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Li@Mng superstructure units from the model compound Li;MnOs, i.e., six MnOg octahedra linked like a ring
(Mne) with a central LiOg octahedron, could provide extra capacity when composited with other transition metal
octahedra (TMOg) structure units in Li and Mn-rich TM layered oxides, xLioMnOj3-(1-x)LiTMO>, one of the most
promising high-energy-density cathodes. Nevertheless, it suffers serious capacity and voltage fade due to the
unstable local oxygen environment in the basic superstructure unit Li@Mng. Herein, a new Li-rich layered oxide
cathode, Li(Li;/6Mn;j/3Ni;/3Sb1,6)02, was designed and synthesized by compositing Li@Mne with a similar su-
perstructure unit Sb@Nig. Complementary structural/chemical analysis combining with the electronic structure
calculations reveal that, the uniform mixing of these two superstructure units at the atomic level has been firstly
accomplished in TM layers, which introduces a large amount of boundaries between Li@Mng and Sb@Nig super-
units, thus greatly enriching the local oxygen environments, and reducing the energy barrier of Li* diffusion.
Therefore, the better electrochemical performance, especially the superb cycling stability with the larger capacity
(double that of Li(Niy/3Sb,/3)O2) is implemented. It provides another route to design new Li-rich layered oxides

with the better cycling stability by modifying local oxygen environments.

1. Introduction

In recent years, energy storage has become more and more urgent
facing to the global warming and the shortage of fossil fuel. Lithium ion
batteries (LIBs), due to the high energy density and safety, are consid-
ered as one of candidates for the next-generation energy storage devices
[1,2]. Nevertheless, the energy density, cycle life and safety of LIBs still
could not meet the explosive-growing market requirements, especially
for electric vehicles, stationary energy storages, and so on [3-5]. One
crucial challenge is to search new cathodes with high energy density.
Currently, transition metal (TM) layered oxides are widely considered
owing to their high theoretical capacities [6-10]. Structure unit, which
means the lattice atom and its coordination environment, determines
the electrochemical performance of TM layered oxides to a great extent
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[11]. Therefore, to design new cathode materials from different struc-
ture units is an effective way to obtain the next-generation cathodes with
high performance.

Li@Mng superstructure unit from a model layered oxide LioMnOs, in
which six MnOg octahedra are linked like a ring (Mng) with the central
LiOg octahedron, could provide extra capacity when composited with
other transition metal octahedra (TMOg) structure units in LITMO, (TM
= Ni, Co, Mn). The superstructure, originated from the ordering of Li/
Mn in the TM layers, will cause Li-O-Li connection configuration, which
contributes to the oxygen redox during charging-discharging process.
The superstructure in single-layer Lio,MnO3 will be stable, however, it
will become unstable when it gathers in domain [12-14]. As such, Li and
Mn-rich TM layered oxides, which could be written as xLioMnOs.(1-x)
LiTMO5 (TM = Ni, Co, Mn), exhibit high practical capacity (>250 mA h
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g’l) and have become one of the most promising cathodes [15-20].
Oxygen redox reaction to LioMnO3 (LLMO) component is responsible for
the superior electrochemical activity [21-24]. Actually, the oxygen
redox activity comes from the unique superstructure unit Li@Mng ring
in LLMO as compared to LiTMO, component. Nevertheless, the oxygen
redox is partially irreversible due to the unstable local oxygen envi-
ronment on Li@Mng unit in Li and Mn-rich cathodes, i.e., each oxygen
anion is surrounding with four Li ions and two Mn cations. It would lead
to the irreversible lattice oxygen loss, and the structure degradation
from the active layered phase to the inactive spinel phase, which initi-
ated into the particle surface, and creeped into the bulk. Eventually, the
fast capacity and voltage decay are observed during long-term cycling,
which severely impede the practical application [25-27]. In brief, the
unstable oxygen environment in Li@Mne units can provide high ca-
pacity but fast capacity/voltage decay. To solve this concern, multiple
methods including surface modification/coating [28-30], the layer-
ed/spinel heterostructure [31,32], and elemental doping (Al, Ti, Mg,
etc.) [33-35], were developed. In principle, all these methods involve
the modification of the local oxygen environment partially, which
demonstrates the significance and effectiveness of tuning the local ox-
ygen environment in solving the concern above.

Similar with Li@Mng unit, another superstructure unit Sb@Nig ring,
in which six NiOg octahedra are linked like a ring (Nig) with the central
SbOg octahedron, was reported in a sodium TM layered oxide cathode
Na(Niy/3Sb1,3)O2 for sodium ion batteries. The stable local oxygen en-
vironments, i.e., each oxygen anion is surrounding with three Na* ions,
two Ni cations and one Sb cation, could not only promote the air stability
and thermal stability, but also increase the redox potential and simplify
the phase transition process during cycling [36,37]. As a prototype
compound composing of Sb@Nig superstructure unit for LIBs [38,39], Li
(Niy/3Sby,3)O2 (LNSO) inherits the stable local oxygen environment, i.e.,
each oxygen anion is surrounding with three Li* ions, two Ni cations and
one Sb cation. However, it could only deliver low capacity (<100 mA h
g™ 1) and poor cycling stability [40].

Li@Mng in layered Li(Nip sMng 5)O2 to show ‘inorganic aromaticity’,
originates from the direct delocalized interactions by Mn-d,, orbitals
with the super-exchange interactions by Mn-O-Mn, which has similar
electronic behaviour with benzene-p, does [41]. And Sb@Nig in layered
Na(Niy/3Sby,3)O2 shares d-electrons with each other by a strong
Ni-O-Ni 90° super-exchange interaction [36]. In normal Li-rich TM
layered oxides xLioMnOj3.(1-x)LiTMO,, Li;MnOs3 can keep an ordered
superstructure Li@Mng ring but LiTMO5 has disordered Ni, Mn and Co
arrangements due to their internal energy difference around 3.57
meV/atom, which is smaller than the entropy term (13.7 meV/atom) at
1000 K [42]. Thus, it is possible to obtain a new cathode material by
combining Li@Mng and Sb@Nig superstructure units together, and also
come up with fundamental questions. For example, whether Li@Mng
and Sb@Nig are in the same layer or separator layers, and if both su-
perstructure units are in the same layer, how to arrange the boundary
and how to affect electrochemical properties?

Herein, we design and synthesize a new Li-rich layered oxide Li(Li;,
6Mn; /3Nij /3Sb1 /6)O2 (LLMNSO) by mixing Li@Mng and Sb@Nig super-
structure units together at the molar ratio of 1:1, which could also be
written as 0.5Li(Lij/3sMng/3)02-0.5Li(Niz/3Sb1,3)O2. Interestingly, the
uniform mixing of these two units at the atomic level has been firstly
accomplished in the same TM layer. The local oxygen environment is
modified and activated due to the formation of boundaries between
Sb@Nig and Li@Mng, which can reduce the energy barrier of Li™
diffusion and provide extra capacity. Different to the previously-
reported Li-rich layered oxides, LLMNSO exhibits the high initial ca-
pacity (double that of LNSO) with the high initial coulombic efficiency
about 90%, and the superb cycling stability. These findings provide a
guidance for designing new cathodes with higher energy density and
better cycling stability in LIBs by regulating the local oxygen
environment.
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2. Results and discussions
2.1. Design of composited Li-rich layered oxide

Fig. 1 shows the design process of LLMNSO. As shown in Fig. 1a,
LNSO exhibits a typical layered structure with O’'3 phase (space group
C2/m). Li layers and TM layers alternately stack along the c axis. One
TM layer is composed of Ni>* and Sb>" ions in the ratio of 2: 1. They
distribute over honeycomb pattern composed of the superstructure unit
Sb>* @Ni?*¢ six-membered rings, wherein Ni2* cations in the vertex and
Sb>" cations in the center of the six-membered ring (Fig. 1b). As shown
in Fig. 1c—d, LLMO has the similar crystal structure with LNSO. TM
layers are also tiled from the similar superstructure unit Lit@Mn**¢ six-
membered rings. The only difference between these two units is that, the
positions of Nit and Sb>* are substituted by Mn*" and Li* in the six-
membered rings. Due to the similar layered structure, it is feasible to
composite them with the ratio of 1:1 to construct LLMNSO, maintaining
the same structure. Moreover, Ni>* and Mn*" are expected to occupy the
same site in this structure in LLMNSO as well as Sb>" and Li*, due to the
mixture of Sb>*@Ni?*¢ unit and Li*@Mn**¢ unit, as shown in Fig. le.

2.2. Enhanced electrochemistry in composited Li-rich layered oxide

Synchrotron X-ray diffraction (SXRD) was utilized to analyze the
crystal structure of as-prepared materials. As shown in Fig. 2a-b and S1,
the similar layered structure is validated by the similar patterns with
that of LNSO, LLMO and LLMNSO. Moreover, no peak splitting in the
pattern of LLMNSO indicates the good solid solution reaction between
LLMO and LNSO, and the wider peak profiles hint the smaller grain size
(Table S1). In addition, the similar superstructure peaks of LLMNSO and
LNSO can be observed (insets of Fig. 2a-b), implying that the Sb@Nig
and Li@Mng units have been preserved in LLMNSO. To clarify it, the
model of the disordered LLMNSO structure is built, and the simulated
XRD pattern is shown in Fig. S2. No superstructure peak between 20 and
30°could be observed, which further proves the existence of Sb@Nig and
Li@Mng superstructure units in LLMNSO. It is worth noting that, the
pure phase of LLMNSO can be obtained only at very high calcination
temperature (1100 °C). Rietveld refinement was performed on XRD
patterns of LNSO and LLMNSO, and the parameters were deposited in
Table S1. The lattice parameters a, b, ¢ of LLMNSO are all smaller than
those of LNSO, due to the larger atomic radius of Ni%* (0.69 10\) than that
of Mn*" (0.53 A). SEM images of LNSO and LLMNSO are shown in
Figs. S3a-b, respectively. Irregular morphology is observed for LNSO
with the particle size <200 nm, while LLMNSO has the similar
morphology and the larger particle size close to 1 pm, which may be due
to the higher annealing temperature (1100 °C). High resolution trans-
mission electron microscope (HRTEM) images of LNSO and LLMNSO are
shown in Figs. S3c—d. Both LNSO and LLMNSO have perfect layers along
the c direction, and the smaller 001 interplanar distance of LLMNSO
(0.51 nm) as compared to that of LNSO (0.52 nm) is consistent with the
smaller lattice parameter ¢ (Table S1). The element compositions of
LNSO and LLMNSO are characterized by energy dispersive spectrum
(EDS), as shown in Fig. S4. The atomic ratio of Ni and Sb is close to 2:1 in
LNSO, and the atomic ratio of Mn, Ni and Sb is nearly 2:2:1 in LLMNSO,
which are well consistent with our design.

The charge/discharge profiles of LNSO and LLMNSO in the 1st cycle
are shown in Fig. 2c. As for LNSO, one obvious voltage plateau is
observed at around 4.1 V during charging, and the corresponding
discharge plateau appears at 3.8 V, which is consistent with the cyclic
voltammetry (CV) curve (Fig. S5a). The discharge capacity of LNSO is
95 mA h g~!, which is much less than the theoretical capacity (225 mA h
g 1. In comparison, LLMNSO exhibits a smaller charge/discharge po-
larization, and the discharge capacity reaches 165 mA h g~!, nearly
double that of LNSO. Different to LNSO, there is a short plateau above
4.5 V (marked by the dashed magenta rectangle), which presumably
comes from a small amount of oxygen redox, but is different to the
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Fig. 1. Scheme illustration for designing new Li-
rich layered oxide LLMNSO by compositing
LNSO and LLMO. (a) The layered structure of LNSO
perpendicular to a axis. (b) TM layer of LNSO
showing the honeycomb pattern composed of the
superstructure unit Sb5+@Niz+6. (c) The layered
structure of LLMO perpendicular to a axis. (d) TM
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Fig. 2. The layered structures and the electrochemical performances of LNSO and LLMNSO. The synchrotron X-ray diffraction (SXRD) patterns and Rietveld
refinements of LNSO (a) and LLMNSO (b). The superlattice peaks are marked by the black dashed circles, and magnified in the insets. (c) The charge/discharge
profiles of LNSO and LLMNSO in the 1st cycle at 0.1 C (1 C = 200 mA g 1) in the voltage range of 2.0-4.8 V. The region related to oxygen redox is marked by the
magenta dashed rectangle. (d) The cycling stability of LNSO and LLMNSO at 0.1 C in the voltage range of 2.0-4.6 V.

previously-reported Li-rich layered oxides [43]. This phenomenon could
also be validated in the CV curves of LLMNSO (Fig. S5b). An obvious
wide oxidation peak appears above 4.5 V in LLMNSO at the first cycling,
which corresponds to the short voltage plateau in Fig. 2¢, implying the
existence of oxygen redox [44,45]. Nevertheless, the intensity of this
peak is much weaker when compared to the similar oxidation peak in CV
curves of Li and Mn-rich cathodes reported recently [43], which also
demonstrates that less oxygen redox in LLMNSO. The oxidation peak
around 4.2 V and the reduction peak around 3.5 V in the first cycle

correspond to Ni redox. The CV curves are similar during the following
two cycles, one oxidation peak around 4.1 V and one reduction peak
around 3.5 V could be observed, which corresponds to Ni?*/Ni**.
Therefore, the capacity of LLMNSO is originated from a large portion of
TM redox and a small portion of oxygen redox. It can be further
confirmed by X-ray photoelectron spectroscopy (XPS). Figs. S6-S7
display the X-ray photoelectron spectra of Ni 2p in LNSO and LLMNSO at
different charge/discharge states during the 1st cycle. Ni 2p3/» peak
shifts to the high binding energy during charging and back to the low
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binding energy during discharging for both cases. This demonstrates
that the reversible redox of Ni cations during charging/discharging
occurred in both LNSO and LLMNSO. To quantify the variation trend of
Ni valence, Ni 2ps/; peaks are divided into two sub-peaks (Ni2* around
855 eV and Ni>* around 856.5 eV) using mixed Gaussian—Lorentzian
fitting. The relative content of Ni>" in the samples is calculated by the
peak area ratio of Ni%*/(Ni?>*+Ni*") according to fitting results, and
deposited in Tables S2-S3 for LNSO and LLMNSO. Stronger Ni redox
reaction is observed in LLMNSO than LNSO, which is consistent with the
larger capacity for LLMNSO.

The cycling performance of LNSO and LLMNSO at 0.1 C are
compared in Fig. 2d. The capacity of LNSO fast decays from 87 to 36 mA
h g1 after 50 cycles, showing a low capacity retention of 41.3%. For
LLMNSO, a small capacity degradation from 147 to 127 mA h g ™! occurs
in the initial 8 cycles due to the initial surface reaction [46]. After that,
about 97% of the capacity retention is observed in the following 42
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the thickness of ~2 nm is observed at the particle surface, demonstrating
its superb structure stability after long-term cycling. The cycling per-
formance of LNSO and LLMNSO at 0.5 C in the voltage range of 2-4.6 V
are shown in Fig. S9, LLMNSO also shows a much better rate perfor-
mance compared to LNSO. The capacity retention could achieve to 87%
after 100 cycles, demonstrating that LLMNSO could also exhibit superb
cycling performance at high current density. The cycling stability should
be greatly related to the structure evolution during cycling. To study the
reason for the good cycling stability of LLMNSO, we tracked the struc-
ture variation in LNSO and LLMNSO during the 1st cycle through ex situ
XRD. As shown in Fig. S10, XRD patterns of LNSO and LLMNSO under
different charging/discharging states are presented. All the patterns are
position-calibrated and intensity-normalized according to the strongest
peak (around 65°) of Al current collector. To carefully examine the
structure evolution, (001) peaks of LNSO and LLMNSO at different
voltages are enlarged in Figs. S10c—d. It is obvious that the (001) peak of

LNSO shifts a little after the 1st cycle, implying the irreversible structure
evolution in LNSO. In comparison, (001) peak of LLMNSO returns to the
original position after discharging, demonstrating a reversible structure

cycles, displaying a superb cyclic stability. The HRTEM image of
LLMNSO cathode after 10 cycles is shown in Fig. S8. It still maintains the
well-aligned layered lattice in bulk, and only a little of spinel phase with
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Fig. 3. Identification of the hybridization mode of Li@Nig and Sb@Mn¢ by 3D electron diffraction. The illustration of the built model from a (a), b (b) and c (c)
direction and the corresponding simulated electron diffraction images from a (d), b (e) and c (f) direction. The diffuse diffraction is marked by blue dashed rectangles.
The built model is similar with the model shown in Fig. 1a, the differences are on the TM layers: One TM layer is composed of Sb@Nig or Li@Mng alone, and Li/Mn
layer and Sb/Ni layer alternatively stack along the c direction. The simulated electron diffraction images were accomplished by CrystalMaker and SingleCrystal
software from three lattice directions. The three-dimensional electron diffraction images from a* (g), b* (h) and c* (i) direction of the same LLMNSO particle (shown
at the lower right corner of Fig. S12). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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evolution for LLMNSO. To further quantify the variation, the peak po-
sition of the (001) peaks is plotted as a function of the voltage during
charging (Fig. S11). For LNSO, it exhibits complex phase transition
during charging, which may result in the poor cycling performance of
LNSO. For LLMNSO, only two changes are observed with the increasing
of the voltage, which is consistent with the previous reports about
Li-rich cathodes [47,48]. Less structure transition may hint the stable
structure for LLMNSO, thus the better cycling capability as compared to
LNSO.

2.3. Atomic uniformity of structure units in TM layers

The different electrochemical behaviours between LLMNSO and the
normal Li-rich cathodes might be attributed to the different local oxygen
environments, which are determined by atomic arrangement in TM
layers. In order to understand whether Li@Mng and Sb@Nig units are in
the same TM layer or alternately stacking layer, the accurate crystal
structure of LLMNSO is investigated by 3D electron diffraction tech-
nique, as shown in Fig. S12. To identify the structure, a possible struc-
ture model with the alternately stacking of Li@Mng layer and Sb@Nig
layer (from LLMO and LNSO, respectively) along c direction is built in
Fig. 3a—c, and the corresponding electron diffraction images along a, b
and c direction are shown in Fig. 3d-f. As shown in Fig. 3d and e, the
extra weak diffraction points called “diffuse diffraction” (marked by
blue dashed rectangles) could be observed besides the strong diffraction
points, which come from the stacking orderliness of TM layers along ¢
direction [49]. The electron diffraction images of LLMNSO along the a*,
b* and c* directions are clearly demonstrated in Fig. 3g-i. Compared
with the model built, no diffuse diffraction points could be observed in
diffraction images of LLMNSO from a and b direction (Fig. 3g and h),
demonstrating the disordered atomic arrangement along the ¢ direction.
Thus, Li@Mng and Sb@Nig units are stacked in the same TM layer. In
addition, owing to the dense diffraction points shown in Fig. 3i as
compared with the sparse points simulated in Fig. 3f, the atomic
arrangement in ab plane should be also disordered in LLMNSO.

In order to probe how Li@Mng and Sb@Nig units be arranged in the
same layer, spherical aberration (Cs) corrected STEM was used to
further explore the atomic arrangement of LLMNSO. As shown in Fig. 4a,
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the high-angle annual dark field (HAADF) and integrated differential
phase contrast (iDPC) images of LLMNSO exhibits the perfect layered
structure along the c direction. Owing to the great difference in atomic
number of Li and Sb, their scattering cross sections will be extremely
different, which will be reflected by contrast differences in HAADF and
iDPC images. However, no apparent difference in contrast could be
observed in TM layers, hinting that Li@Mng unit and Sb@Nig unit are
uniformly mixed at the atomic level in the same TM layer. It is consistent
with the results of 3D electron diffraction above. FFT map transformed
from the iDPC image of LLMNSO (Fig. 4b) is shown in Fig. 4c. The weak
diffraction spots in the dashed rectangles imply the existence of local
ordered phase. The inverse FFT map from these weak diffraction points
in Fig. 4c is presented in Fig. 4d. The ordered part could be observed
(marked by the cyan circles), which might be due to the local segrega-
tion and enrichment of some Sb@Nig units or Li@Mng units. In brief,
Sb@Nig units and Li@Mng units mainly distribute uniformly to a great
extent in TM layer of LLMNSO.

2.4. Reversible oxygen redox revealed by XPS

The atomic uniformity of Sb@Nig units and Li@Mng units in TM
layers has been confirmed by the local structure analysis above. Owing
to such atomic mixing in TM layers of LLMNSO, the boundaries between
Sb@Nig and Li@Mng units will be abundant, which would lead to a
variety of local oxygen environments. O 1s XPS was utilized to distin-
guish these different oxygen environments in LNSO and LLMNSO elec-
trodes. As shown in Fig. S13, we remove the Sb 3d peaks at the
originated O 1s XPS spectra through peak fitting, to eliminate the
overlapping of O signal and Sb signal. The treated XPS spectra of O 1s at
different charge/discharge states during the 1st cycle are shown in Fig. 5
for LNSO and LLMNSO. As shown in Fig. 5a, only one distinct peak
around 529.8 eV could be observed in the pristine electrode, which
corresponds to the lattice oxygen in LNSO electrode [50]. During
charging-discharging, no obvious change could be observed for this
peak, demonstrating no oxygen redox involved. It is consistent with the
pure Ni redox contribution to the electrochemistry above. Differently in
Fig. 5b, two apparent peaks could be found in O 1s XPS spectra of
LLMNSO, one peak around 529.7 eV (0O1) and the other around 532.3 eV

Fig. 4. Cs-corrected STEM analysis to
reveal the structure details in the
composited Li-rich layered oxides
LLMNSO. (a) STEM HAADF image (left
panel) and iDPC image (right panel)
revealing the corresponding composited
layered structure (middle panel) from the
different aspects of atomic contrast. (b) iDPC
image of LLMNSO. (c) FFT map transformed
from the iDPC image in (b). The weak
diffraction spots are observed in the dashed
rectangles, hinting the existence of local or-
dered phase. (d) The inverse FFT map from
the weak diffraction patterns in (c), indi-
cating the local coexistence of ordered
(highlighted by the cyan marks) and disor-
dered phases. (For interpretation of the ref-
erences to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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calculated by Pauling’s rule when compared to oxygen anions in LNSO
and LLMO [42]. During the 1st cycle, O2 peak intensity in LLMNSO
decreases during charging and increases during discharging, implying
the corresponding oxygen anions may possess electrochemical activity

and contribute to the ext
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ra capacity of LLMNSO.
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Fig. 5. Chemical analysis to reveal the
reversible oxygen redox in LLMNSO. XPS
spectra of O 1s in LNSO (a) and LLMNSO (b)
electrodes at different charging-discharging
voltages during the first cycling. O 1s peaks
around 529.7 eV are defined as O1 (marked
by blue dashed rectangle) and the peaks
around 532.3 eV are defined as 02 (marked
by orange dashed rectangle). (For interpre-
tation of the references to colour in this
figure legend, the reader is referred to the
Web version of this article.)

2.5. Modification of local oxygen environments

Based on the analysis above, more Lit ions could be involved in
intercalation/deintercalation in LLMNSO as compared to LNSO, which
is most likely due to the modification of local oxygen environment. To
validate the hypothesis, the model structures with various oxygen en-
vironments are constructed, and the corresponding electronic structures
are calculated based on DFT theory.

The local oxygen environments in LLMO, LNSO and LLMNSO are
shown in Fig. 6. In LLMO with Li@Mng unit (Fig. 6a), each oxygen anion
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Fig. 6. Theoretical calculations to prove
the modification of local oxygen envi-
ronment in LLMNSO. (a) Li@Mng unit in
TM layer and (b) the corresponding local
oxygen environment MnLiMn in LLMO. (c)
Sb@Nig unit in TM layer and (d) the corre-
sponding local oxygen environment NiSbNi
in LNSO. (e) The connected Li@Mng and
Sb@Nig unit and their boundary (marked by
pink dashed circle) in the TM layer of
LLMNSO. (f) The emerging local oxygen
environments originated from the boundary
in (e), including NiLiNi, NiLiMn, NiSbMn,
and MnSbMn. (g) Projected density of states
(pDOS) of O 2p orbitals within the structure
models containing the local oxygen envi-
ronments of MiLiMn, NiSbNi, NiLiNi,
MnSbMn, NiLiMn and NiSbMn, respectively.
The extra pDOS from the oxygen anions in
the local oxygen environments of NiLiNi,
MnSbMn, NiLiMn and NiSbMn are marked
by blue dashed circle. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the Web version of
this article.)
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is connected by three Li ions in Li layer, and one Li ion and two Mn
cations in TM layer (Fig. 6b), defined as MnLiMn. Similarly, in LNSO
with Sb@Nig unit (Fig. 6¢), each oxygen anion is coordinated by three Li
ions in Li layer, and one Sb cation and two Ni cations in TM layer
(Fig. 6d), defined as NiSbNi. As shown in Fig. 6e, lots of boundaries
between Li@Mng and Sb@Nig units (marked by the grey circles) appear
in LLMNSO, which lead to the formation of four kinds of new local ox-
ygen environments, as shown in Fig. 6f. These are defined as NiLiNi,
NiLiMn, NiSbMn and MnSbMn, respectively. In brief, six kinds of local
oxygen environments exist on LLMNSO, two of them are from Li@Mng
and Sb@Nig unit, and the other four are from the boundary between in.
The DFT calculations are performed based on the models with the
chosen six local oxygen environments (MnLiMn, NiSbNi, NiLiNi,
MnSbMn, NiLiMn and NiSbMn), respectively, and the corresponding
projected DOS (pDOS) of the oxygen 2p states are shown in Fig. 6g.
Interestingly, extra pDOS contribution between —0.5 and —2.0 eV
relative to the Fermi level (marked by the blue circle), could be observed
for NiLiNi, MnSbMn, NiLiMn and NiSbMn, related to the boundary. We
can deduce that, the oxygen anions at the boundary are more activating
and easier to participate in electrochemical reaction. The similar phe-
nomenon could also be observed in the pDOS of Ni 3d orbitals and Mn 3d
orbitals, as shown in Fig. S14. Considering each Li™ ion is connected by
six oxygen ions in LLMNSO, lithium ions connected by oxygen anions at
the boundary will be easier to diffuse. In other words, the modification
of local oxygen environment at the boundary could reduce the energy
barrier of Li* diffusion and provide more capacity during cycling. To
further prove this conclusion, we also use NEB method to calculate the
migration barrier of one Li-ion diffusion in different structure models of
MiLiMn, NiSbNi, NiLiNi, MnSbMn, NiLiMn and NiSbMn, respectively.
As shown in Table S4, the migration barrier of one Li-ion diffusion in
NiLiNi, MnSbMn, NiLiMn and NiSbMn (related to the boundary) are
lower than MnLiMn and NiSbNi, which also demonstrates that Li-ions
connected by oxygen anions at the boundary will be easier to diffuse.

3. Conclusions

A new Li-rich layered oxide LLMNSO has been designed and suc-
cessfully synthesized by composting two similar superstructure units
Li@Mng and Sb@Nig, which originated from LLMO and LNSO. It shows
better electrochemical performance compared to LNSO, especially the
doubled capacity and the excellent cycling stability. Combining the
electron diffraction and Cs-STEM images, the atomic-level mixture of
Li@Mng and Sb@Nig is implemented in the same TM layers of LLMNSO.
Such a uniformity brings with a large number of boundaries between
Li@Mng and Sb@Nig superstructure units, and introduces more local
oxygen environments in LLMNSO. DFT calculations as well as the XPS
results demonstrate that, these emerging local oxygen environments at
the boundary exhibit more electrochemical activity, lower the energy
barrier of Li diffusion and provide extra capacity. These findings provide
new guidance for the development of new high-capacity positive elec-
trode materials by modifying the local oxygen environments through
multiple cations mixing.
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