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The key to breaking through the capacity limitation imposed by intercalation
chemistry lies in the ability to harness more active sites that can reversibly
accommodate more ions (e.g., Lit) and electrons within a finite space. However,
excessive Li-ion insertion into the Li layer of layered cathodes results in fast
performance decay due to the huge lattice change and irreversible phase trans-
formation. In this study, an ultrahigh reversible capacity is demonstrated by a
layered oxide cathode purely based on manganese. Through a wealth of charac-
terizations, it is clarified that the presence of low-content Li,MnO; domains not
only reduces the amount of irreversible O loss; but also regulates Mn migration
in LiMnO, domains, enabling elastic lattice with high reversibility for tetrahedral
sites Li-ion storage in Li layers. This work utilizes bulk cation disorder to create
stable Li-ion-storage tetrahedral sites and an elastic lattice for layered materials,
with a reversible capacity of 600 mA h g~', demonstrated in th range 0.6-4.9 V
versus Li/Li* at 10 mA g~'. Admittedly, discharging to 0.6 V might be too low for
practical use, but this exploration is still of great importance as it conceptually

1. Introduction

The ever-increasing demand for better and
more sustainable energy storage systems
relies on the discovery of positive electrode
materials for lithium-ion batteries (LIBs)
with high energy density, long cycle life,
and low costs.l' One promising approach
to achieve such target is to break through
the current capacity limits imposed by
intercalation chemistries adopted in state-
of-the-art LIBs via activating new storage
mechanisms within a limited framework,
so that extra Li* could be accommodated.
Extending the operating potential window
to allow extra Li* insertion into the
cathode material is an effective approach
for high capacity. Previous studies have

demonstrates the limit of Li-ions insertion into layered oxide materials.

shown that extra Li* can be inserted into
tetrahedron sites of the layered LiNiO,
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framework under deep discharge state to form Li,NiO, struc-
ture.l>®! However, this process causes irreversible phase transi-
tion from O3 structure (oxygen stacking in ABCABC sequence)
to 1T structure (oxygen stacking in ABAB sequence), hence the
fast capacity decay.”*!

Due to the limited global Co and Ni reserve and the associ-
ated supply chain risks, Li- and Mn-rich (LMR) layered oxides
have attracted worldwide attention as a promising positive elec-
trode material for next-gen sustainable batteries.*3 The dis-
covery of anionic redox chemistry (i.e., 202~ — (4 — n)e” — 0,™)
led to a new paradigm to opening up new redox centers for
extra Li* storage in the transitional metal (TM) layer.*1¢l
Recent studies found that pure Li,MnO; phase actually does
not offer any reversible oxygen redox activities.'”"8l The oxygen
activities could be modulated toward reversible reactions when
the system is dragged away from the Li,MnOj; system. There-
fore, significant efforts have been made to fully tap the poten-
tial held by lithium-manganese oxide (Li-Mn-O) cathode
materials. For instance, O3-type layered Lij¢[Liy,Mng g0,
and Lig7oo[Lig 222Mng756]0412% both exhibit intralayer Li/Mn dis-
ordering in Mn layers (confirmed by the missing superlattice
peaks). O2-type layered Liy 7g[Lij 24Mng 76]O,2Y was also reported
to exhibit a structure with 0.72 Li@Mng (i.e., superstructure
unit with one Li atom surround by a hexagonal ring consisting
of six Mn atoms in TM layers?>-24) and 0.28 Mn@Mn; ordering
in Mn layers (calculated based on its fully lithiated state of
Li[Lig 4Mng76]O,, corresponding to 0.63Li,MnOs-0.37LiMnO,).
Despite delivering high initial specific capacities, these lay-
ered LMR materials suffer from severe performance degra-
dation during cycling. In addition, Li;Mn,0s,*! Li,MnO;-
LiMn,0O, composite,?®l and a series of fluorinated Li-Mn-O
materialsl>?2 have been investigated in a wide operating
potential window to accommodate more Li-ion and achieve a
high capacity >300 mA h g~l. However, the cycling stability of
abovementioned rock-salt materials is still unsatisfactory, which
can be generally attributed to the adverse nature of rock-salt
structure and irreversible structural evolution during cycling.
In  Lij,Nig13Mng 54C0130,%  and  Liy ,CrosMng 40,51 and
Li; ;Rug sMny 50,832 cathodes, such phase transition behavior
from O3 to 1T was effectively suppressed due to the migration
Mn or Cr ions to Li-slabs, which serve as “supporting pillars” to
stabilize the structure with Li* occupied tetrahedral sites. Nev-
ertheless, the huge lattice changes upon repeated cycling still
induce particle cracking, which generally leads to performance
deterioration.

Herein, we reported a new O3-type layered oxide cathode
based purely on manganese, Lijg3Mngg,0, (LMO), which con-
sist of 0.48 Li@Mng ordering and 0.52 Mn@Mny structure
units in Mn layers (detailed calculation method is demon-
strated in Experimental Section). For the first time we operated
the LMO cathode at deep discharge state and achieved break-
throughs in both capacity and stability. Through a wealth of
characterizations, it is revealed that the reconstructed structure
consists of abundant of misplaced Mn-ions acting as structural
support for an elastic Mn layer, which not only enables extra
Li* storage in the tetrahedral sites of Li layer rather than the
conventional octahedral sites, but also tolerates layer distortion
to maintain structural integrity during repeated cycling. The
presence of low-content Li,MnO; domains not only reduces
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the amount of irreversible O loss in pure Li,MnO; phase, but
also regulates Mn migration in LiMnO, domains.’334 As a
result, an unprecedented reversible capacity of =412 mA h g!
(1.3-4.9 V) and even >600 mA h g™ (0.6-4.9 V) can be achieved
under a wide operation potential window. Through reversibly
accessing the hitherto unavailable Li storage sites in layered
Li-Mn-O based materials, this work provides a new perspective
on achieving high-capacity cathodes.

2. Results and Discussion

2.1. Structural Characterization of Pristine LMO

The pristine LMO material is obtained via ion exchange method
from a sodium-based precursor (see details in Experimental
Section). The Rietveld refinement results show the prepared
sodic precursor is a P3-type sodic layered oxide with minor lithi-
ated phase, exhibiting R3m space group (Figure S1, Supporting
Information). The weight ratio of sodic phase and lithiated
phase is about 0.88:0.12. The detailed lattice parameters and
structure parameters are displayed in Tables S1-S3, Supporting
Information. The molecular formula of LMO is determined
to be Lijg3Mngg,0, using inductively coupled plasma-atomic
emission spectroscopy (ICP-AES, see details in Table S4, Sup-
porting Information). Both scanning electron microscope
(SEM) and transmission electron microscope (TEM) images
(Figure S2, Supporting Information) indicate that the obtained
material consists of micro-sized secondary particles and nano-
sized primary particles. Powder X-ray diffraction (XRD) and
neutron powder diffraction (NPD) have been jointly employed
to determine the crystalline structure of LMO (Figure 1a,b) as
neutron scattering lengths are independent of electron num-
bers and thus enabling high sensitivity of light elements (e.g.,
Li).3% The corresponding Rietveld refinements of LMO were
performed, revealing a layered structure with R3m space group.
The detailed refined lattice parameters and structure param-
eters are listed in Tables S5 and S6, Supporting Information.
It can be found there are 0.16 Li and 0.84 Mn in the TM layer
(3a sites) and 0.67 Li in the Li layer (3b sites). In addition, an
unindexed peak at 20.9° can be identified as superlattice peak,
which can be related to the Li@Mng ordering in TM layers.[22-24

Additionally, continuous rotation electron diffraction (cRED)
is used to detect submicron/nanometer-scale crystal structure
of LMO. The 3D reciprocal lattice data were obtained by com-
bining the collected electron diffraction data from a LMO single
particle during rotation (Figure 1c). The corresponding recip-
rocal lattice data projected to a*b* (Figure 1d), a*c* (Figure le),
and b*c* (Figure 1f) planes are also recorded for observation.
The obtained cRED data can be well fitted to the unit cell of R3m
space group, and the discrete and clear reflection spots along
a*, b*, and c* axes indicate the absence of obvious structural
defects in pristine LMO, revealing high crystallinity of LMO
with flat layered structure.®®l To investigate the local structure
of LMO, high resolution TEM (HRTEM, Figure S3, Supporting
Information) and high angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM) technique were
employed (Figure 1g,h). Since only Mn atoms can be visualized
in the HAADF image, the observed Mn—-Mn “dumbbells” can
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Figure 1. The structure characterization of pristine LMO. a) XRD patterns and the corresponding Rietveld refinement results of pristine LMO. b) PND
patterns and the corresponding Rietveld refinement results of pristine LMO. c) Overall 3D reciprocal lattice of the selected LMO particle. Inset (scale
bar 100 nm) is the corresponding particle for cRED. d—f) Reciprocal lattice pattern viewed along c*-axis, b*-axis, and a*-axis, respectively. g,h) HAADF
images of the pristine LMO with different structured nanodomains, scale bar = 0.5 nm. Colored spheres represent proposed atom arrangements of
Mn (purple), Li (green), and O (red).

be associated with honeycomb Mng-ring ordering in TM layers  are 274 and 412 mA h g™ (=1166.8 Wh kg, calculated based
(nether panel in Figure 1h, intensity lines shown in Figure S4,  the mass of active material), respectively (Figure 2a), the cor-
Supporting Information), which is consistent with the superlat-  responding dQ/dV and cyclic voltammogram (CV) curves are
tice peak (i.e., Li@Mng ordering in TM layer) in Figure 1a. The  displayed in Figure S5, Supporting Information. This capacity
multi-scale characterizations above demonstrate that LiMnO,  discrepancy is attributed to the Li-deficient nature of the pristine
and Li,MnOs-like structure domains coexist in pristine LMO. LMO, and a much higher coulombic efficiency can be achieved

during the following cycle. As shown in Figure S6, Supporting

Information, LMO can still deliver a high discharge capacity
2.2. Electrochemical Performance of LMO of =346.7 mA h g after 30 cycles under a specific current of

10 mA g% Furthermore, a discharge capacity of =337.2 mA h g}
Galvanostatic cycling is carried out to evaluate the electro- with high specific energy retention (972%), capacity reten-
chemical performance of LMO. Under a low specific cur- tion (98.2%), and average coulombic efficiency (96.8%) can be
rent density, the first-cycle charge and discharge capacities achieved after 50 cycles (Figure 2b and Figure S7, Supporting
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Figure 2. High capacity of LMO and its origin. a) Voltage profiles of the first two cycles (specific current density: 10 mA g™'). b) Variation of specific
discharge capacity and energy density with cycle number (specific current density: 50 mA g™). c) Voltage profiles of the initial five cycle process (cut-off
voltage: 0.6-4.9 V versus Li/Li*, specific current density: 10 mA g™'). d) Simulated discharge plateaus and the corresponding redox pairs according to
pristine LMO (using Li,Mns;s0,) at various degrees of discharge between 4.9 and 1.3 V. e, ex situ ’Li ssNMR spectra of pristine LMO powder, electrodes

discharged to 2 V, 1.3 V, and recharged to 3 V.

Information), corresponding to an average voltage retention
of 98.9%, which is comparable with other previously reported
LMR materials (see detailed comparisons in Table S7, Sup-
porting Information). Under an elevated specific current of
200 mA g}, an initial capacity of 266 mA h g™! can be obtained
with a mass loading of 3 mg cm™2. After 150 cycles, high capacity
(87.0%), average coulombic efficiency (96.1%), and average dis-
charge voltage (98.5%) retention can be achieved, respectively
(Figures S8 and S9a, Supporting Information). After increasing
the loading of LMO to =8 mg cm™, high specific capacity of
~350 mAh g! and =270 mAh g! can still be obtained at 50 and
200 mA gL, respectively. Since most LMR materials suffer from
poor rate performance due to slow kinetics, their galvanostatic
cycling tests were generally carried out under impractically low
specific currents. Herein, the rate capability of LMO is also
tested under various C-rates (Figure S10, Supporting Informa-
tion, where 1 C corresponds to the specific current density of
400 mA g!). LMO exhibits a specific capacity of 151 mA h g
at 5 C, which greatly extends its application scenarios. Due to
the Li-deficiency in LMO, Li compensation is necessary for its
potential use in practical batteries. Therefore, a proof-of-con-
cept pouch cell is assembled by coupling LMO with a graphite
anode, which was chemically prelithiated according to a previ-
ously reported method.’”) Under 50 mA g, the full cell exhibits
an initial capacity of 348 mA h g™ at 50 mA g, with retention
of 95.1% after 20 cycles (Figure S11, Supporting Information).
Generally, extending the lower cut-off voltage during dis-
charging allows extra Li* insertion to obtain a higher practical
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capacity. Nevertheless, over-discharging layered oxide cathodes
to excessively low voltages would lead to battery failure as extra
Li* squeezed into neighboring tetrahedral sites from octahedral
sites is generally accompanied with the structural collapse.[383%
For LMO synthesized in this work, however, shifting the
lower cut off voltage to 0.6 V versus Li/Li* makes an ultrahigh
capacity of 610 mA h g! (=1368.6 Wh kg™)) accessible revers-
ibly (Figure 2c), which is far beyond any reported values so
far. More importantly, the capacity and average voltage barely
changed after five cycles. Compared with the result obtained
in the voltage range of 1.3-4.9 V, the charge capacity above 4 V
region is much higher when tested under 0.6—4.9 V. Similar
phenomena can also be found in many previous studies, 3032
which could be explained by the retarded Li* intercalation/
deintercalation kinetics under a higher tetrahedral Li* occupa-
tion, hence the large voltage hysteresis. At 50 mA g7, an ini-
tial capacity of 465 mA h g! can be also achieved with capacity
retention of 84% after 20 cycles (Figure S12, Supporting Infor-
mation). Admittedly, discharging to 0.6 V versus Li/Li* might be
too low for practical use, this exploration is still of great impor-
tance as it conceptually demonstrates the limit of Li* insertion
into layered oxide materials since in a real battery, cathode par-
ticles in some local areas will be inevitably over-discharged due
to polarization. The highly stable structures of LMO ensures
its cycle reversibility under extreme testing conditions. First-
principle simulations is carried out to estimate the redox
center and Li occupation in IMO (denoted as Li,Mns;cO,).
By obtaining the convex hull curve of formation energy of all
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possible configurations (Figure S13, Supporting Information),
stable intermediate configurations are confirmed. According to
the computational result (Figure 2d), the first two discharge pla-
teaus (=4.6 V, =3.0 V versus Li/Li*) are attributed to anion and
Mn reduction (Mn*" + ¢~ — Mn3*), respectively, while Li* inserts
into octahedral sites in Li slabs to form LiO4 octahedra. For the
plateau at =1.6 versus Li/Li*, although Mn is still electrochemi-
cally active as a redox center, octahedral sites in Li-slabs cannot
accommodate any more Li*. Therefore, Li* starts to insert
neighboring tetrahedral sites in Li-slabs instead of octahedral
ones.*! Moreover, computational results indicate that at the end
of this plateau, Mn>* remains relatively stable against dispropor-
tionation (Figure S14, Supporting Information). This simulation
is experimentally verified by 7Li solid-state nuclear magnetic
resonance (ssNMR) spectra (Figure 2e and Figure S15a, Sup-
porting Information). The small peak around =1490 ppm rep-
resents Li* in transition metal layer (Liry), corresponding to
the superlattice structure in pristine LMO; whereas the broad
band at =740 ppm reflects the chemical environment of Li* in
Li-slabs.™ In addition, the peak at 0 ppm arises from the Li*
in diamagnetic environments (e.g., residual electrolyte salt or
electrolyte decomposition species). When discharged to 2 V, a
new broad peak appeared around 400-500 ppm (see enlarged
spectra in Figure S15b, Supporting Information), which is
consistent with Li* occupation in tetrahedral sites of Li layers
reported in previous studies.'*] As Li* continuously inserted
into the cathode, a resonance peak at much lower chemical shift
(136 ppm) can be observed at 1.3 V. Such peak shift might arise
from Li* between distorted Mn layers*! as well as the occupa-
tion of tetrahedral sites in Li-slabs.*!l As subsequently recharged
to 3V, the broad peaks at low chemical shift (400-500 ppm and
136 ppm) disappeared while the original peaks at =740 ppm and
~1490 ppm still exist, indicates a reversible structural evolution
process in LMO during cycling.

Despite the much-improved cycling reversibility, inevitable
capacity and voltage decay during long-term cycling can still
be observed. This can be related to the structure transforma-
tions of LMO, including layer-spinel phase transformation, the
decrease of interlayer spacing and crystallinity, as well as the
structure defect formation (Figures S16 and S17, Supporting
Information). For comparison, layered Li,;MnO, suffered
from severe structure deterioration from original layered phase
to spinel-like phase and distorted spinel phase after 10 and
50 cycles, respectively (Figure S18, Supporting Information). In
addition, Mn dissolution (Figure S19, Supporting Information)
and the possible side reactions with the electrolyte (Figure S20,
Supporting Information) also can be found in the cycled LMO
cathode. To further improve the electrochemical performance,
future studies should focus on surface protection and electro-
lyte optimization strategies.

2.3. Reversible Structural Evolution

In situ synchrotron XRD is first employed to monitor the phase
evolution process of pristine LMO during cycling (Figure 3a).
Upon initial charging, the (003) peak around 1.4° shifts toward
higher angle, indicating a reduced interlayer distance due to Li*
deintercalation; upon discharging, the (003) peak shifts back to
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lower angle along with lithiation process. This variation ten-
dency of interlayer distance (see detailed data in Figure S21,
Supporting Information) is opposite to the behavior of tra-
ditional layered oxides that involves the redox reaction of TM
cations only,?® implying anionic redox dominated reactions as
anionic oxidation leads to decreased repulsion force between
to neighboring oxygen layers, hence a reduced interlayer dis-
tance.'”®!] Tt should be also noted that the peak shift became
more drastic when discharged to 2 V versus Li/Li*, which could
be attributed to the dramatically enlarged interlayer spacing
caused by extra Li* occupation in tetrahedral sites. Therefore,
in the subsequent charging process, the interlayer spacing
reduces as Li* being extracted from the tetrahedral sites, and
the (003) peak shifts toward higher angle. In addition, O K-edge
X-ray absorption spectroscopy (XAS) was carried out under total
fluorescence yield (TFY, Figure 3b) and total electron yield (TEY,
Figure S22, Supporting Information) modes. For pristine LMO,
pre-edged peaks (<535 eV) in both spectra can be assigned to
the transition of O 1s to the unoccupied states of O 2p orbitals
hybridized with Mn 3d orbital. Upon charging, the formation
of a shoulder feature at =530.5 eV infers the oxidized state of
0.194] Lattice oxidized oxygen species can be also observed
from the ex situ X-ray photoeletron spectra (XPS) of O during
charging (Figure S23, Supporting Information). The results
of differential electrochemical mass spectroscopy (DEMS,
Figure 3c) also show that the first charging process is accom-
panied by a small amount of O, gas release, and there is no
detectable O, gas release in the subsequently cycles for LMO,
indicating a stable structure has been formed after the first
cycle. Furthermore, reversible peak shifting can be observed
for other major XRD peaks while no new peak has emerged
(Figure S24, Supporting Information). The well-maintained
structural integrity of LMO explains its cycling stability.

Next, from the in situ Mn K-edge X-ray absorption near-
edge structure (XANES) spectra (Figure 3d and Figure S25,
Supporting Information), it can be observed that before being
discharged to 2.8 V versus Li/Li*, the valence state of Mn in
LMO increased and decreased slightly during charging and
discharging, respectively. This result indicates that during this
process, the redox reactions of both Mn and anion jointly con-
tribute to the capacity. It is noteworthy that as the cell being
discharged below 2.8 V versus Li/Li*, significant Mn reduc-
tion can be observed. This result, as well as the ex situ XPS
(Figure S26, Supporting Information) have supported the theo-
retical hypothesis in Figure 2g that the accommodation of Li*
depends on Mn reduction at low voltages (<2.8 V versus Li/Li*).
The Fourier transform of the Mn K-edge extended X-ray absorp-
tion fine structure (EXAFS) spectra (Figure 3e and Figure S27,
Supporting Information) shows that the distance between Mn
and its nearest neighboring O also become larger below 2.8 V
versus Li/Li*, which could be attributed to the Jahn-Teller effect
or the weakened electrostatic attraction between Mn-ion and
02 while for similar reasons, intraslab Mn-ions become closer.

2.4. Origin of Elastic Lattice on Atomistic Level
HAADF-STEM and cRED are jointly employed to probe

the local atomic evolutions in LMO during cycling. The
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Figure 3. Structure evolution of pristine LMO. a) Contour plot of in situ synchrotron XRD patterns with selected angle regions during initial two cycles
(cut-off voltage: 1.3-4.9 V versus Li/Li*, specific current density: 70 mA g™). b) TFY mode of O pre-edge region K-edge XAS spectra of LMO measured
under different voltages. c) In situ DEMS measurement records gas release during cycling for LMO. d) Contour plot of in situ Mn K-edge XANES
spectra during cycling. e) Fourier transform of the Mn K-edge extended EXAFS spectra, which represents the distance between Mn—-O and Mn-Mn.
Electrochemical testing condition for (d) and (e) is set between 1.3 and 4.9 V versus Li/Li* with a specific current density of 30 mA g~'.

HAADF-STEM image shows that after first charging to 4.9 V
versus Li/Li*, Mn can be observed in Li layers (as marked in
Figure 4a, line intensity is presented in Figure S28a,d, Sup-
porting Information), forming Li/Mn antisites, while the
discrete reciprocal lattice spots in cRED patterns of a single
charged particle (Figure 4b—e) also confirm that the layered
structure with flat Mn slabs is well-preserved after charging.
However, when discharged to 1.3 V versus Li/Li*, flat Mn layers
become curved and dislocated with additional Li* insertion
(Figure 4f). It should be noted that a larger number of Mn-ions
can be observed in Li layers at discharged state (as marked in
Figure 4f and Figure S28b,e, Supporting Information), which
can be related to Mn?*" formation at low discharge voltage.
Differing from the reported Li-rich manganese oxides, where
Mn migration to Li-slabs mainly occur at the surface after the
initial cycle,’%¥] LMO shows significant cation disorder in
the bulk. This might be related to the relatively high content
of LiMnO,-like layered structure in LMO, which is thermody-
namically favorable for Mn migration to Li layers.[333448 The
streaked cRED reciprocal lattice spots (Figure 4g—j) along the
c*-axis are consistent with HAADF-STEM image, revealing
a rippled structure which is commonly observed in 2D mate-
rials owing to the high interlayer/intralayer stress.*>>% Similar
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phenomena in layered oxides have been considered detrimental
to the cycling stability because high curvatures generally leads
to structure collapse.’*>!l However, as pristine LMO recharged
to 3 V versus Li/Li*, both HAADF-STEM image (Figure 4k) and
cRED (Figure 4l-o) patterns have indicated that the flatness of
Mn slabs is restored. Meanwhile, the previously formed Li/Mn
antisites after the first cycle charging remain existent during the
sequential electrochemical steps (as marked in Figure 4k and
Figure S28c,f, Supporting Information). It should be noted that
due to the Jahn-Teller effect of Mn?', severe Li-Mn interchange
tends to occur in LiMnO, domains upon discharging, eventually
resulting in electrochemically inactive rock-salt structures.?*34
For LMO, the existence of Li,MnO; domains not only mitigate
Jahn-Teller effect by increasing the average valence state of Mn,
but also serve as a buffer to prevent irreversible phase changes,
hence the active material is well-maintained.

According to the computational results (Figure 4p), excess
Li* could be either evenly distributed in Li-slabs or enriched
in a limited locality, depending on the existence of Li/Mn
antisites. The former tends to undergo a phase transition
into Ol-type structure whereas the O3 phase could be stabi-
lized for the latter case. Owing to the high stress generated
by excess lithiation in tetrahedral sites, the later configuration

© 2022 Wiley-VCH GmbH
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Figure 4. Origin of Structural reversibility in LMO. a,f k) HAADF-STEM images of LMO after initial charged 4.9 V versus Li/Li*, discharged to 1.3 V versus
Li/Li* and recharged to 3.0 V versus Li/Li* respectively. Some bright spots representing Mn atoms in Li layers are circled out. b) The overall 3D reciprocal
lattice of LMO particles charged 4.9 V versus Li/Li*, and c—e) the corresponding reciprocal lattice pattern viewed along c*-axis, b*-axis, and a*-axis, respec-
tively. g) The overall 3D reciprocal lattice of LMO particles discharged 1.3 V versus Li/Li*, and h—j) the corresponding reciprocal lattice pattern viewed along
c*-axis, b*-axis, and a*-axis, respectively. |) The overall 3D reciprocal lattice of LMO particles recharged 3.0 V versus Li/Li*, and m—o) the corresponding
reciprocal lattice pattern viewed along c*-axis, b*-axis, and a*-axis, respectively. The inset images in (b), (g), and(l) (scale bar 100 nm) are the corre-
sponding particle for cRED measurement. p) Possible structure configurations of LMO with extra Li insertion and the corresponding structure evolutions.

exhibits distorted Mn layer. The proposed model is not only in  chemical environments for Li* coexist at 1.3 V: the main peak at
good accordance with our observations in Figure 4f,g, but also 740 ppm representing octahedral Li while the new peak at the
explains the ssNMR results in Figure 2h, where two different  lower chemical shift attributed to tetrahedral Li stored between
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distorted Mn layers. Additionally, it is also calculated that Li/
Mn antisites could significantly reduce the formation energy of
tetrahedral Li* at various states of discharge (Figure S29 and
Table S8, Supporting Information).

3. Conclusion

A new layered oxide cathode purely based on manganese (LMO)
is reported, which enables ultrahigh reversible capacities via
stabilizing tetrahedral Li-storage for the first time. Contrary to
previous studies that mainly focus on suppressing cation dis-
order, the excellent electrochemical reversibility of LMO can
be ascribed to the formation of a cation-disordered structure:
upon the initial activation process, a significant amount of Mn
ions spontaneously migrate to Li layers and function as sup-
porting structural units to prevent irreversible phase transition
and structure collapse caused by tetrahedral Li* insertion. Thus,
extra Li* can be reversibly stored in the active tetrahedron sites
as the cation-disordered elastic lattice can tolerate the huge lat-
tice change to prevent irreversible phase transformation. This
finding not only highlights the potential application of lithium
manganese oxides, but also defines a new exciting strategy to
fully exploit the capacity potentially held in intercalation-type
cathode materials.

4. Experimental Section

Material Synthesis: Ligg3Mng 5,0, was synthesized using a three-step
process. To begin, MnCO; was prepared by a co-precipitation method
using stoichiometric amount of 0.1 M Na,CO3 and 0.5 M Mn(NO;),-4H,0
aqueous solution. The yield of the MnCOj; was >90%. Then a solid-state
sintering method was employed to prepare the sodic precursor from the
mixture of Na,COs3, Li,CO3, and MnCO; in a molar ratio of 0.2:0.15:0.7,
which were thoroughly ground and calcined at 700 °C for 20 h. After that,
2 g above precursor was then ground with LiNOs/LiCl (weight ratio =
0.88:0.12) molten salt in a weight ratio of 1:10 and heated at 280 °C for
6 h to obtain the final LMO product, which was washed with deionized
water several times and dried at 120 °C in vacuum. The weight of LMO
product was >1.6 g. Lip;MnO, was synthesized by mixing Na,CO; and
MnCO; in a molar ratio of 0.35:1 and calcinated at 700 °C for 20 h,
followed by a similar Li*/Na* ion-exchange method.

Determination of Cationic Ordering in TM Layer: Based on the
chemical formula of LMO, its fully lithiated formula is Li[Lig16Mng g4]O,,
corresponding to 0.48Li[Liy 3Mn33]0,:0.52LiMNO;. In Li[Liy 3sMny 3]0, its
TM layers consist of purely Li@Mng, while the TM layers in LiMnO, are
purely composed of Mn@Mng. Therefore, the cationic ordering in Mn
layer in LMO can be determined to be 0.48 Li@Mng and 0.52 Mn@Mng.

Chemical Prelithiation of Graphite Anode: The electrodes were made
by a typical slurry casting method with active materials (graphite),
conductive carbon (acetylene black), and binder (PVDF) at a mass ratio
of 8:1:1. The slurry was casted onto a Cu foil current collector and dried
in a vacuum at 100 °C overnight and cut into disks with a diameter of
12 mm. The reaction solution was prepared by dissolving lithium metal
slice in as-prepared 0.5 M 4,4”-dimethylbiphenyl in THF, and stirring
vigorously for 1 h at 44 °C in an Ar-filled glove box. The molar ratio of
Li: 4,4”-dimethylbiphenyl was fixed to 4:1 to supply an enough amount of
Li. Then the graphite anodes were immersed in the reaction solution for
appropriate time and temperature. Next the graphite anodes were rinsed
with 1.0 m LiPFg in 1:1:1 (v/v/v) EC/DMC/EMC with 5% FEC electrolyte
to quench further reaction between solution and the graphite anodes.

Characterizations: The material morphology was observed by a field-
emission SEM (Carl Zeiss SUPRA@55). The elemental composition was
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determined using ICP-AES (Horiba Jobinyvon JY2000-2). The powder
XRD data was collected by a Bruker D8 Advance X-ray diffractometer
with a Cu-Ker radiation source (K, = 1.54056 A, K, = 1.54439 A). NPD
was measured on high resolution powder diffractometer BT1 at National
Institute of Standards and Technology (NIST). The combined structural
refinement against the synchrotron XRD and the NPD data was
performed using the TOPAS v.5.0 software (Bruker AXS).’3 The HRTEM
and cRED results were collected on a JEOL-3200FS field-emission TEM
operating at an accelerating voltage of 300 kV with a 60 cm camera
length, a minimum collection angle of —30° to 30°, and a OneView CMOS
camera (Gatan Inc.). The 3D reciprocal lattice pattern was obtained by
combining the collect dataset of a selected particle, then reconstructed
and analyzed using REDp software. High-resolution STEM images were
obtained using a JEOL ARM-200CF operated at 200 kV. To ensure Z
contrast, HAADF images were acquired with inner and outer collection
angles of 68 and 280 mrad, respectively. The ’Li magic-angle-spinning
(MAS) ssNMR experiments were conducted on a Bruker AVANCE-400M
NMR spectrometer (9.4 T) with the Li Larmor frequency of 155.6 MHz
using 1.3 mm double-resonance MAS probe. The samples were packed
into 1.3 mm MAS rotors in Ar atmosphere and spun at 50 kHz. Then
the pjMATPASS (Projection of magic-angle turning phase-adjusted
spinning sidebands) measurement was used to eliminate side-band with
a 7/2 pulse width of 1.8 s and a recycle delay of 0.03 s. 1 m LiCl with
the chemical shift at 0 ppm was used as the reference. The structure
evolution during the cycling was monitored in situ using the synchrotron
high-energy XRD with the wavelength of 0.1173 A in the 11-ID-C beamline
of the advanced photon source (APS) at the Argonne National Laboratory.
In situ hard XAS measurements during cycling were performed on the
electrodes in transmission mode at beamline 11-1D-C and 20-BM-B of the
APS at Argonne National Laboratory. The valence information of related
elements was collected by an XPS (Thermo Fisher ESCALab2201-XL). The
soft XAS (sXAS) experiments were performed at the Shanghai Synchrotron
Radiation Facility, under the storage ring conditions of 3.5 GeV and
220 mA current. The L edge of Mn and the K edge of O sXAS spectra were
measured at beamline 02B02 of the SiP-ME2 platform. Beamline 02B02
was a bending magnet beamline, which provided photons with energy
range from 50 to 2000 eV. The photon flux was about 1011 photons s-1
and the energy resolving power E/AE was up to 13 000@250 eV. The beam
size at the sample was set to 150 umx50 um. The spectra were collected
using surface-sensitive TEY and bulk-sensitive TFY modes simultaneously
at room temperature in an ultrahigh vacuum chamber. The photon energy
was calibrated with the spectra of the reference samples MnO, and
SrTiO;, which were measured simultaneously.>’]

Electrochemical Measurements: The electrochemical performance of the
cathode materials was measured using the CR2032-type half cells. Active
material, conductive carbon black, and PVDF binder at a weight ratio of
8:1:1 were mixed and stirred thoroughly in the N-methyl-2-pyrrolidone
solvent to form the slurry, which was then cast onto the Al foil and dried
at 120 °C overnight in vacuum to obtain the cathode electrodes. The coin
cell was then assembled in an Ar-filled glove box with Li foil as the anode,
Celgard film as the separator, and 1.0 m LiPFg in 1:1:1 (v/v/v) EC/DMC/
EMC with 5% FEC as the electrolyte. The LMO||graphite pouch full cell
was assembled using a lithiated graphite anode. The loading of LMO in
coin cell and pouch cell were 3 and 4 mg cm™2, respectively. The N/P
ratio in pouch cell was 1.2, and the thickness of the electrode was =3 um.
The galvanostatic charge and discharge were conducted on a NEWARE
battery test system. The CV was carried out on a Solartron Analytical
1470E electrochemical workstation. The homemade DEMS was used to
monitor the in situ gas evolution upon cycling.

Computational Methods: All the calculations were performed using
the plane-wave based density functional theory method as implemented
in the Vienna ab initio simulation package.’**"] Projector augmented
wave potentials were used to probe valence-core interactions.#5% The
generalized gradient approximation (GGA) with the Perdew—Burke—
Ernzerhof functional was chosen as the exchange correlation potential [
A cutoff energy was set as 520 eV and the electronic energy 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
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1000/ (the number of atoms per cell). In order to correctly characterize
the localization of transition-metal d-electrons, the GGA+U method was
used to account for the strong correlation in the calculations.["62 The
values for the Hubbard U parameter for Mn was 4.2 eV.®¥l Geometries
were optimized until the forces on the atoms were less than 0.02 eV A~
The spin-polarized calculations were considered in all the calculations.
All calculations were performed considering a ferromagnetic ordering of
Mn atoms.

Intercalation—deintercalation voltages (V) were computed using
the Nernst equation, V = AG/(zF), where AG is the Gibbs free energy
change, F is the Faraday constant and z is the charge that is transferred.
The change in the Gibbs free energy is defined as AG = AE + PAV — TAS,
where P and T are pressure and temperature, respectively, and AE,
AV, and AS are the change in internal energy, volume, and entropy,
respectively. The first-principles calculations were carried out at 0 K and
zero pressure. Under these conditions, the Gibbs free energy change is
then given by the change in the internal energy, AG = AE. Thus, for the
lithium deintercalation—intercalation voltage is given by

V= _ E(Li, Mng330;) — E(Li,,Mno530;) — (x1 — x2)E(Li) )
(x1—=x2)F

where x; > x, and E(Li, Mngg;05) and E(Li, Mngg;0,) are the internal
energies of the lithiated transition metal oxides, respectively, and E(Li)
is the internal energy of metallic sodium. All the internal energies were
obtained directly from the first-principles calculations.

To obtain the voltage profiles in the charge/discharge process, all
stable phases were needed to be confirmed by comparing the formation
energy with respect to stable reference materials. The formation energy
is given by

2x

E¢(LixMngg30,) = E(Li,Mng30,) - 3 E(Liy sMng307) 2
2x
—(1— T)E(M”O.moz)

where E(Li;sMngg30,) and E(Mngg30,) are the internal energies of
the stable reference materials, respectively. All the phases with partial
Li occupancy were investigated while Li ordering was designed by
using combinatorics. The formation energies of thermodynamically
stable phases compared with the reference materials lie on the convex
hull of E¢ versus composition x.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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