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The oxygen activation, contributing to the high capacity (> 250 mA h g=!) of Li-rich transition metal (TM)
layered oxides xLi,MnO5°yLiTMO, (TM = Mn, Ni, Co, Fe, etc.), is rooted in the unique 180° Li-O-Li configu-
ration due to the ordering arrangement of Li@Mng superstructure units in Li,MnO5; component (equivalent to
Li[Li; 5Mn, ,3]0,), but the relationship between the oxygen activation and the distribution of Li@Mn, superstruc-
ture units has not established. Herein, we comprehensively investigated the dispersion behavior of Li@Mng super-
structure units during the synthesis of a model compound Li[Li; 4Mn, ,3Ni, 5Sb, 410, (0.5 Li[Li, sMn, ,3]0,0.5
Li[Ni, 3Sb, ,3]0,) combining ex-situ X-ray diffraction (XRD) and in-situ/ex-situ transmission electron microscope
(TEM). It revealed the entire process from the formation of Li@Mn, superstructure units, to the gradual fusion
with Sb@Nig superstructure units, eventually to the complete dispersion at 1100 °C. The systemic electrochemi-
cal tests demonstrated that, the dispersion of Li@Mng superstructure units effectively suppressed the irreversible
oxygen activation, and the best capacity and voltage retentions were obtained in the solid solution with the
complete dispersion of Li@Mng superstructure units. This work benefits the design of high performance Li-rich

layered oxides with the modest anionic redox activity through the local structural tuning.

1. Introduction

The requirement for the next-generation sustainable and clean en-
ergy has become more and more crucial facing to the exhausted fossil
fuels. Correspondingly, it demands more advanced energy storage tech-
niques [1-3]. Lithium ion batteries (LIBs), owing to the high energy
density and the environmentally friendly characters, have been widely
utilized in electronic devices and electric vehicles [4-6]. Nevertheless,
the higher energy density and better cycling stability have been pur-
sued for the next-generation LIBs [7]. The energy density of LIB system
is largely decided by the cathode materials [8]. Compared with the other
cathode materials, Li-rich layered oxides, written as xLi,MnO5+yLiMO,
(M = Mn, Ni, Co, Fe, etc.), are considered as the next-generation cathode
due to their high specific capacity (> 250 mA h g~!) and high energy
density (> 900 mW h g=1) [9-11].

The high capacity of Li-rich cathodes is originated from the special
anion redox. Guo et al. found that the extra-capacity of Li-rich cathodes
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was originated from the oxygen activation [12,13]. The lattice oxygen
02~ would be oxidized to form the 0-O dimers O,"~ while charging to
high voltage, demonstrating the reversible 0>~/0,"" redox in Li-rich
cathodes [14-16]. However, the oxygen loss in the form of O, or Li,O
from the surface of Li-rich cathodes was also widely reported [17,18].
Ye et al. demonstrated the oxygen loss contributed more capacity than
the reversible oxygen redox in the first charge process [19]. It not only
leads to the low initial Coulombic efficiency, but also causes the mi-
gration of transition metal (TM) cations and the structural degradation
from layered to spinel phase [20-22]. The phase transition could be
observed both on the surface and in the bulk, causing the continuous
capacity and voltage degradation with cycling. The oxygen loss is orig-
inated from the irreversible oxygen activation in Li,MnO5 part of Li-
rich cathodes: Zhuo et al. recently revealed that, oxygen in Li,MnO;
processed a too high electrochemical activity to have none reversible
oxygen redox [23]. In contrast, the complex with LiTMO, in Li-rich lay-
ered oxides could suppress the irreversible oxygen activation partially,
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Scheme 1. Illustration of tuning the dispersion
of Li@Mng superstructure units to regulate the
oxygen activation behavior in Li-rich layered

oxide cathodes.
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and increase the proportion of the reversible oxygen redox. Therefore,
to further suppress the irreversible oxygen activation in Li,MnO5 part
of Li-rich cathodes is essential to eliminate the negative electrochemical
impacts.

The electrochemical behavior of the cathodes is largely related to
their crystal structure. In the typical Li-rich cathodes, the electrochemi-
cal behavior could be divided into two parts, TM redox part and oxygen
redox part [24,25]. The latter is originated from the unique 180° Li-O-Li
configuration due to the Li@Mng superstructure unit in TM layers. The
previous reports discovered that the oxygen activation process and the
electrochemical performance of Li-rich cathodes were determined by the
arrangement of the Li,MnO3 domains [26-29]. Zuo et al. demonstrated
that the better electrochemical properties could be obtained by tuning
the distribution of Li,MnO3 domain (equivalent to Li[Li; ,5Mn,,3]10,) in
Li-rich cathode [30]. Hwang et al. discovered that the more reversible
oxygen redox could be obtained by more dispersed Li,MnO; domain in
Li-rich cathodes [28,29]. Thus, we can deduce that, the edge-sharing
arrangement of Li@Mng units in Li,MnO5; domain would lead to over-
active O configuration, while the dispersion of Li@Mng units in TM
layers of Li-rich layered oxides could suppress the irreversible oxygen
activation. In another word, the dispersion of Li@Mng units may be
related to the oxygen activation process (Scheme 1). It has been re-
ported that the dispersion behavior of the Li@Mng superstructure units
in Li-rich oxides is closely related to the synthesis process [31-33]. Un-
til now, the structural evolution of Li-rich oxides during synthesis has
been reported from the viewpoint of the phase analysis, however, the
dispersion process of Li@Mng superstructure unit and the correspond-
ing influences on electrochemical performance have not been clarified
[34,35]

In this work, we took Li-rich oxide Li[Li; ¢Mn;3Ni; 3Sby /510,
(LMNSO) (composed of Li[Li; 3Mn,,3]105 (LMO) and Li[Ni, 3Sb; 3]0,
(LNSO) with the ratio of 1:1) as an ideal model composite compound to
investigate the dispersion process of Li@Mng superstructure units dur-
ing the synthesis, considering the big difference in the atomic weight be-
tween Sb and Ni/Mn. Combining ex-situ X-ray diffraction (XRD), ex-situ
transmission electron microscope (TEM), and in-situ TEM, the detailed
evolution from the phase segregation to the particle growth, then to the
particle merging, and finally to the phase merging, were clearly demon-
strated. The electrochemical behaviors of these intermediates with dif-
ferent dispersion extents of Li@Mng superstructure units further con-
firmed that, the irreversible oxygen activation could be greatly sup-
pressed by the uniform dispersion of Li@Mng units, thereby enhancing
the reversibility of oxygen redox, and the better cycling stability and the
lower voltage decay could be achieved. These findings provide a deeper
understanding into the formation and evolution of Li@Mng superstruc-
ture units and the relationship with electrochemical performance in Li-
rich cathodes.
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2. Experimental
2.1. Preparation of LMNSO, LMO and LNSO

LMNSO was synthesized by sol-gel method. In a typical process,
C,H;0,Li-2H,0, NiC,H0,4H,0, CgHgO4Sb and C,HgMnO,-4H,0
(Sinopharm Chemical Reagent Co., Ltd) in the stoichiometric ratio were
mixed in deionized water. Citric acid and polyvinylpyrrolidone (PVP-
K30) (Aladdin Reagent Co., Ltd) were chosen as the chelating agent
in the ratio of 1:1. The solution was stirred at 90 °C until it trans-
formed to a colloid. Then the sample was calcined at 140 °C for 3 h,
at 500 °C for 3 h and naturally cooled to room temperature to get the
precursor. The precursor was calcined at 600, 700, 800, 900, 1000, and
1100 °C for 20, 18, 15, 12, 10, 6 h, respectively, to obtain LMNSO-
600, LMNSO-700, LMNSO-800, LMNSO-900, LMNSO-1000 and LMNSO-
1100. A series of LMO-LNSO solid solution in different ratios, including
LMNSO14 (LMO:LNSO=1:4), LMNSO12 (LMO:LNSO=1:2), LMNSO21
(LMO:LNSO=2:1) and LMNSO41 (LMO:LNSO=4:1), were synthesized
by sol-gel method. The synthetic process was similar with the LMNSO-
1100. Li,CO5 (Aladdin) and Mn30, (Aladdin) were mechanically mixed
in the molar ratio of 3:1 and annealed at 800 °C to obtain LMO. Li,CO4
(Aladdin), NiO (Aladdin) and Sb, 04 (Aladdin) were mechanically mixed
in the molar ratio of 3:4:1 and annealed at 800 °C to obtain LNSO.

2.2. Materials characterization

The crystal structures of LMO, LNSO and LMNSO were characterized
by high power XRD collected by Bruker D8-Advance diffractometer us-
ing Cu-Ka radiation at 50 kV and 100 mA. Rietveld refinements of XRD
patterns were carried out using the General Structure Analysis Software
(GSAS) package with the EXPGUI interface [36,37]. The particle mor-
phology and element distribution information were obtained by scan-
ning electron microscope (SEM, ZEISS Supra 55 field emission scanning
electron microscopy) with energy dispersive spectrometer (EDS). The lo-
cal structure and the corresponding element distribution were character-
ized by high-resolution field-emission transmission electron microscopy
(FETEM; JEOL-3200FS, 300 kV) with energy dispersive spectrometer
(EDS). In-situ differential electrochemical mass spectrometry (DEMS)
measurements were taken on a customized DEMS device. The DEMS
cells initially rested for 3 h and the galvanostatic charge/discharge was
performed using a Solartron electrochemical workstation. Atomic res-
olution high angle annular dark field scanning transmission electron
microscope (HAADF-STEM) images were obtained by a FEI Titan 80-
300 scanning/transmission electron microscope operated at 300 kV,
equipped with a probe spherical aberration corrector. The thermal anal-
ysis of the precursor was performed by thermogravimetric analyzer
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(TGA, Mettler Toledo) and differential thermal analyzer (DTA) from 500
to 1100 °C with a heating rate of 10 °C min~! under air flow. The induc-
tively coupled plasma-optical emission spectroscopy (ICP-OES, JY2000-
2, Horiba Jobin Yvon) was used to analyze the elemental composition.

2.3. Electrochemical tests

Coin-type (CR2032) half cells were assembled to perform the elec-
trochemical measurements. Active material, polyvinylidene fluoride
(PVDF) and acetylene black were ground in the ratio of 7:2:1, then
mixed with N-methyl pyrrolidone (NMP). The mixture was stirred for
10 h to form a uniform slurry, which was blade-casted on the Al foil and
dried at 120 °C in vacuum for 12 h. 1 M LiPFg and 0.02 M lithium di-
fluoro oxalate borate (LiDFOB) in fluoroethylene carbonate/ hydrofluo-
roether/ fluoromethyl ethyl carbonate (FEC/HFE/FMEC) mixed solvent
was utilized as the electrolyte. The galvanostatic charge-discharge tests
were performed using a NEWARE system. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) results were obtained by
Solartron workstation (1400 cell test system).

2.4. In-situ TEM experiments

In-situ observation was performed to examine changes in the mor-
phology and structure of LMNSO during the calcination from room tem-
perature to 1000 °C using field emission spherical aberration transmis-
sion electron microscope (GrandARM300F) at an accelerating voltage
of 300 kV. AXON System was used to calibrate image drift and con-
trast changes during the heating process. A heating holder (E-chips, Pro-
tochips) with great mechanical stability and ultrahigh temperature sta-
bility (< 0.05 °C) was adopted for increasing the temperature from room
temperature to 1000 °C with a heating rate of 1 °C/min. At certain tem-
peratures, aberrated high resolution TEM images were recorded. The
highly stable heating holder with powerful AXON system ensures the
success of in-situ observation of local structural evolution with the super-
high time and spatial resolution (up to 0.1 A and millisecond level)
during the calcination. Electron energy loss spectroscopy (EELS) map-
ping was carried out to check the element distribution when holding at
600 °C.

2.5. Computational method

All the calculations were performed using the plane-wave based den-
sity functional theory (DFT) method as implemented in the Vienna ab
initio simulation package (VASP) [38-41]. Projector augmented wave
(PAW) potentials were used to probe valence-core interactions [42,43].
The generalized gradient approximation (GGA) with the Perdew—Burke-
Ernzerhof (PBE) functional was chosen as the exchange correlation po-
tential [44]. A cutoff energy was set as 520 eV and the electronic en-
ergy convergence criterion was set at 107 eV. In all the calculations,
the Brillouin zone was sampled by Monkhorst-Pack k-point grid with
density of at least 1000/(the number of atoms per cell). In order to cor-
rectly characterize the localization of transition-metal d-electrons, The
GGA+U method was used to account for the strong correlation in the
calculations [45,46]. The values for the Hubbard U parameter for Mn
and Ni was 4.2 and 6.7 eV, respectively [47,48]. Geometries were op-
timized until the forces on the atoms were less than 0.01 eV/A. The
spin-polarized calculations were considered in all our calculations. All
calculations were performed considering a ferromagnetic ordering of
transition metal atoms.

To examine the thermodynamic stability of oxygen we calculated the
oxygen vacancy formation enthalpy AHg, which is given by:

AHg = E(Li,TMO,_5) + gE(Oz) - E(Li,TMO,)

Where E(Li,TMO,_s) and E(Li,TMO,) are the internal energies of
the transition metal oxides with oxygen vacancy and without oxygen va-
cancy, respectively, and E(O,) is the internal energy of oxygen molecule.
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To correct the self-interaction errors within DFT, a -1.36eV energy cor-
rection for O, molecule was used in all our calculations [49].

3. Results and discussions
3.1. The solid solution process between LMO and LNSO

The ICP-OES measurement results of LMNSO annealed at 900, 1000
and 1100 °C are shown in Table S1. The practical element contents are
well consistent with the theoretical values. It is worth noting that only
about 2% Li-deficiency from 900 to 1100 °C, indicating that little Li
loss occurred at high temperatures. Similar XRD patterns of LMO and
LNSO (Fig. S1) indicate the similar crystal structure (03, S. G. C2/m):
Li slab and TM slab alternatively stack along c direction (the insets of
Fig. S1). The only difference is in the TM layer. The TM layer in LMO is
composed of edge-sharing Li@Mng superstructure units, while that for
LNSO is composed of edge-sharing Sb@Nig superstructure units, which
could be reflected by different superlattice peaks (marked by the dashed
rectangles in Fig. S1). The similar crystal structures make it feasible for
the solid solution between these two oxides.

XRD patterns were performed on the LMNSO samples calcined at dif-
ferent temperatures to track the solid solution process (Figs. 1a,b and
$2,S3) and the corresponding Rietveld refinement results are shown in
Fig. S4 (the detailed refinement parameters are summarized in Table
S2 and plotted in Fig. 1c—f, respectively). In Fig. S2a, a few extra peaks
could be found except for the peaks of Li,MnO3, demonstrating some
impurities in precursor, which could also be found in TEM images (Fig.
S2b,c). In Fig. S2d, the peaks can be indexed to LMO and NiO, implying
that, LMO formed prior to LNSO at 600 °C. TEM images of LMNSO-
600 in Fig. S2e,f can also confirm the formation of LMO. When cal-
cined at 700 °C, there are two sets of (001) and (131) peaks enlarged
in Fig. 1b. The left set can be assigned to LNSO, and the right one be-
longs to LMO, hinting the formation of LNSO and the coexistence with
LMO. As the temperature increases to 800 °C, the widths of the (001)
and (131) peaks for LMO and LNSO become narrow, demonstrating the
crystal growth and the enhancement of the crystallinity, which could
also be reflected by the increased grain size (Fig. 1e). When the temper-
ature is higher than 800 °C, lattice parameters for LNSO continuously
increase (Fig. 1d), while lattice parameters for LMO show the reverse
trend (Fig. 1c), implying the solid solution process initiates at 800 °C.
For LMNSO-900 and LMNSO-1000, the (001) peaks of LMO and LNSO
shift to each other, similar with the (131) peaks, which might imply the
solid solution process of two phases. It is worth noting that the intensity
for (001) and (131) peaks of LMO decreases and the corresponding peak
intensity for LNSO increases, implying that, LMO merges into LNSO with
the increased temperature. The phase composition changes of LMO and
LNSO follow the similar trend as the grain size (Fig. 1f). While the tem-
perature reaches to 1100 °C, there is only one set of (001) and (131)
peaks, demonstrating the fully solid solution. The structure evolution
process can also be validated by the changes of superlattice peaks (Fig.
S3).

In brief, LMO and LNSO formed individually at 600 and 700 °C, re-
spectively. From 700 to 800 °C, they grew up separately. Then the solid
solution process between two phases occurred above 800 °C, and LMO
constantly merged into LNSO with the increased temperature. Eventu-
ally, the fully solid solution formed at 1100 °C, preserving the same
layered structure with the parent component.

To further confirm the solid solution process at atomic scale, the in-
situ TEM images of LMNSO from 700.8 to 977.3 °C (Figs. S5,S6) and
the ex-situ TEM images with the corresponding EDS were performed
on LMNSO-700, LMNSO-800, LMNSO-900, LMNSO-1000, and LMNSO-
1100 (Fig. 2). As shown in Fig. S6b, with the increased temperature,
LMO particles marked by yellow arrows (according to the contrast dif-
ference) gradually fused and grew up, and produced three LMO parti-
cles about 20 nm till 729.8 °C, related with the crystal growth process.
While the temperature further increasing, the fusion between LMO and
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Fig. 1. Tracking the solid solution process from the macroscopic structural analysis. (a) XRD patterns of the as-prepared oxides LMNSO-700, LMNSO-800,
LMNSO0-900, LMNSO-1000, and LMNSO-1100 and (b) the enlarged (001) and (131) peaks. The change of the refinement parameters a, b, and ¢ for (c) LMO and (d)
LNSO. (e) The grain size and (f) the corresponding phase proportion of LMO and LNSO with the increased temperature according to the refinement results.

LNSO particles gradually proceeded (marked by red arrows and purple
arrows in Fig. S6¢ and 6d, respectively) and lasted until 977.3 °C, which
is consistent with the XRD results (Fig. 1) and DTA curve (Fig. S7). The
similar phenomenon could also be observed in Fig. 2: Ni and Sb segre-
gation from Mn were observed (Fig. 2a—c), both of which corresponded
to the layered structure (Fig. 2f), confirming the separation of LNSO
and LMO particles. The segregation gradually disappeared with the in-
creased temperature (Fig. 2d), implying the continuous solid solution
process, which was well consistent with the in-situ TEM results (Figs. S5
and S6). In addition, with the further increased temperature from 1000
to 1100 °C, as shown in Fig. 2e, Mn, Ni and Sb uniformly distributed
in all the particles and the particle exhibited layered structure (Fig. 2f),
demonstrating the phase fusion process (related to the endothermic peak
appeared at around 1020 °C in DTA curve, Fig. S7), and the solid solu-
tion formed at 1100 °C. The whole solid solution process observed by ex-
situ TEM images and the corresponding EDS spectra are well consistent
with the XRD and in-situ TEM results. SEM images accompanied with the
corresponding EDS spectra for LMNSO-700, LMNSO-800, LMNSO-900,
LMNSO-1000, and LMNSO-1100 are shown in Fig. S8, demonstrating
the similar results.

Combining XRD and in-situ/ex-situ TEM with the corresponding EDS
results together, the solid solution process could be summarized in
Fig. 2g. From 500 to 700 °C, Li ions were inserted into the metal ox-
ide precursors, and layered LMO and LNSO formed sequentially, cor-
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responding to the phase nucleation process. From 700 to 800 °C, LMO
and LNSO small grains (10-30 nm) fused and grew separately to form
the larger particles (>100 nm), corresponding to the particle growth
process. The particle fusion initiated above 800 °C, LMO particles fast
migrated into LNSO particles to form heterogeneous particles. While
further increasing the temperature from 1000 to 1100 °C, LMO part and
LNSO part in the same heterogeneous particle completed the full phase
fusion at the atomic level, forming the solid solution at 1100 °C.

3.2. The dispersion of Li@Mng superstructure units in LMNSO solid
solution

Based on the above results, the LMNSO samples calcined at differ-
ent temperatures can be divided into three categories according to the
dispersion extent of Li@Mng superstructure units. (1) LMNSO-700 and
LMNSO-800 have no dispersion of Li@Mng superstructure units, since
LMO particles segregated from LNSO particles. (2) LMNSO-900 and
LMNSO-1000 have a small dispersion of Li@Mng superstructure units
since the solid solution process partially occurred at the phase boundary
of LMO and LNSO. (3) LMNSO-1100 has a highest dispersion of Li@Mng
superstructure units.

To check the final dispersion degree of Li@Mng superstructure units
in the solid solution LMNSO-1100, the detailed structure analysis was
performed. First, Rietveld refinement was performed on XRD pattern of
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Fig. 2. Monitoring the solid solution process from the local elemental distribution. Ex-situ TEM images and the corresponding EDS spectra of Mn, Ni, and Sb
of (a) LMNSO-700, (b) LMNSO-800, (c) LMNSO-900, (d) LMNSO-1000 and (e) LMNSO-1100. The aggregated LMO and LNSO particles are marked by blue dashed
lines and green dashed lines respectively in LMNSO-700, LMNSO-800 and LMNSO-900. The LMO domain and LNSO domain in LMNSO-1000 are marked by blue
dashed lines and green dashed lines, respectively. (f) The HRTEM images recorded from the regions marked by the spots in the corresponding TEM images, and the
corresponding FFT maps. The scale bars of HRTEM images and FFT maps are 5 nm and 5 1/nm. The HRTEM images are enlarged in Fig. S9. (g) Illustration of the
crystal growth and solid solution process of LMO and LNSO from 500 to 1100 °C.

LMNSO-1100 using a single monoclinic phase (S. G. C2/m) (Fig. 3a).
The well match between the experimental result and simulated result
means the absolute solid solution of LMO and LNSO. The superlattice
peaks marked by the grey dashed rectangle in Fig. 3a were magnified
in the inset.

Two extra weak peaks marked by the arrows could be observed,
which might be attributed to the short-range ordering of Li@Mng and
Sb@Nig superstructure units in TM layers (Fig. S10). To further ex-
plore the atomic structure of TM layers, Cs-corrected STEM was per-
formed for LMNSO-1100 (Fig. 3b,c). As shown in Fig. 3b, bright and
dark atomic layers alternately arrange, which can be assigned to TM
slabs and Li slabs, respectively. The distance between two TM slabs is
5.06 A, which is well consistent with the refined parameter ¢ in Table
S2. Considering the big contrast difference between Li and Sb, alternated
bright and dark dots should be observed in TM layers along [010] direc-
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tion if Li@Mng and Sb@Nig superstructure units segregated into nano-
domains. Actually, there is no obvious contrast difference in TM layers
along [010] direction (Fig. 3b), demonstrating the uniform dispersion
of Li@Mng into Sb@Nig superstructure units. To further check the re-
sult, the HADDF-STEM image was taken along [301] direction (Fig. 3c).
In the ideal solid solution model, two Ni/Mn mixing atomic layers and
one Li/Sb mixing atomic layer should arrange alternately along [301]
direction (inset of Figs. 3c and S11). The electron scattering cross sec-
tions for Li, Mn, Ni and Sb are 6.37 x 1073, 1.15 x 1071, 1.16 x 1071,
and 3.07 x 107! a2 (ay2= 2.8002852 x 10721 m?), respectively, ac-
cording to the NIST Electron Elastic-Scattering Cross-Section Database,
SRD 64 (https://srdata.nist.gov/srd64/). Therefore, Li/Sb mixing atom
and Ni/Mn mixing atom in the ratio of 1:1 have the average scatter-
ing sections of 1.57 x 107! and 1.16 x 10~ a,?, respectively. We can
predict the alternate stacking of two dark atomic layers and one bright
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Fig. 3. Identifying the final dispersion degree of Li@Mn superstructure units in the solid solution. (a) XRD pattern and the corresponding structure refinement
of the solid solution LMNSO-1100. The superlattice peaks are marked by grey dashed rectangle. HAADF-STEM images of LMNSO-1100 oxide along [010] (b) and
[301] direction (c). The scale bar in (b) and (c) is 1 nm. (d) The atomic illustration of the distribution of Li@Mng superstructure units in the TM layer of the solid

solution LMNSO-1100.

atomic layer in the HADDF-STEM image along [301] direction, which
well matches with the experimental result (Fig. 3c). The intensity pro-
file along the dashed line (inset) further confirms the deduction. A small
amount of over-dark spots (marked by yellow dashed circles) can be ob-
served in Ni/Mn mixing atomic layers, which may correspond to a small
quantity of Li/TM mixing atoms. Similarly, some over-bright spots in
Li/Sb mixing atomic layers (marked by red dashed circles) correspond
to the Li/TM mixing atoms. On the whole, Li@Mng superstructure units
and Sb@Nig superstructure units are uniformly mixed in TM layers of
LMNSO.

Based on the results above, the atomic structure of one TM layer of
LMNSO-1100 can be illustrated in Fig. 3d. Li@Mng superstructure units
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have been uniformly dispersed in the whole TM layer, which is different
from the previously reported Li-rich layered oxides. Such dispersion of
Li@Mng superstructure units may greatly affect the local environment
of lattice oxygen, thereby the oxygen activation process in the solid so-
lution LMNSO-1100.

3.3. Impacts of the Li@Mny dispersion on the electrochemistry

As mentioned above, the dispersion degree of Li@Mng gradually in-
creased with the raised temperature. Therefore, we can test their electro-
chemical performance to evaluate the impacts of the Li@Mng dispersion
on oxygen activation. Fig. 4a presents the capacity-voltage profiles of
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Fig. 4. The enhanced electrochemical performance by the dispersion of Li@Mng superstructure units. (a) Capacity-voltage profiles at the first cycle of the
LMNSO-700, LMNSO-800, LMNS0-900, LMNSO-1000 and LMNSO-1100 cathodes. (the current density is 20 mA g~') The plateau related to the oxygen activation
is marked by the black dashed rectangle. (b) The specific capacity from 4.55 to 4.65 V at the first charging and the corresponding capacity ratio in fully charging
capacity according to (a). (c) Capacity retention and (d) average voltage retention of LMNSO-700 to LMNSO-1100 cathodes during 50 cycles. Gas evolution during
the first cycle of LMNSO-1000 (e) and LMNSO-1100 (f) determined by operando DEMS.

five cathodes in the first cycle. One slope below 4.5 V and one plateau
above 4.5 V could be observed in the first charge curves for LMNSO-
700, LMNSO-800, LMNSO-900 and LMNSO-1000, corresponding to Ni
oxidation in LNSO component and oxygen activation in LMO compo-
nent, respectively. For the discharge curves, a short plateau around
3.8 V and a slope below 3.6 V could be discovered, which were re-
spectively related to Ni and Mn reduction. O redox occurred through
the discharge process [50]. Therefore, the electrochemical behaviors of
these four cathodes consist of the respective electrochemical behavior
of LMO and LNSO. Differently, the solid solution LMNSO-1100 has no
obvious charge plateau around 4.5 V and no obvious discharge plateau
around 3.8 V, and the whole charge/discharge curve became sloping,
demonstrating a solid solution effect on the electrochemistry.

To quantitatively explore the contribution of the oxygen activation to
the capacity, the charge capacity from the plateau (4.55-4.65 V, related
to the oxygen activation) and the ratio over the full charge capacity were
displayed in Fig. 4b. The capacity contribution of the plateau related to
oxygen activation was 51.32mAh g~1,38.72mAhg1,47.27mAh g,
47.05mAh g1, 20.89 mA h g~! and the corresponding ratio was 23.54
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%, 20.81 %, 24.40 %, 26.39 %, 10.51 % for LMNSO-700, LMNSO-800,
LMNSO0-900, LMNSO-1000 and LMNSO-1100 cathodes, respectively. A
little decrease of the oxygen activation contribution from LMNSO-700
to LMNSO-800, may be due to the larger particle size of LMO from 700
to 800 °C (Fig. 1e). [51] When the temperature increases from 800 to
1000 °C, the oxygen activation contribution constantly increases, im-
plying a better oxygen activation in LMO while Li@Mng gradually mi-
grates into LNSO particles and form the smaller nano-domains (Fig. 1e)
[23]. Surprisingly, there is negligible contribution to oxygen activation
for LMNSO-1100. It hints that the oxygen activation can be greatly re-
stricted when Li@Mng superstructure units are uniformly dispersed in
TM layers. The similar phenomenon could also be found in CV curves,
showing a much weaker oxygen activation peak at around 4.6 V for
LMNSO-1100 than those for other samples (Fig. S12). To further demon-
strate the relationship between the oxygen activation process and the
dispersion of Li@Mnyg, a series of LMO-LNSO solid solution cathode ma-
terials with different phase ratios have been prepared (see the detailed
synthetic process in Experimental section), and the corresponding XRD
patterns are shown in Fig. S13. Only one set of peaks belonged to layered
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between the dispersion of Li@Mng superstructure units and the electrochemical performance. (b) The structural model of LMNSO under delithiation state, and the
selected oxygen atoms with different configurations. (c) The oxygen vacancy formation enthalpies for the selected oxygen atoms in LMNSO.

structure could be observed, implying the formation of solid solution
in LMNSO14, LMNSO12, LMNSO21 and LMNSO41. The corresponding
electrochemical performance is shown in Fig. S14. The charging plateau
related to the oxygen activation gradually prolongs with the increase of
LMO content (Fig. S14a), implying the oxygen activation has been sup-
pressed with the increase of LNSO content. In Fig. S14b, the contribution
of the oxygen activation to the whole charging capacity nonlinearly de-
creases with the decrease of LMO content. Since the decrease of LMO
content means the increase of Li@Mng dispersion, it could be further
demonstrated that the oxygen activation process has been partly sup-
pressed by the more dispersion of Li@Mng.

The capacity stability of LMNSO-700 to LMNSO-1100 cathodes is
shown in Fig. 4c and the corresponding specific capacity is exhibited
in Fig. S15a. LMNSO-1100 with the largest Li@Mng dispersion and the
least contribution to oxygen activation provides the best capacity reten-
tion of 86.50 % after 50 cycles, much larger than the other four cathodes
(79.63 %, 72.91 %, 78.89 %, and 69.77 % respectively). The average
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discharge voltage changes are shown in Figs. S15b and 4d. The average
voltage retention of LMNSO-1100 cathode was more than 92 %, larger
than other cathodes (around 83%). Therefore, we can deduce that, the
dispersion of Li@Mng superstructure unit in TM layers can suppress the
irreversible oxygen activation and enhance the stability of the oxygen
framework, thus increasing the capacity and average voltage retention.

Operando differential electrochemical mass spectrometry (DEMS) is
a critical tool to evaluate the reversibility of oxygen activation process
[52-56]. The gas evolution during the initial cycle of LMNSO-1000 and
LMNSO-1100 was studied by operando DEMS. As shown in Fig. 4e, a
large amount of O, generated from LMNSO-1000 cathode above 4.5 V.
In sharp contrast, negligible O, release could be observed during the
first cycle of LMNSO-1100 cathode, hinting the good reversibility of
oxygen activation process. In addition, less CO, evolution could be ob-
served in LMNSO-1100 than that in LMNSO-1000, which hints less de-
composition of the electrolyte due to surface O~ species [57]. The EIS
spectra of all LMNSO cathodes are shown in Fig. S16. The impedance
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decreased from 700 to 800 °C, which might be related to the enhanced
crystallinity. From LMNSO-800 to LMNSO-1100, the impendence con-
stantly increased, which may be due to the increased particle size with
the temperature.

3.4. The mechanistic understanding

Combined all experimental observations of structure analysis and
the electrochemical performance together, the detailed dispersion pro-
cess of Li@Mng superstructure units as well as the resulted oxygen en-
vironment change during the solid solution process have been sum-
marized in Fig. 5a to illustrate the relationship between the disper-
sion of Li@Mng superstructure units and the electrochemistry. Initially,
Li@Mng superstructure units aggregate in TM layers of LMO. Two kinds
of intrinsic oxygen environments in LMO and LNSO, Li;OMn,Li and
Li;ONi,Sb exist at this stage. With the temperature increasing, LMO
particles gradually merge with LNSO particles to form heterogenous
particles. Correspondingly, some novel oxygen environments formed
into the phase boundary, partly suppressed the irreversible oxygen ac-
tivation. As the temperature increases to 1100 °C, the fully solid solu-
tion has been completed at the atomic level, with the full dispersion of
Li@Mng in TM layers. Therefore, the aggregated Li-O-Li connection in
LMO has been dispersed into LMNSO (Fig. S17) and the corresponding
oxygen environment became complicated Li;O(Ni/Mn),(Li/Sb), which
decreased the irreversible oxygen activation to a large extent, according
to the previous theoretical calculations [58,59]. In one word, the dis-
persion of Li@Mng alters the local oxygen environment from the active
Li;OMn,Li to the less active Li;O(Ni/Mn),(Li/Sb), which suppresses the
irreversible oxygen activation process, inhibits the severe oxygen loss
and consequently alleviates the capacity and voltage decay.

The first-principles calculations were conducted to further confirm
the formation enthalpy of O vacancy in LMO, LNSO and LMNSO. The
structure models under delithiation state are presented in Figs. S18,519
and Fig. 5b. In LMO, the formation enthalpies for two types of oxygen
vacancy are -0.941 and -0.726 eV (Table S3), respectively, indicating
the spontaneous formation of oxygen vacancies. In contrast, the oxy-
gen vacancy formation enthalpies in LNSO are 1.226 and 1.141 eV (Ta-
ble S4), indicating the stable oxygen framework. In LMNSO, there are
a variety of oxygen environments (Fig. 5b). We selected four types of
oxygen configurations (Fig. 5¢) and calculated the oxygen vacancy for-
mation enthalpies. The oxygen with the O-SbNi, configuration has a
much larger Ho (1.217 eV), hinting that, such oxygen species can act as
‘anchors’ in LMNSO to suppress the migration of oxygen vacancy and
the irreversible lattice oxygen activation, thus improving the structural
stability. It is consistent with the improved cycling stability in LMNSO
solid solution above.

4. Conclusion

The detailed crystal growth and the solid solution process of Li@Mng
in LMNSO from 500 to 1100 °C were explored by combining XRD and in-
situ/ex-situ TEM with the corresponding EDS. (1) the separate nucleation
of LMO and LNSO from 500 to 700 °C with Li@Mng superstructure units
aggregating in LMO particle; (2) the separate growth of LMO and LNSO
particles from 700 to 800 °C with more aggregation of Li@Mng super-
structure units in bigger LMO particles; (3) Particle fusion between LMO
particle and LNSO particle from 800 to 1000 °C with the decreased ag-
gregation of Li@Mng superstructure units; (4) Complete solid solution
from 1000 to 1100 °C with the uniform dispersion of Li@Mng super-
structure units. Such dispersion of Li@Mng superstructure units changed
local oxygen environments and suppressed the irreversible oxygen ac-
tivation. Therefore, less oxygen loss and better cycling stability were
achieved at the largest dispersion degree of Li@Mng. Our work corre-
lates the dispersion of Li@Mng superstructure units with the oxygen
activation and the cycling performance of Li-rich layered cathodes, pro-
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viding guidance for the structure design of the highly stable Li-rich lay-
ered cathode for Li-ion batteries.
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