO)=
2.42 eV for m-LNMO. Hence, it can be concluded that Ru-
doping of the LNMO structure could stabilise the oxygen
lattice locally, supporting the experimentally observed
strengthening of the O lattice. Moreover, it has been shown
that not only does the Ru-doping itself have an impact on
the stability of the O lattice, but also the position of the Ru
dopant.
Combining the in operando, post-mortem mechanistic,

and computational studies, the mechanistic behaviour of
LLOs and the role of Ru dopants in the structural evolution
can be understood and are schematically summarized in
Scheme 1. The LLO undergoes oxidation of TM and a
subsequent charge deficiency of O2� , resulting in a non-
NCM mechanistic response on the first charge. Upon
cycling, the layered structure of LLO is transitioning from
the C2/c type to R�3m type dominant. It should be noted that
this C2/c to R�3m transition is an intrinsic mechanistic
behaviour of LLOs, as it is found for both the undoped
LNMO and LNMO-0.03Ru. The observed structural evolu-
tion reveals that structural degradation is attributed to the
enormous O lattice change upon the anion redox during
cycling. At a high delithiated state, the existence of deficient
O2� (or On� ) loosens the honeycomb and layered structure
of LLO and may escape, as O2, from the lattice.

[17b,30] In this
regard, Ru4+ present in both two phases can significantly
restrain the lattice changes by stabilizing the lattice with the
strong bonding of Ru4+-O2� and Ru5+ strengthen the O
lattice during O2� deficiency at the high potential region,
facilitating the positive impact of the Ru doping on LLOs’
structural stability and performance. Notably, the presence
of Ru in both C2/c and R�3m phase effectively improves the
solidity of O lattice in the first cycle, enables superior
structural stability against delithiation and lithiation, and

inhibits the formation of low-valence Mn and the resulting
dissolution, minimizing voltage and capacity decay along
with cycling. The poor cycling performance of LNMO, or
typical LLOs, can be unambiguously attributed to their
intrinsic structural degradation. The involvement of strong
covalent bonding of Ru-O has brought the LNMO an
enhanced oxygen lattice stability and a significantly im-
proved structure stability against lithiation and delithiation
processes.

Conclusion

4d-metal Ru is successfully doped to octahedral sites of both
C2/c and R�3m domains of Li-rich Mn-based layered
Li1.2Ni0.2Mn0.6O2 cathode material, which has been compre-
hensively evidenced in our work. The sample with 3% Ru
doping demonstrates a voltage retention rate of �93.9%
(4.5 mV per cycle) and energy retention of �69% after 500
cycles at 1 C. The enhanced mechanism by Ru doping has
been comprehensively studied, and it is confirmed that
strong Ru-O bonding enhances the structure reversibility of
the layered structure against delithiation and lithiation. Ru
is electrochemically active, and the presence of Ru5+

strengthens the O lattice during O2� redox, substantially
inhibiting the dramatic structural changes and warrants
structural stability in long-term cycling at a highly delithi-
ated state. While Ru is introduced, the Mn reduction is
effectively restrained within the LLO structure, further
enhancing the structural stability. It should be noteworthy
that the mechanistic transition from C2/c to R�3m of LLOs
along cycling is for the first time reported in this work. The
findings here may inspire new ideas on designing and
stabilizing the structure of other layered Li-rich oxides and
other advanced cathode materials involving O2� redox.
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