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The prototype material, Lij23Rug41Nig3602, is proposed to gain the deep and comprehensive understand-
ing of chemical and structural changes of the novel layered/rocksalt intergrown cathodes. Synchrotron-
based X-ray absorption spectra and resonant inelastic X-ray scattering reveal that both cationic and an-
ionic redox evolves in the charge compensation process of the intergrown material, while synchrotron-
based extended X-ray fine structure spectra and in situ X-ray diffraction measurements demonstrates
that the intergrown material undergoes minimal local- and long-range structural variations at deep
de/lithiation. This work highlights the great potential of the intergrown structure to inspire the design
of advanced cathode materials for lithium-ion batteries.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

High-capacity cathode materials are currently crucial for ele-
vating the energy density of lithium-ion batteries in the applica-
tion of laptop devices, electric vehicles as well as smart grids. Li-
excess layered cathode materials have gained widespread atten-
tion, due to the extra activation of unique oxygen anionic couple
(0"=/02-) besides the transition metal (TM) redox, in compari-
son with the commercialized cathode materials, such as LiCoO,,
NMC and LiFePO4 [1-7]. However, the challenges of those high-
capacity cathodes impede their actual applications, and all these
layered cathodes face the dilemma that the high-capacity and
high-structural stability cannot be achieved at the same time, es-
pecially the obvious capacity decay at elevated voltage windows
and the anisotropy-induced structural collapse under deep lithium
deintercalation [8-11].

Tremendous efforts have been devoted to balancing the ca-
pacity and structural stability of these layered cathode materi-
als, especially to focus on the modification strategies for enhanc-
ing the structural integrity near the surface/interface. Among these
modifying methods, surface coating and elemental doping are
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widely reported in the literatures [12,13]. The electrochemical ac-
tive/inactive oxides (Al,03, ZnO, ZrO,), polyanionic materials, car-
bon and organic polymers mainly serve as a physically protec-
tive layer to prevent parasitic reactions between surface and elec-
trolytes as well as surface gas evolution and densification [14-17].
In addition, elemental doping including metallic and non-metallic
elements is also employed into the Li slab or TM slab as well as
the oxygen matrix to further stabilize the bulk structure and mit-
igate structural collapse after deep delithiation [18-21]. However,
the modification on the surface and bulk structure still has limi-
tations by the doping and coating methods, and the modified ma-
terial cannot hold the structural stability for long-term, fast and
high-voltage cycling.

Recently, structural design by phase-compatible strategies have
also been proposed to stabilize the bulk structure of the high-
capacity layered cathodes, as these compatible phases have sim-
ilar cubic close-packed oxygen matrix but different TM occupan-
cies [22-24]. Our group prepared spinel epitaxial layered Li-rich
manganese materials with fast Lit diffusion pathways, showing
outstanding capacity and rate performance [25,26]. Lu et al. in-
troduced a coherent perovskite phase to Ni-rich cathode ma-
terials, significantly reducing lattice strain and leading to no-
table improvements in cycling stability [27]. Li et al. investi-
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gated an intergrowth material with layered LiNiO,-based do-
mains and cationic disordered rocksalt Li;MoOs-base domains,
which showed much improved cycling performance [28]. Mean-
while, we have developed a series of layered-rocksalt intergrown
cathodes with uniform distribution of two phases, and among
them, Lij;Nip4Rup40, model cathode showing nearly zero-strain
isotropic structural evolution at deep (de)insertion [29]. Low-cost
Li-rich Li;5Rug,Mng3Nig30, cathode has been proposed to display
ultrahigh Li ions (de)insertion (1.11 Li* removal and 0.87 Li* in-
sertion) and extremely low-strain operation [23]. The amalgama-
tion of the high-performance single-phase cathode within an in-
tergrown material show a highly promising avenue for the explo-
ration of advanced battery cathodes, while a deeper and better un-
derstanding of the work mechanism is still needed for those novel
Li-rich layered-rocksalt intergrown materials.

Herein, initiated by employing a prototype material
Li; 53Rug 41 Nig 360, based on Ni** and Ru’* combination, we
systematically elucidate the chemical and structural changes oc-
curring during the charge-discharge cycles by combination with
Cs-corrected STEM, hard X-ray absorption spectra, resonant inelas-
tic X-ray scattering, and in-situ X-ray diffraction. It is found that Ni
and anionic O are involved in charge compensation during cycling,
while the Ru®* in the intergrown material remains unchanged
[29]. The data demonstrate that the bulk and local structural of the
as-prepared intergrown material only shows slight variations dur-
ing cycling, further demonstrating the structural advantage of the
intergrown cathode. The insights should provide an enhanced un-
derstanding of the charge and discharge mechanisms and unique
low-strain structural evolution in the novel intergrown cathode
material, and it is hoped this work should guide the future design
of advanced cathode material for lithium-ion batteries.

Fig. 1a shows the scanning electron microscopy (SEM) image of
Li;23Rug 41 Nig 360, material prepared by the solid-state method. It
can be seen that the as-prepared powders have an ordered angular
shape with average particle sizes of 1.5-2.0 um. Figs. 1b-e show the
energy disperse spectroscopy (EDS) images of the as-prepared ma-
terial, and all the elements, O, Ni and Ru, are dispersed uniformly
within the as-prepared material. To observe the atomic microstruc-
ture of Lijo3Rug41Nig350,, high-angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) has been em-
ployed to directly visualize the atomic distribution of TM, and the
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Fig. 1. Morphologies and  structural characterization of intergrown
Lij23Rug41Nig360; material. (a) SEM images for pristine powder. Elemental
mapping of (b) overall, (c) O, (d) Ni and (e) Ru. (f) STEM-HAADF image and
(g) magnified patterns for orange square, (h) blue square and (i) red square. (j)
Biphase-based Rietveld refinement profiles using the R3m and Fm3m models.
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most representative HAADF-STEM image of the as-prepared mate-
rial is shown in Fig. 1f. HAADF-STEM image reveals that there are
two typical crystalline zones interweaved within the particles, the
layered domain arrangement of TM ions on the right (highlighted
by the red square) and the rocksalt domain on the left (highlighted
by the orange square). There is no obvious particle boundary be-
tween layered and rocksalt domains, but naturally transiting with
an intermediate phase. The enlarged views of the rocksalt, inter-
mediate, and layered phases are shown in Figs. 1g-i, respectively.
The apparently different arrangements of Li* and TM ions can be
identified in these three regions. In the layered structure area, the
Li and TM ions are arranged in an orderly manner, consisting of
adjacent slabs of bright spots and dark spots, while in the rocksalt
structure area, the Li and TM ions are randomly distributed, show-
ing an obviously disordered state. Thus, the HAADF-STEM data
clearly reveals the as-prepared material has a layered/rocksalt in-
tergrown structure.

To further confirm the intergrown structure of pristine
Li123Rug 41 Nig 360,, the X-ray diffraction (XRD) characterization is
utilized (Fig. 1j). All the reflections can be indexed well with both
layered R3m structure and rocksalt Fm3m structure as observed
in Fig. 1j. It is worth noting that the super-lattice peaks around
the 20 region of 18°-23°, which is always seen in conventional
layered Li-rich cathode materials, can be hardly seen, which may
be due to the absence of Li/TM ordering in the TM slabs of lay-
ered phase in the as-prepared material. Rietveld refinement of XRD
is further been carried out based on the R3m and Fm3m bipha-
sic models for the as-prepared material. The refinement result is
shown in Tables S1 and S2 (Supporting information), and it shows
that there is 78.6 mol% layered phase and 21.4 mol% rocksalt phase
in the as-prepared material. Therefore, combined with XRD and
HAADF-STEM analysis, the as-prepared material shows a distinct
layered/rocksalt intergrown structure. The chosen transition metals
play a critical role in formation of the intergrown structure, and
the combination of Ni?+ (0.69A) and Ru®*+ (0.57A, 4d3) in the Li-
rich oxides is verified to be feasible to form layered-rocksalt inter-
grown structure [29]. The Ni2* ions with radical size similar to Li*,
tend to partially intermix with Li* and occupy the Li* octahedral
sites, while the Rut ions with distortable d3 electronic configu-
ration, are feasible to accommodate complex octahedral environ-
ments of both layered and rocksalt structures.

To investigate the electrochemical advantages of the as-
prepared intergrown material, the electrochemical performance of
the intergrown cathode Lij3Rug41Nig360, has been measured in
galvanostatic mode with two different voltage window at 2.5-4.6V
and 2.0-4.8V at current density of 12.5mA/g. The initial charge-
discharge profiles in Fig. 2a show that the intergrown cathode ex-
hibits superior lithium ions storage capability with 0.98 Li* dein-
tercalation on initial charge and 0.81 Li* intercalation during sub-
sequent discharge at the voltage window of 2.5-4.6V, while it dis-
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Fig. 2. Electrochemical characterization of intergrown Li;;3Rug 41 Nig360, material.
(a) The initial charge-discharge voltage profiles and (b) corresponding dQ/dV curves
between 2.5-4.6V and 2.0-4.8 V. The electrochemical test has been conducted with
current density of 12.5 mA/g.
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plays ultrahigh Li* extraction of 1.03 of 1.23 total Li inventory and
superior reversible Li* reinsertion of 0.93 at voltage window of
2.0-4.8 V. Interestingly, this material shows an additional capacity
contribution beyond the fully activated and reversible cationic re-
dox (~0.72 e~), implying the anionic redox for the charge compen-
sation that occurs during electrochemical cycling.

To identify the detailed electrochemical contribution during
charge and discharge, the corresponding dQ/dV curves of the as-
prepared materials are shown in Fig. 2b. The intergrown cathode
clearly presents two highly reversible redox peaks and one irre-
versible anodic peak, which is probably associated with the para-
sitic reactions with electrolytes. To distinguish the redox capacity
contribution within the different electrochemical windows, we also
conducted a series of electrochemical test by gradually changing
the charge and discharge cutoff voltage. The detailed electrochem-
ical curves are shown in Figs. S1a and b (Supporting information).
The corresponding dQ/dV curves in Figs. S1c and d (Supporting
information) are almost overlapped at different voltage windows,
which further confirm the high reversible electrochemical redox
reactions in the as-prepared intergrown cathode material. Interest-
ingly, there is no apparent voltage hysteresis in the dQ/dV curves
which is commonly seen in both layered and rocksalt Li-rich ma-
terials. The voltage hysteresis in both layered and rocksalt Li-rich
materials are mainly ascribed to the dynamically irreversible an-
ionic oxygen redox. Hence, the electrochemical data demonstrates
some kinds of contradiction that the Li storage capability of the
intergrown cathode indicates the extra anionic redox contribution
beyond the cationic redox, while the dQ/dV curves manifest that
there is no clear evidence targeted for “dynamically irreversible”
anionic oxygen redox. Therefore, a deep and comprehensive anal-
ysis of the charge compensation process is needed to interpret
the outstanding Li storage capability of the as-prepared intergrown
cathode material.

To gain a better understanding of the fundamental redox pro-
cesses occurring within the Lij;3Rug41Nig360, cathode material
during charge and discharge, the charge compensation mechanism
of the intergrown cathode Li;;3Rug41Nig30, was elucidated by
combining hard X-ray absorption spectroscopy (hXAS) and reso-
nant inelastic X-ray scattering (RIXS) for the oxygen state in bulk.
Figs. 3a and b show Ru K-edge and Ni K-edge hXAS at five rep-
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resentative SOCs based on the initial dQ/dV curves. Fig. 3c shows
the variation of the threshold energy position of TM K-edge, which
is the half-edge energy (Eps) deduced by the half-height method
[30]. It can be seen the energy of Ru and Ni at half maxima is
consistent with Ru®* and Ni%* reference, which further verifies
our previous principle to design intergrown cathode. When charg-
ing to 3.9V, the Ey5 of Ru K-edge maintains unchanged, while the
Eq 5 of Ni K-edge shifts to its highest value, implying the dominant
charge compensation from Ni element below 3.9V for the inter-
grown cathode. When further charging to 4.6V, the Eys of both
Ni K-edge and Ru K-edge does not increase but shifts to a lower
value, and this phenomenon is commonly reported in anionic oxy-
gen activities of Li-rich oxides, which is associated with the ligand-
metal charge transfer between the oxygen and surrounding coordi-
nated TM ions [31-33]. When the discharge voltage reaches 3.8V,
the Eg5 of both Ni K-edge and Ru K-edge remains unchanged, indi-
cating that no TM reduction but anionic oxygen reduction involves
charge compensation above 3.8V discharging. Further discharging
to 2.5V, the Eys of Ru K-edge changes slightly, indicating that Ru
nearly does not involve the charge compensation process at the
initial cycle, as the Ru®t is not easily further oxidized under typ-
ical battery operating conditions, while the Ru®* with distortable
d3 electronic configuration, may act as a structural stabilizer for
both layered and rocksalt phase within the intergrown material,
possibly contributing to the overall structural and electrochemical
stability. While the Egs of Ni K-edge shifts back to the pristine
state, implying the highly reversible Ni redox reaction in the as-
synthesized intergrown cathode.

Moreover, the valence change of anionic oxygen is probed by
RIXS, as RIXS offers unique advantages over XPS and O K-edge soft
XAS in the detection depth and characterization principle. RIXS is
capable of differentiating the intrinsic oxidized oxygen signals from
the dominating TM characters along the new dimension of emis-
sion energy. RIXS could resolve the emission out fluorescence pho-
tons energy in the single data plot, encompassing not just the ex-
citation of core electrons (O 1s) to unoccupied states above the
Fermi level, but also the release of photons by electrons from the
occupied valence states beneath the Fermi level as they revert to
the core-hole states at depths of up to 150nm into the sample,
in comparison with only photons counts from soft XAS at a con-
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stant incident energy. Fig. 3d displays the schematic illustration
of RIXS measurement. Figs. 3e-g show the RIXS line scans of the
intergrown cathode at a constant excitation energy of ~531eV at
pristine state, charging to 4.6V and discharging to 2.5V, and all
the scans show a similar elastic peak at the energy loss of OeV,
and a broadened peak at ~6eV which is attributed to the strong
hybridization between TM-0. Most importantly, for the sample at
4.6V charging, a series of sharp peaks emerge close to the elas-
tic peak between 0 and 2 eV, which has been reported previously
to be associated with the molecular O, gas, or oxidized oxygen
[34,35]. This feature disappears at 2.5V discharging, indicating the
highly reversible anionic oxygen redox in the intergrown cathode.
Thus, combined with both hXAS and RIXS results, we can find that
the Ni mainly oxidized below 3.9V and then anionic oxygen ox-
idized during charging, and during discharging, oxygen reduced
mainly above 3.8V, and then Ni reduced to pristine state at 2.5V.
Both cationic and anionic redox displays superior reversibility and
enables the intergrown material yield outstanding Li-ion storage
capability during charge and discharge.

As maintaining structural integrity while achieving high energy
density remains a great challenge for current cathode material, in
situ XRD analysis has been conducted on the intergrown mate-
rial Lijp3Rug 41 Nig360, with superior reversible lithium storage ca-
pability. The whole 2D contour plot of in situ XRD patterns col-
lected from 15° to 70° (26) and the corresponding charge/discharge
curves of the initial cycles are shown in Fig. 4a and Fig. S2 (Sup-
porting information), respectively. Figs. 4b-d display the 2D con-
tour plots for (003), (101) and (104) plane diffraction peaks based
on the layered phase index, which are closely associated with in-
terlayer spacing and in-plane atomic arrangements. The intergrown
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material presents a continuous shift of diffraction peak with slight
peak broadening, implying the compatibility between layered and
rocksalt phase. Figs. 4e and f present variations of the calculated
lattice parameters ¢ and a. Obviously, both lattice parameters ¢ and
a display only slight expansion/contraction of 0.65% and 1.8% dur-
ing cycling. More importantly, both parameters shift back to the
pristine state at the end of discharge, further demonstrating the
reversible and low-strain long-range structural evolution of the in-
tergrown material. The main layered phase in intergrown structure
presents much less structural change compared with the conven-
tional Li-rich layered materials, indicating the interweaved rocksalt
phase may effectively suppress it.

To further analyze the origin of superior structural stability of
Li;23Rug 41 Nig360, material and decouple the effect from layered
with all diffraction peak overlapping with rocksalt phase, the R
space plots obtained from the Fourier transform of the k-weighted
(k%) Ru and Ni K-edge EXAFS spectra have been shown in Figs.
4g and h, to analyze the local-ordering structural evolution. No-
tably, the actual bond length would be longer than the R value
due to the phase shifts (6(k)) in the EXAFS in Figs. 4i and j. It
can be seen the Ni-O bond contracts when charged to 3.8V, ex-
panding at the end of charge, and remaining steady above 3.8V
discharging and shifting back to the pristine state at the end of
discharge. This variation of Ni-O bond is in well agreement with
the valence change of Ni in Fig. 3b. Meanwhile, the length of Ru-
0 and Ni-O bonds changes slightly, consisting with the low-strain
long-range structural change of the as-prepared intergrown mate-
rial. Furthermore, the local Ni-O and Ru-O bond lengths present
the same tendency, but the latter shows less degree at the initial
cycle, which also decrease the anisotropic change and enhance the
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structural stability at various charge/discharge state, guaranteeing
better structural compatibility.

In addition, the wavelet transform (WT) of EXAFS data com-
bining both radial and k-space (frequency) information is used to
characterize the local structural environment around Ni and Ru el-
ements as illustrated in Figs. 4k-p. It can be seen in Figs. 4k-m
that the bond lengths of approximately 1.4 and 2.7A correspond
to Ru-O and Ru-TM bonds respectively, while the bond lengths of
approximately 1.5 and 2.5A in Figs. 4n-p represent Ni-O and Ni-
TM bonds. The almost unchanged WT Ru and Ni K-edge EXAFS
results for the pristine and discharged 2.5V also support the re-
versible local-ordering structural evolution. Although Ni ions serve
as the dominant redox-active cationic centers, the WT analysis re-
veals superior stability in the Ni-O and second coordination shell
Ni-TM structures during charge and discharge in comparison with
that of Ru, which is quite different from widely reported results
where redox-active metal ions exhibit significant changes in their
local coordination environment [36]. Interestingly, the first coor-
dinated shell Ru-O and second-coordinated Ru-TM for the charged
state of 4.6V presents notable change in comparison with the pris-
tine state, which is well consistent with the change of coordination
intensity in the R space plot in Fig. 4g. This distinction might stem
from the electrochemical activation of oxygen ions. Upon charging
to 4.6V, the oxygen ions oxidation would lead to a shortening of
0-0 bond lengths and the formation of O-O dimers, and conse-
quently, Ru with much stronger covalence with oxygen would un-
dergo considerable coordination environment changes to accom-
modate the change of local lattice oxygen anions, which is also
consistent with the valence change of Ru in Fig. 3a. This finding
may provide deep insights into the correlation between the anionic
oxygen redox and the local structural evolution, and provide more
guidance for optimizing the electrochemical performance and sta-
bility of these advanced cathode materials.

In summary, layered-rocksalt intergrown Lij;3Rug41Nig3602
material was successfully prepared and characterized by
Cs-corrected STEM-HAADF. It exhibits superior lithium ions
(de)lithiation capability with 1.08 Li*+ deintercalation on charge
and 0.93 Litintercalation on discharge. The hXAS and RIXS reveal
that both anionic and cationic redox reactions participate in the
charge compensation process. The low-strain long-range structural
evolution during the initial cycle was demonstrated by in-situ XRD,
which is much less than traditional layered cathode materials. WT
analysis further showed that Ni ions presents a relatively stable
coordination environment, while the Ru undergoes much bigger
local environmental change due to strong covalence to anionic
lattice oxygen. Our study shows a significant and comprehensive
understanding on chemical, long-range and local-ordering struc-
tural evolution for layered-rocksalt intergrown cathode materials
with superior Li storage capability. The intergrown structure is
not only limited to the layered-rocksalt phases studied in this
work, but can also extend to the spinel phase, which possesses
a similar cubic close-packed oxygen structure. Exploring the in-
tergrown structures of layered, rocksalt, and spinel phases opens
up more possibilities in the design and development of advanced
cathode materials. Each of these phases possess their unique
properties: The layered phase offers high capacity, the rocksalt
phase contributes to structural stability, and the spinel phase is
well known for good ionic conductivity and structural robustness.
It should open up a vast array of composition possibilities for
high-performance cathode design, moving beyond traditional
single-phase materials and offering solutions to longstanding
issues like energy density, safety, and cost. This approach would
significantly influence the design strategies and performance
optimization of next-generation lithium-ion batteries.
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