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The low practical capacity (<140 mA h g~1) of spinel phase LiMny_,NixO4 (0 < x < 1) excludes it from high
energy density lithium ion batteries (LIBs) for powering electric vehicles. Extending the operating potential
window from 3.0 to 4.8 V to 2.0-4.8 V can double the capacity, but result in fast capacity decay due to the drastic
cubic-tetragonal phase transition below 3.0 V, induced by serious Jahn-Teller (J-T) distortion of structure units
(Mn®")Og octahedra. Herein, we propose a novel strategy to suppress J-T distortion by tuning the linkage of
structure units MnOg octahedra. The original full-vertex-sharing LiO4 tetrahedra around MnOg octahedra in
spinel phase are partially replaced by edge-sharing LiOg octahedra, which relate Mn-O bonds along the dz? di-
rection with those along the dyy plane, thus significantly mitigating J-T distortion and suppressing the phase
transition when discharged to 2.0 V. Following this strategy, the prepared spinel-based cathode achieves a high
reversible capacity of about 290 mA h g~! and an energy density up to 957 W h kg~! with improved cycling
stability. This work finds a new opportunity for the traditional spinel cathode towards applications in high
energy density LIBs in a low cost and sustainable manner.

1. Introduction LiMny 4NiyO4 (0 < x < 1) (LMNO) exhibits an extra potential plateau

close to 4.7 V contributed by the Ni%*/Ni** redox couple, pushing the

To cope with the growing demand of lithium ion batteries (LIBs) in
electric vehicles (EVs) and power grid energy storage system (PGESS),
one of the key challenges is to design cathode materials with low cost
and high energy density [1-3]. Compared with the prevailing Co- and
Ni-based layered cathode materials, such as LiCoO, and
LiNi; _x.yCoxMnyO2 (0 < x + y < 0.5), Mn-based spinel oxide LiMn204
attracted a wide range of attention due to the low cost and acceptable
operation voltage [4-6]. LiMnyO4 has been widely used in portable
power banks, but absent from EVs and PGESS due to the low energy
density (<500 W h kg™1). With partial substitution of Mn by Ni, spinel
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energy density up to 580 W h kg™ [7-10]. Nevertheless, the relatively
low capacity (<140 mA h g™!) can be further improved, since only Li
ions at the 8a sites of the spinel framework can be reversibly inserte-
d/extracted. To obtain higher capacity, one approach is to extend the
potential window from 3.0 to 4.8 V to 2.0-4.8 V because extra Li ions
can be intercalated into the 16c sites below 3.0 V. In this process, Mn**
would be reduced to a lower valence state close to Mn®", which induces
serious Jahn-Teller (J-T) distortion and the drastic phase transformation
from cubic phase to tetragonal phase (1T) [11,12]. The large lattice
volume change as well as the big anisotropic strain due to the decrease of
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lattice symmetry, would induce cracks in the bulk, then cause loss of
electric contact and structural degradation, and eventually the capacity
decay. Therefore, inhibiting the cubic-tetragonal phase transformation
by suppressing J-T distortion is the key to improve the cycling stability
below 3.0 V.

For long, research efforts in spinel cathode are mainly focused on
further improving the structural stability, by substitution of Mn or Ni
with Li [6,13], Mg [14,15], Al [16], Ti[17,18] or Cr [19], etc., and
surface modifications [20-22]. Tarascon and co-workers reported that,
considered partially substituted of Mn by lower valent cations could
increase the concentration of Mn*" in the spinel cathodes, leading to the
improved cycling stability [13]. Nevertheless, these strategy just im-
proves the cycling stability above 3.0 V, but still fails below 3.0 V,
wherein almost double Li ions insert into the spinel framework with the
formation of more Mn>*. Actually, few reports are concerned with the
improvement of the cycling stability below 3.0 V as we know. Yang’s
group used Ti to partially replace Ni, and suppressed the J-T effect to
some extent utilizing the stronger covalent Ti-O bonds within TiOg
octahedra, which stabilizes the anion framework and enables the better
cycling stability.[17] Another effective approach was reported by our
group very recently. Cationic disordering was introduced in LiMnyOg4
spinel phase to alleviate the cooperative J-T distortion (CJTD), and
greatly improved the stability below 3.0 V [23]. Nevertheless, there are
still concerns to be resolved. The capacity still suffered a fast decay (only
~150 mA h g! after 50 cycles) in the Yang’s work. In our case, the
average voltage decreased markedly with the improved capacity,
resulting into a limited improvement in the energy density (~600 W h
kg™!). Therefore, extending the available potential range to <3.0 V for
spinel cathode is still a critical challenge.

To solve this conundrum, the structural origin for the phase trans-
formation must be carefully figured out. As shown in Scheme 1a, one
individual MnOg octahedron in spinel LiMn,O4 was picked out to
observe the local environment around it. It is clear that, one MnOg oc-
tahedron is edge-sharing with six neighboring MnOg octahedra, and
vertex-sharing with six neighboring LiO4 tetrahedra. When discharged
to below 3 V, the valence of the Mn cations in MnOg becomes <+3.5,
and all MnOg octahedra synergistically stretch along the dz? direction
due to the J-T effect, dragging the whole anion framework to distort to
the tetragonal phase. In this case, the structural changes in the dz? di-
rection and dxy plane are uncorrelated in the MnOg octahedron because
their vertexes are not linked to the same structural unit. If we can
correlate the two Mn-O bonds along the dz? direction with the four Mn-
O bonds in dxy plane by edge-sharing or face-sharing linkage with a
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neighboring structural unit, the J-T effect within MnOg octahedron is
expected to be significantly suppressed, and the unpleasant phase
transformation may be alleviated or even inhibited (Scheme 1b).
Following this idea, we notice that the TMOg octahedra (TM, transition
metal) are edge-sharing with neighboring LiOg octahedra in layered
oxides and they should be able to resist J-T distortion. Furthermore,
since the patterns of oxygen cubic close packing are similar in the
layered phase and the spinel phase, it is feasible to fuse these two phases
together to form a phase complex. Croy and Thackeray et al. introduced
spinel phase to Li-rich layered oxides to form a ‘layered- layered- spinel’
composite to enhance the structure stability [24,25]. Since the main
phase is still the layered structure (spinel phase ~15%), thus the pre-
pared composite would still suffer from severe average voltage decay
upon cycling, similar with the Li-rich layered cathodes [26-28]. Actu-
ally, there are a few reports about incorporating Li-rich layered phase
into spinel host [29-31]. Manthiram’ group comprehensively investi-
gated the electrochemical performance of layered-spinel composite
system  xLi[Lip 2Mng gNig.17C00.03]02-(1-x)Li[Mn; 5Nig.425C00.075104
and found the composite cathodes with x = 0.25 and 0.5 shows
improved cycling stability but with limited initial capacity of <200 mA
h gfl [30]. Furthermore, the reported spinel-based composites (spinel
phase > 50%) still underwent quick structural degradation in the spinel
phase. Why did this happen? After careful examination, we found that in
these works the two phases are not linked at the atomic level, evidenced
by the peak splitting in XRD patterns [29-31]. In this case, the intro-
duced layered phase imposed negligible effect on stabilizing the spinel
phase. Therefore, a structurally uniform complex between the layered
phase and the spinel phase is critical to implement the effect of stabili-
zation. In an ideal case, the spinel phase and the layered phase form a
solid-solution of basic structural units, wherein the spinel domains are
surrounded by the layered domains.

Herein, we designed and successfully prepared a spinel-based ma-
terial Lij 44Mn; ¢Nip 2404 (SL-LMNO), uniformly compositing with a
small amount of the Li-rich layered phase. In SL-LMNO the local struc-
tural links by vertex-sharing around the MnOg octahedra are partially
replaced by edge-sharing. Such a change in the linkage of structure units
greatly suppressed the CJTD as expected, leading to a lower degree of
phase transformation, thereby delivering a high capacity of
~290 mA h g1 with great cycling stability. The energy density of SL-
LMNO cathode reached 957 W hkg™!, higher than the traditional
LiCoO3 and LiNi; _y.yCoyMnyO2 (0 < x + y < 0.5) and comparable to Li-
rich layered oxides, enabling the spinel phase as a promising cathode for
batteries in EVs.
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Scheme 1. Schematic diagrams to show the strategy of tunning the linkage of structure units MnOg octahedra to suppress Jahn-Teller distortion in spinel phase.
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2. Results and discussion
2.1. Structure of the spinel-layer phase composite

SL-LMNO was prepared by an ion exchange method and a subse-
quent reannealing process. X-ray photoelectron spectroscopy (XPS) was
performed to investigate the valence states of Mn and Ni. In Fig. S1, the
molar ratio of Mn>*/Mn** and Ni%*/Ni*>* were determined to be 0.24/
0.76 and 0.64/0.36, respectively [32]. A pure spinel compound
LiMn; 7¢Nig 2404 (LMNO) was prepared for comparison (Table S1). SEM
images (Fig. S2) demonstrate that, both SL-LMNO and LMNO are
composed of spherical secondary particles. The difference is that, the
particle size of SL-LMNO is smaller and the surface is much smoother
and denser compared to LMNO. To precisely determine the phase
composition and the lattice structure of SL-LMNO, both synchrotron
high-resolution X-ray diffraction (HRXRD) and time of flight neutron
powder diffraction (TOF-NPD) patterns were recorded and combined
Rietveld refinement was performed (Fig. 1a and b). The results indicate
that, SL-LMNO consists of 83.03% of spinel phase (Fd-3m) and 16.97%
of layered phase (C2/m) (Table S2 and S3). No peak splitting is visible in
the strongest peak as shown in the inset of Fig. 1a, hinting the composite
between the two phases is structurally homogenous. Even the weak
peaks in the NPD pattern can be fitted almost perfectly (inset of Fig. 1b),
further confirming the structural homogeneity of the phase composite.
Noticeably, a large amount of Li ions co-occupied the Mn sites in the
spinel phase (0.12 Li* at the 16d site), which has been demonstrated
effective in suppressing the J-T distortion in spinel phase [23]. The
uniform elemental distribution was validated by SEM-EDS mapping as
shown in Fig. S3. To further check the compositing uniformity of two
phases in local areas, high-resolution transmission electron microscopy
(HRTEM) image and the selected-area fast Fourier transform (FFT) maps
are shown in Figs. 1c and S4. Layered phase and spinel phase can be
identified in two adjacent nano-domains A and B (marked by a red
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rectangle and a green rectangle), respectively, showing the nano-level
compositing. Moreover, the same interplanar spacing of 4.75 A be-
tween the (111) planes in the spinel region as that between the (001)
planes in the layered region exhibits great structural compatibility be-
tween the two phases. In comparison, the LMNO is pure spinel phase
confirmed by the HRXRD pattern and Rietveld refinement result
(Fig. S5). The interplanar spacing of (111) in LMNO was determined to
be 4.74 A from HRTEM (Fig. S6), consistent with the refined result.

To further investigate the local structure at the atomic level,
aberration-corrected scanning transmission electron microscopic
(STEM) was conducted. Since the atomic contrast in the TEM images is
positively related to the atomic number, the transition metal Mn and Ni
can be observed while the light elements Li and O are invisible. As
shown in Fig. 1d, layered nano-domain and spinel nano-domain are
clearly identified at the atomic level. At the domain boundary, MnOg
octahedra must be edge-sharing with LiOg octahedra in the layered re-
gion since no structural distortion region can be observed between the
two regions. In the layered nano-domain (marked by a red rectangle),
the slightly brighter contrast in the Li layers demonstrates a certain
amount of Li/TM disordering in the Li layers, which is consistent with
the refined result (Table S4). The crystal structure is presented on the
right panel for a clearer visualization. In the spinel nano-domain
(marked by a green rectangle), the spot missing (there supposed to be
a third lower peak in the intensity profile) within a slab (marked in the
orange box) suggests that, the TM cation at the 16d site of the spinel
structure is substituted by Li ion. According to the refinement result,
there is 12% of Li/TM mixing at the 16d site in spinel phase (Table S5).
Such Li/TM mixing can also create edge-sharing linkage at the neigh-
boring MnOg octahedra, thus suppressing the J-T distortion. In one
word, atomic-level uniform compositing of layered phase and spinel
phase with Li/TM disordering is realized, tuning the linkage of MnOg
octahedra from full vertex-sharing to partial edge-sharing at the phase
boundary.

Fig. 1. Structural determination of as-prepared

a
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2.2. Enhanced cycling stability

To evaluate the effects of the modified local structural linkage on the
electrochemical performance, SL-LMNO as well as the counterpart
LMNO were used as cathodes in half-cells and their electrochemical
performance was systematically evaluated. (see details in Experimental
Section). Fig. 2a displays the charge-discharge curves of SL-LMNO and
LMNO cathodes at 0.1 C (1 C = 200 mA h g~ 1). Typically, there are two
potential plateaus at around 4.1 V and 4.7 V for spinel LMNO, which can
be associated with Mn3*/Mn** and Ni%*/Ni*" redox couples, respec-
tively. In sharp contrast, two differences from LMNO were observed for
SL-LMNO. One is the extended plateau around 4.6 V during the first
charge (marked by the green shadow), which should originate from the
anionic oxidation in the layered phase [21,33-36]. The oxygen oxida-
tion in the layered phase was confirmed by the O, release measured
using differential electrochemical mass spectrometry (DEMS) test
(Fig. S7). The other difference is an extra slope at around 3 V during the
discharge process (marked in the blue shade), which can be associated
with LiT intercalation into the layered phase [37]. The SL-LMNO cath-
ode delivered a discharge capacity of 290 mA h g~!, about 88% of the
theoretical capacity (324 mAhg™!), and slightly higher than MNO
(280 mA h g™!) The corresponding dQ/dV profiles were shown in
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Fig. 2b-c. Compared with the LMNO, there is an extra oxidation peak at
4.6 V in the 1st cycle for SL-LMNO (marked by the green shadow), which
can be assigned to the anionic oxidation process related to layered
phase. Furthermore, another pair of redox peaks at 3.2 V (marked in the
blue shade) can be related to the Mn3*/Mn*" redox reaction of the
layered phase. These observations were further supported by the cyclic
voltammetry (CV) measurements. In Fig. S8a, LMNO exhibits three
sharp peaks at around 4.05 V, 4.65 and 4.75 V during the first charge,
which can be ascribed to the Mn®" — Mn** and Ni** - Ni®* - Ni**
oxidation reactions. During the discharge process, the corresponding
reduction peaks can be observed at slightly lower voltages. Until dis-
charged below 3 V, two peaks appear at about 2.70 V and 2.10 V, cor-
responding to the Mn** — Mn>* reduction process. For SL-LMNO, a new
broad reduction peak is observed at 3.2 V (marked by the blue shade),
corresponding to the extra plateau in Fig. 2a, and can be ascribed to
Mn*" — Mn3' reduction process in the layered phase (Fig. S8b). In
addition, a pair of much sharper peaks at around 4.7 V is observed
(marked by arrows), consistent with the extended plateau above 4.5 V
(Fig. 2a). The rate capabilities of the samples were evaluated from 0.1 C
to 20 C. As shown in Fig. 2d, SL-LMNO exhibited the similar rate
capability as LMNO. Rate test results indicate that, the kinetics of Li*
(de)intercalation in the composite was not affected by the introduced
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layered phase. The slightly higher capacities of SL-LMNO than those of
LMNO at higher rates can be ascribed to the better cycling stability.
Long-term cycling stability for the two cathodes was also compared. As
shown in Fig. 2e, SL-LMNO can retain a discharge capacity of
222 mA h g ! after 80 cycles at 0.25 C with a capacity retention of 80%,
higher than LMNO with a capacity retention of 41%. More interestingly,
the decay in the average voltages of SL-LMNO was negligible, about
0.013 V after 80 cycles, much smaller than that of LMNO (0.284 V,
Fig. 1f). The observation is different from the severe decay in the
average voltage during cycling of typical Li-rich layered oxides [26-28].
The cycling test result hints a stabilization effect of the incorporated
layered phase on the spinel phase. This electrochemical performance is
better than all reported high capacity spinel-based cathode materials
summarized in Table S6. The charge-discharge profiles of LMNO and
SL-LMNO cathodes in the 5th, 10th, 20th, 50th and 80th cycles were
compared in Fig. S9, and they clearly show the improved capacity and
voltage stability in SL-LMNO.

Nano Energy 89 (2021) 106457

2.3. Suppressed J-T distortion and phase transition

To validate that J-T distortion is suppressed by introducing the edge-
sharing linkage of structure units, in situ high energy synchrotron XRD
(HEXRD) was applied to monitor the real time structural evolutions
during the charge/discharge process. As shown in Fig. 3a and b, there
was no emergence of new peaks for LNMO and SL-LMNO when dis-
charged from 4.8 V to 3.0 V, hinting no phase transformation. When
further discharged to below 3.0 V, both of them experienced trans-
formation from spinel phase to 1T phase, as identified by the repre-
sentative peaks correlated with 1T phase (marked by dashed ellipses).
Nevertheless, an apparent difference is observed: the starting point of
phase transformation for SL-LMNO is 2.19 V, 0.54 V lower than that for
LMNO (2.73V), indicating a significant suppression on J-T effect.
Furthermore, the strongest peaks of SL-LMNO, consisting of the (111)g
peak of the spinel phase and the (001), peak of the layered phase, did
not split during the whole charge/discharge process, indicating a high
degree of structural compatibility between the layered phase and the
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spinel phase. Another worth-mentioning point is that strongest peak
shifted to the right upon charge and to the left upon discharge, consis-
tent with the behavior of spinel phase [38,39], but opposite to that of
layered oxides [40,41]. This result is not only consistent with the ma-
jority of the spinel phase, also confirms the high degree of structural
homogeneity between the two phases. The similar phenomenon is
observed in the in situ HEXRD patterns during the 2nd cycle
(Fig. S10a-b), confirming the good reversibility of the structural trans-
formation and the suppressed J-T distortion in SL-LMNO. The ex situ
XRD patterns of SL-LMNO at different charge/discharge states during
the 1st cycle can further confirmed the in situ observations (Fig. S11).

The lattice parameters were obtained by Rietveld refinements with
quantitative analysis. As shown in Fig. 3c and d, parameter a of the
spinel phase in LMNO (black dots) underwent a linear decrease with
charge, and increased linearly with discharge. After discharged to 3.9 V,
a remained nearly constant till the end of the discharge. The maximum
variation of a was around 1.7% during charge/discharge process. In
contrast, parameter a of the spinel phase in SL-LMNO experienced an
overall similar but gentler change with a smaller variation of 1.2%.
Another apparent difference is the parameter c of the 1T phase (red
dots). The value of ¢ in SL-LMNO was around 8.82 10\, smaller than that in
LMNO (8.95 A). Since the value of c is related to the extent of distortion
of the MnOg octahedra along the d#® direction (Fig. S12), a smaller ¢
value reflects a suppressed J-T effect in SL-LMNO. The similar phe-
nomenon can also be found in the 2nd charge/discharge (Fig. S10c-d).

To better understand the structural evolution, Rietveld refinements
were performed on the XRD patterns of LMNO and SL-LMNO when
discharged to 2.0 V (Fig. 3e and f, Table S7). LMNO was composed of
30.62% of spinel phase and 69.38% of 1T phase, while SL-LMNO con-
tained less 1T phase (49.93%) at 2.0 V. In order to obtain direct evi-
dence of the J-T distortion in the 1T phase, all Mn-O bond lengths within
MnOg octahedra were derived from the refinement. In LMNO, the Mn-O
bond lengths along the dz? direction and the dxy plane are 2.233 and
1.972 A (difference about 0.261 [o\), respectively. In SL-LMNO, the dif-
ference of Mn-O bond lengths was much smaller (about 0.100 /0\) than
those in LMNO with the corresponding bond lengths of 2.202 A and
2.102 A, respectively. Therefore, we can conclude that, tunning the
linkage of structure units MnOg octahedra from vertex-sharing to edge-
sharing not only decreases the extent of the phase transformation and
the content of 1T phase, but also efficiently mitigates the extent of J-T
distortion in the newly-formed 1T phase. The electrochemical imped-
ance spectroscopy (EIS) results of LMNO and SL-LMNO before cycling
and after 1st, 3rd, 5th cycle were displayed in Fig. S13. The impedance
of LMNO exhibits a slight increase after cycles, which may be related to
the surface electrolyte decomposition and the irreversible structure
transformation. By contrast, the SL-LMNO exhibits a continuously
decreased impedance in the initial cycles, which should be due to the
improvement of the interfacial structure and bulk structure activation
process related with the intergrown layered phase.

2.4. Structural stability after long-term cycling

The dQ/dV profiles at the 10th, 20th, and 50th cycles of LMNO and
SL-LMNO cathodes were generated to elucidate the electrochemical
degradation process during cycling. As shown in Fig. S14a, all reduction
peaks of LMNO at 2.2V, 2.8V, 4.0V and 4.7 V (marked by green ar-
rows) suffer severe decays, suggesting a continuous structure degrada-
tion process with the cycle number. In contrast, the corresponding
reduction peaks of SL-LMNO in Fig. S14b only show insignificant
attenuation except for the peak around 4.7 V. The reduction peak
around 4.7 V for SL-LMNO slowly shifts to the lower voltage in contrast
to the complete disappearance of the corresponding peaks for LMNO
since the 20th cycle, which could be ascribed to the incomplete inhibi-
tion of the phase transformation from spinel phase to 1T phase. In
addition, the weak and broad peaks at 2.8-3.4 V correlating with the
incorporated layered phase, was observed to gradually shift to the lower
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voltage during cycling. Such a phenomenon can be assigned to the
partial phase transformation from layered phase to spinel phase, which
has been widely reported in Li-rich layered oxides [42]. The XRD pat-
terns of LMNO and SL-LMNO after 50 cycles were displayed in Fig. S15.
As for LMNO, it shows less T1 phase formation compared with that after
the 1st cycle. It indicates that, less Li ions can be inserted into the lattice,
which is consistent with the capacity degradation of LMNO after long
cycles. In contrast, SL-LMNO after 50 cycles shows negligible Bragg peak
change compared with that after the 1st cycle, confirming the great
structure stability and the excellent reversibility of phase trans-
formation. The morphology of the LMNO and SL-LMNO electrodes after
50 cycles were studied by SEM. As shown in Fig. S16, the LMNO particle
surface is covered with thick decomposition species, and some of sec-
ondary particles are broken up into nanoparticles. In comparison, the
SL-LMNO particles can still keep original morphology integrity even
after long cycles.

In order to better understand the change in the microstructure,
HRTEM was used to analyze the local structures of LMNO and SL-LMNO
cathodes after 50 cycles. In Figs. 4a and S18, lots of micro-cracks and
lattice distortion can be clearly observed in the cycled LMNO. More
details can be examined in the higher magnification HRTEM image
(Fig. 4b). A rock-salt like phase showing the (111) planes with the d-
spacing of 2.40 A can be identified in region A while in region B the
spinel structure persists. While for SL-LMNO, there are no detectable
lattice distortions or cracks (Fig. 4c). The HRTEM images and the
selected-area FFT maps (Fig. 4d) demonstrate that, SL-LMNO still
maintained a complex structure with layered phase and spinel phase
after 50 cycles. ICP-OES was conducted to detect the elemental ratio in
the cycled LMNO and SL-LMNO samples. As shown in Table S8, the
decreased molar ratio between Mn and Ni can be related to the Mn
dissolution in the cycled LMNO sample, while SL-LMNO shows an
almost negligible change. The Nyquist plots in Fig. S19 compare the
electrochemical resistance of LMNO and SL-LMNO samples after 50
cycles. The CEI resistance and charge transfer resistance of SL-LMNO,
deduced from the fitting results, are about 6.0 and 32.4 Q, respec-
tively, much lower than that of LMNO (43.6 and 99.3 Q, respectively).
The lower CEI resistance of SL-LMNO is consistent with the thinner CEI
film in the TEM observations (Figs. 4b, d, and S17). The difference in the
resistance is consistent with the different extents of structural and
electrochemical degradation.

Finally, we propose an explanation based on all above observations
in Fig. 4e, to successfully validate our design, i. e., tuning the linkage of
structure units to improve structural stability of spinel phase. As shown
in the upper panel of Fig. 4e, the spinel phase with vertex-sharing MnOg
octahedra would undergo severe J-T effect when discharged below
3.0V, leading to a serious phase transformation to 1T phase. The change
in the lattice transforming from spinel phase to 1T phase is significant,
and strains accumulate at the phase boundaries, resulting in lots of
cracks and rock-salt phase at the particle surface, and finally the poor
electrochemical stability. In comparison (the lower panel), as the J-T
distortion is greatly suppressed by partially edge-sharing MnOg octa-
hedra in the spinel-based material, there is less phase transformation,
thereby a smaller extent of lattice mismatch and less strain accumula-
tion, which improves the stability of the spinel phase even after long-
term cycling.

3. Conclusions

Based on the in-depth analysis into the linkage of structure units in
spinel phase, we successfully designed and fabricated a new spinel-based
cathode SL-LMNO, which contains MnOg octahedra partially edge-
sharing with LiOg octahedra, in contrast to the conventional spinel
phase LMNO containing MnOg octahedra fully vertex-sharing with LiO4
tetrahedra. The edge-sharing LiOg octahedra are able to correlate the
Mn-O bonds along the dz? direction with those on the dxy plane within
the MnOg octahedra, thereby restricting the Jahn-Teller distortion to a
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Fig. 4. Long-term structural stability in the designed spinel-based composite SL-LMNO and the conventional spinel LMNO. (a) Low-magnification TEM image and (b)
HRTEM images of LMNO after 50 cycles. (c) Low-magnification TEM image and (d) HRTEM images of SL-LMNO after 50 cycles. Insets are the corresponding FFT
images of the selected regions. (e) Schematic illustration of the structural stability mechanism by tuning the linkage of structure units MnOg octahedra.

great extent. Through the systemic comparison with LMNO, the phase
transformation to 1T phase in SL-LMNO was decreased by 20%, and the
structural distortion of the MnOg octahedra in the formed 1T phase was
also inhibited. Thus a high reversible capacity of 290 mA h g~} with
decent cycling stability was realized for the spinel-based cathode in the
wide voltage window of 2.0-4.8 V, increasing the energy density to
>900 W h kg™L. Our findings not only provide a new strategy to push
the traditional spinel cathode to the high-energy-density application,
such as batteries for EVs and grid-level energy storage, but more
importantly highlight the significant role of structural design in devel-
oping next-generation cathodes.
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