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Double the Capacity of Manganese Spinel for Lithium-lon
Storage by Suppression of Cooperative Jahn-Teller Distortion
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Jiaxin Zheng,* and Feng Pan*

The relatively low capacity and capacity fade of spinel LiMn,O4 (LMO) limit
its application as a cathode material for lithium-ion batteries. Extending
the potential window of LMO below 3 V to access double capacity would
be fantastic but hard to be realized, as it will lead to fast capacity loss due
to the serious Jahn-Teller distortion. Here using experiments combined
with extensive ab initio calculations, it is proved that there is a cooperative
effect among individual Jahn-Teller distortions of Mn3*Og octahedrons

in LMO, named as cooperative Jahn-Teller distortion (CJTD) in the

text, which is the difficulty to access the capacity beyond one lithium
intercalation. It is further proposed that the cationic disordering (excess

Li at Mn sites and Li/Mn exchange) can intrinsically suppress the CJTD of
Mn3*Og octahedrons. The cationic disordering can break the symmetry of
Mn3* arrangements to disrupt the correlation of distortions arising from
individual T centers and prevent the Mn**—O bonds distorting along one
direction. Interestingly, with the suppressed CJTD, the original octahedral
vacancies in spinel LMO are activated and can serve as extra Li-ion storage
sites to access the double capacity with good reversible cycling stability in

material to meet the above requirements
because of its high voltage (=4.0 V vs Li/Li")
and low cost.?l However, the poor cycling
performance and the relatively low capacity
limit its wide application as a cathode mate-
rial for LIBs. The poor cycling stability
is directly associated with a combination
of structural transformation and Mn dis-
solution driven by the disproportionation
reaction of Mn** and Jahn-Teller (JT) distor-
tion.l The relatively low capacity of LMO is
attributed to one lithium inserting into the
Mn,0, spinel framework (above 3 V).?>4
Theoretically, further lithiation to the octa-
hedral vacancies in LMO (by extending
the potential window below 3 V) to form
over-lithiated Li,Mn,0, would double the
capacity, but this is impracticable as it will
cause more Mn*" reduced to Mn?" to induce
more serious JT distortion, leading to irre-
versible phase transformation (cubic phase

microsized LMO.

1. Introduction

The cathode is generally regarded as the performance-determining
component of lithium-ion batteries (LIBs). Ideally, the cathode
should deliver high specific capacity, high operating voltage, low
cost, superior safety and long cycle life within a wide working tem-
perature range in order to meet the requirements for transporta-
tion applications, such as hybrid electric vehicles, plug-in hybrid
electric vehicles and pure electric vehicles (PEVs).l!. Among the
discovered cathodes, manganese-based lithium manganese spinel
oxide, LiMn,0, (LMO), is one of the most promising cathode
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to tetragonal phase) and particle cracks

during cycling ?>4]
To access the double capacity in LMO,
suppression of the severe JT distortion
beyond one lithium intercalation is critical. Bulk doping!®
and surface engineering (including surface coating”! and
doping®) are two well-developed methods to stabilize the
crystal structure and inhibit Mn dissolution to improve the
cycling stability for LMO. But they mainly take effect above
3 V and is hard to suppress the severe JT distortion beyond
one lithium intercalation below 3 V. So far, only bulk heavy
Ti-doping was reported to successfully extend the potential
window to 4.95-2.0 V to access double capacity in sub-micron
sized LiMn,;(NigsTigs04 but with significant capacity sacri-
fice (206.5 mAh g™') and a modest capacity retention: =70%
and =90% after 50 cycles in the upper (4.95-3.0 V) and lower
voltage (3.0-2.5 V) regions, respectively.’] A partial of tetragonal
phase was also formed during cycling in LiMn; (Ni5Tig 50,
Thus, other nontraditional methods were developed to access
the double capacity of spinel LMO. Lu et al. embedded elec-
trochemically inactive layered Li,MnO; nanodomains into
the microsized LiMn, sNiysO, to stabilize the crystal structure
by accommodating the internal stress from JT distortion,!
and an extended capacity (=200 mAh g) with good reten-
tion (=90% after 50 cycles) was obtained when cycled between
2 and 4.8 V. It was also reported that morphology control
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(e.g., ball milling microsized LMO particles™ to nanosized

particles and synthesis of order mesoporous LMO with nano-
meter thin walls between the pores!'?)) can facilitate the revers-
ible cubic/tetragonal phase transformation during cycling to
access the double capacity, but this will decrease the volumetric
energy density significantly. Up to date, intrinsic suppression
of the severe JT distortion and phase transformation beyond
one lithium intercalation in microsized LMO still remains a big
challenge.

Here, using experiments combined with extensive ab
initio calculations, we report that the double capacity
(=240 mAh g!) beyond one lithium intercalation can be
accessed with good reversible cycling stability by cationic
disordering (excess Li at Mn sites and Li/Mn exchange) in
microsized spinel LMO in a voltage window of 1.5-4.8 V.
Moreover, the capacity in the wupper voltage region
(4.8-2.8 V) is even increased during cycling. We prove
that the cationic disordering can intrinsically suppress the
cooperative Jahn-Teller distortion (CJTD) of Mn3*O4 octa-
hedrons (namely, disrupt the correlation of distortions
arising from individual JT centers) and inhibit the Mn3*
disproportionation in the spinel bulk. With the suppressed
CJTD, the original octahedral vacancies in spinel LiMn,0,
are activated and can serve as extra Li-ion storage sites to
access the double capacity.
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2. Results and Discussion

Figure 1a shows the XRD patterns of the synthesized spinel
LiMn,0, with cationic disorder (LMO-CD) and normal LiMn,0,
spinel. The diffraction peaks of these two kinds of spinel are
similar and can be well indexed to the LiMn,0, (LMO) standard
spinel card (space group = Fd-3m, PDF#53-1237). The reflected
peak of LMO-CD is weaker and broader compared to the normal
LMO, indicating an inferior crystallinity. Inductively coupled
plasma (ICP) was conducted to determine the exact chemical
formula of LMO-CD. The molar ratio of Li/Mn was confirmed
to be 0.712 (Table S2, Supporting Information), close to the
formula Li; ,sMn, 550, according to the stoichiometric lithium
manganese spinel formula Li(Li,Mn,_,)O, (0 < x < 0.33).30413
This indicates that =25% of octahedral manganese is substi-
tuted by lithium in our synthesized LMO-CD. Rietveld refine-
ments were further performed using the Fd-3m space group
by Fullprof, as shown in Figure 1b, and the observed patterns
fit well with the calculated patterns with Ry, = 8.49%. To our
surprise, Li and Mn atoms both have occupancy in 8a and 16d
sites, and 8.5% Li/Mn exchange happened in the LMO-CD
(Table S1, Supporting Information). Thus, the chemical formula
of LMO-CD can be written as (Lig 915Mng ggs)(Lig.335Mn1 665) 004
(T and O denote tetrahedral site and octahedral site, respec-
tively). XPS test was conducted to evaluate the valence state of
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Figure 1. a) XRD patterns of as-prepared normal LiMn,O4 and LMO-CD; b) Rietveld refinement profiles of XRD for LMO-CD; c) lllustration of crystal

structure of LMO-CD sample.
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manganese in the sample from the surface to 100 nm depth
below the surface by Ar* sputtering (Figure S1, Supporting
Information). The valence state of Mn on the surface is a little
bit lower than that in the bulk. The molar ratio of Mn**/Mn3* in
the bulk was determined as 79.6%/20.4% in LMO-CD (higher
than the ratio of 50%:50% in normal LMO), close to the molar
ratio of Mn*/Mn3" in the chemical formula of (Lij g;sMng ggs)t
(Lio.335Mn1 665) 004,

To observe the structure and the morphology, scanning
electron microscope (SEM) and high-resolution transmis-
sion electron microscope (HRTEM) were employed. Micro-
sized particles varied from 1 to 10 um can be seen from SEM
images (Figure S2, Supporting Information). Figure 2a,b
shows HRTEM images of an LMO-CD particle viewing along
the [011] zone axis. Figure 2c—e are magnified areas of three
typical regions. As we know, the bright atomic columns in
the HRTEM images are the transition metal atoms, while
the light elements like lithium are invisible from the images
because of the lack of contrast. Therefore, diamond manga-
nese columns marked with red rectangles can be detected in
the TEM images (Figure 2d,e), which match with the crystal
structure illustration. It can be found that most region of the
bulk phase maintains the LiMn,O4type spinel structure, in
which lithium, manganese, and oxygen occupy the 8a, 16d, and
32e sites, respectively (Figure 2d). Interestingly, the layered-type
spinel (Figure 2c—f) was detected in LMO-CD. This is because

www.advenergymat.de

the normal LMO spinel structure has two kinds of manga-
nese layers: manganese-rich layer and manganese-poor layer.
The layer-type spinel region is formed when manganese in the
poor layer is substituted by lithium if an amount of lithium
is randomly distributed in 16d sites. Inverse manganese was
discovered in Figure 2e and can be illustrated by Figure 2h, in
which a small amount of tetrahedral manganese was detected
in the middle of the red manganese rectangle. Only one tetra-
hedral spot representing manganese can be found in the man-
ganese diamond framework, which may be due to that two
manganese tetrahedrons are not in a plane, namely, only the
outward tetrahedron can be observed from the [011] direction.
Electrochemical performance was further tested for the
normal LMO and LMO-CD as cathode materials in a voltage
window of 1.5-4.8 V. The first charge and discharge curve of
LMO-CD and normal LMO at a current density of 50 mA g
are displayed in Figure 3a. Two typical platforms at 4.1 and
2.8 V can be observed from the discharge curve of normal
LMO, corresponding to the lithiation into the 8a (tetrahedron
sites) and 16¢ (original octahedron vacancy sites in LMO)
sites.! By contrast, three plateaus at 4.0, 2.8, and 2.1 V were
observed in LMO-CD. Platform at 4.0 V indicating the lithium
inserting into the tetrahedron sites is similar to the normal
LMO. The other two low platforms result from the lithiation
into the original octahedron vacancy sites in LMO-CD, which
will be discussed in detail in the computational section. The

Mn
substituted
by Li

inversed Mn

,.T.

Figure 2. a,b) HRTEM images of LMO-CD particle along the [011] zone axis. Typical areas are marked by white rectangles and the corresponding regions
are shown in c) substituted layered-like region, d) normal spinel region and e) manganese inversed region. f~h) Atomic crystal structure illustrations

of three typical areas in LMO-CD.
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Figure 3. a) Tst charge/discharge curves for LMO-CD and normal LiMn,Oy4 at 50 mA g~' current density in a voltage window of 1.5-4.8 V; b) cycle

stability test for LMO-CD and normal LiMn,O,.

cycle voltammetry curves of LMO-CD is shown in Figure S4a
(Supporting Information), and the CV peaks match well with
the three platforms in charge and discharge curves. The two
peaks around 4 V may be caused by the two-phase transition
stages and polarization. The initial specific charge capacity
for LMO-CD is only 60 mAh g7!, much lower than that of
normal LMO (=110 mAh g!). This is limited by the charge
transfer amount of Mn ions from an average of 3.8 to 4.0
valence state in LMO-CD. The initial specific discharge capacity
of LMO-CD is about 240 mAh g™!, much higher than that of
normal LMO (200 mAh g™). These results indicate that both
normal LMO and LMO-CD are overlithiated when discharging
to low voltages after the initial cycle, and the chemical for-
mula can be figured out as Lij135(Mng,egs)r(Lio.335Mn1665) 004
and Li;Mn,0, at the end of discharge state for LMO-CD and
normal LMO, respectively. After 50 cycles at the current density
of 50 mA g7, the capacity retentions of LMO-CD is 87.5% with
coulombic efficiency closed to 100% (Figure S5, Supporting
Information), indicating a stable reversibility of overlithi-
ated LMO-CD at the voltage window of 1.5-4.8 V (Figure 3b).
More importantly, the capacity in the upper voltage region
(4.8-2.8 V) is even increased during cycling (Figure S5, Sup-
porting Information). By contrast, the capacity retentions of
normal LMO is only 50.2%, indicating a poor reversibility of
overlithiated normal LMO (Figure 3b). Furthermore, we match
our LMO-CD cathode with a prelithiated SiO/C anode which
is prepared by disassembling the lithiated SiO/C in a half cell
(vs Li*/Li) to assemble a full cell. Figure S7 (Supporting Infor-
mation) shows the corresponding electrochemical perfor-
mance of this full cell in the voltage window of 1.4-4.7 V. It
shows similar electrochemical curves with LMO-CD half cells
despite some decomposition of electrolyte in the first cycle.
From Figure S7a (Supporting Information), it can be seen
that the lacked lithium in the first charge cycle is success-
fully compensated in the next cycle. Figure S7b (Supporting
Information) shows the cycling performance of this full cell.
There is nearly no decay after 30 cycles, demonstrating the
good cycle stability of the LMO-CD full cell.

In order to understand structure-stability relationship of
LMO-CD, ex situ XRD analysis was carried out at different
charge-discharge potential, in which half cells were disassembled
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to further investigate LMO-CD. Figure 4a shows the ex situ
XRD patterns of LMO-CD at different discharge states, related
to each potential shown in Figure 4b. As can be seen, except
for some peaks reflected by carbon, blender and Al foil, the
spinel framework marked by arrows is well maintained during
charge and discharge, especially when discharged to a relatively
low voltage. Cell volume and the value of cell parameter c/a
of LMO-CD which can be used to describe the level of the JT
effect (Figure 4c). It shows that the cell volume went through
a relatively smaller change ranging from 531.66 to 546.52 A3
and c/a value of LMO-CD was kept almost at the cubic level
when discharged from 4.8 to 1.8 V. While the cell volume and
c/a value of normal LMO underwent a significant increase after
3.5 V during the discharge process, indicating the significant JT
distortion during cycling. Similar results can also be observed
by discharging both normal LMO and LMO-CD to 1.8 V at
which most Mn* is reduced to Mn3*. Figure 4d shows the XRD
patterns of both normal LMO and LMO-CD when discharged
to 1.8 V at which most Mn*" is reduced to Mn3*. It can be seen
that the cubic normal LMO structure was almost transformed
to tetragonal Li,Mn,0, with (111) peak splitting and the occur-
rence of typical tetragonal peaks, resulting from the JT distor-
tion. This explains the nonreversibility of overlithiated normal
LMO in the cycling voltage window of 1.5-4.8 V. By contrast,
for the LMO-CD, despite the reflection of acetylene black and
blinder, little tetragonal peaks can be detected in XRD patterns,
indicating a well retained cubic spinel symmetry. To prove the
reversibility of the LMO-CD cathode in the following cycles, we
collected ex situ XRD of LMO-CD and traditional LiMn,0O, after
more cycles (3 cycles, 7 cycles, and 10 cycles, respectively). As
shown in Figure S6 (Supporting Information), the main peak
of traditional LiMn,0O,4 around 18.7° splits off with the emer-
gence of some Li,Mn,0, tetragonal phase peaks, indicating
the phase transformation from cubic to tetragonal phase due
to the severe cooperative Jahn-Teller distortion in traditional
LMO. While LMO-CD showed a much more reversible struc-
ture with the main peak staying intact and the spinel frame-
work maintaining stable after 10 cycles, which demonstrate
the good reversibility of LMO-CD and the suppression of coop-
erative Jahn-Teller effect. Furthermore, our TEM measure-
ments also confirm the cycle stability of LMO-CD (Figure S3,
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Figure 4. a) Ex situ XRD pattern for LMO-CD at different charge-discharge potentials. Spinel framework reflections are marked. b) Ex situ XRD posi-
tion in the first curve of LMO-CD corresponding to (a); c) Cell volume and c/a change for LMO-CD and normal LiMn,O, at different charge-discharge
potentials; d) XRD patterns for the two samples when discharged to 1.8 V (overlithiated LMO-CD and normal LMO). The spinel framework and

tetragonal phase were marked.

Supporting Information). Therefore, the JT effect was signifi-
cantly suppressed in LMO-CD due to the lithium enrichment,
and the original octahedral vacancies in LMO-CD can serve as
extra Li-ion storage sites with good reversible cycling stability
because of the suppressed JT effect.

To get a deep insight into the cationic disordering effect
in LMO-CD, the structure, thermodynamic properties, and
electronic structure were studied by ab initio calculations.
The structure of LMO-CD ((Ligg35Mng ggs)(Lig 335Mn1 665)004)
was constructed by substituting two 16d Mn ions with
Li-ions and exchange position between one 8a Li-ion and
one 16d Mn-ion from normal spinel LMO. Enumerated
configurations with exchange position constructed from
(Lig.915Mny gg5)1(Lig 335Mn4 465) 0O4 Were calculated, and then the
lowest energy configuration was determined. It should be noted
that according to the experimental results, excess Li-ions facili-
tate Li/Mn exchange in LMO-CD. The calculated formation
energy of per Li/Mn exchange with excess Li-ions is lower than
that of normal LMO by 0.66 eV (Table S3, Supporting Infor-
mation), which confirms the experimental results. The struc-
ture of over-lithiated Li; 115(Mng og5)7(Lio 335M11 665) 004 Was built
by redistributing excess Li ions in the tetrahedral 8a and the
octahedral 16c sites based on (Lij 9;5M1g 0g5)1(Li.335MnN0.665) 004
obtained from the previous step. By comparing the energies of
different Li arrangements, we found that Li ions prefer to be
accommodated at octahedral 16c¢ sites when additional Li ions
were added in this system.
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We start our analysis on the ground-state Li/vacancy configu-
rations and voltage profiles versus Li concentration. The thermal
stability of the Li-extraction was determined by the formation
energies, which were calculated with respect to the end members

(Mng ggs)7(Lig 335MN1 665) 004 and Li; 115(Mng ggs)r(Lig 335Mny 665)004
according to the following formula

Ef = E[Lix (Mno 085) 1 (Lio335Mn1.665)0 04]—
x , ,
TlsE[[L12.115(Mn().OSS)T(L10.335Mn1.665)O O4 ]]— (1)
(2.115-x)

E|(M M Li O
7115 [( N s5)y (Mn17s5Lio2s)o 4]

Where E is the total energy of the particular configuration
marked in a square bracket with x delithiation fraction, Ef
represents the formation energy for this configuration. Three
stable intermediate ground states are predicted at x = 0.55
(25%), 0.825 (37.5%), and 1.1 (50%). The convex hull obtained
from formation energies is presented in Figure 5a. Consid-
ering the charge process (delithiation process) with over-
lithiated Li, 115(Mnyg og5)1(Lio 335Mny 665)0O4 as the initial state,
the convex hull shows that delithiation initially occurs via a
two-phase separation from Lij 115(Mng ggs)r(Lio 335Mn1 665) 004
toward Lij g15(Mng ogs)r(Lio.335Mn1665)004 Phase. At x = 1.65
(75%), all lowest-energy configurations prefer 16c octahedral
occupation with formation energies very close to convex
hull, which indicates a weak two-phase transition for
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Figure 5. a) The formation energies of all the configurations consid-
ered (orange open circles) and the convex hull for the delithiation of
Liz 115(Mng ogs)7(Lio.33sMNy 665) 0O4 (orange line). Formation energies are
presented with per supercell of (LixMng ggs)7(Lig335Mny 665) 0O4. The inset
shows the supercells relaxed for percentage of delithiation at 25%, 37.5%,
and 50%. Yellow represents 16c octahedral sites and green represents 8a
tetrahedral sites. b) The average voltage curve obtained from convex hull.

1.015 < x < 2.115. At x = 1.015 (50%), the lowest energy
structure prefers to accommodate Li ions into 8a tetra-
hedral and 16¢c octahedral sites simultaneously. At this
Li extraction stage, Li ions tend to occupy 16¢ octahedral
sites, Li ions are removed from 16¢ octahedral sites and
then Li-ions redistribute in both tetrahedral and octa-
hedral sites. At x = 0.74 (37.5%), 8a tetrahedral sites are
favorable sties to accommodate Li-ions, leaving all 16¢ octa-
hedral sites unoccupied. So at lower Li-ions concentrations
(0.74 < x < 1.015), a two-phase transition occurs between octa-
hedral and tetrahedral double-site occupation and tetrahe-
dral single-site occupation. In this process, some Li-ions are
fully extracted from octahedral sites and part Li-ions are also
extracted from tetrahedral sites simultaneously, indicating a
co-extraction process. After this stage (x < 0.74), Li ions only
redistribute in 8a tetrahedral sites, which is the same as the
ordinary spinel LMO. Thus, the predicted delithiation pro-
cess can be described by following formula 2, 3, and 4

( )galLiz115];(Mno.0ss)(Lio335Mn1.665)0[O4 |55, —

(Liy )83[Liy ]mc Li,(Mno oss ) (Lio.33sMnN1.665)0[ O4 |5, ()
x+y=1.05
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(Lix)g, [Liy]IGCLix (Mny,085 )p(Lio.33sMn1.665)0[O4 ]5,, —
(Liz)g, [ J16(Mno.oss)r(Lio335Mn1.665)0[ O4]32¢ 3)

x+y=1.052z<1

(Liz)g, [Liza];(Mno.085)(Lio33sMn1 665)0[O4 |5, —
()gal l1(Mng.085)(Lio335Mn1665)0[O4 ] 326 z< 1 4

Voltage profile of Li, 1;5(Mnyg ggs)1(Lip.335Mn 665)0O4 €lectrode
at 0 K then can be determined using the following equation

V(XZ —xl) =
1 E[ Lix,(Mno,085)(Lio335Mn1.665)0 Oa ]—
X2 — %1 E[Lixl(Mno.oss) r(Lio33s Mn1.665)004 ]

—E[Li] (5)

where V(x;—x;) is the average voltage between sepa-
rated phases Liy, (Mng ogs)t(Lip 335M11 665) 004 and
Li,., (Mng ggs)(Lig.335MNy 665)0O4 With respect to Li metal anode.
E(Li) is the Li energy and e is the electron charge. The discharge
stage between 0 < x < 0.465 has been discarded since the Li-
ions can't be extracted in the experiment. For 1.015 < x < 2.115,
two plateaus (=1.6 V) are observed with a small difference of
0.05 V due to possibly solid-solution like two-phase transition.
At this stage, Li ions are extracted from 16¢ octahedral sites in
full lithiation. The calculated average voltage is obviously lower
than experimental value (=1.9 V), which can be attributed to the
antisite Mn after Li/Mn exchange occupies 8a tetrahedral sites.
They are coplanar connection to adjacent 16¢ Li-ions, leading
to strong electrostatic repulsion between Mn and Li-ions. The
electrostatic repulsions cause Li-ions shifting off-center from
16¢ sites and elevates energy of system. The excess anti-position
could raise superfluous energy change. With further delithia-
tion (0.74 < x < 1.015), the voltage plateau is increased to 2.8 V.
At this stage, evident two-phase transition undergoes a transi-
tion from double-site occupation to single-site occupation. At
stage 0.465 < x < 0.74, the two-phase transition occurs in 8a
tetrahedral sites, the voltage is calculated to be 3.9 V, in good
agreement with electrochemical experimental results.

The mechanism of the suppression of JT distortion in
LMO-CD was further investigated. Our calculations show that
the ratio of Mn?** to Mn* in normal LMO is 8:8 but all Mn
ions in Lij 115(Mnyg ogs)t(Lip.335Mn1 665) 004 are almost reduced to
Mn**. For the spinel LiMn,0, supercell, the lattice a = b = 8.20
and ¢ = 8.76 A, and the elongation along z-direction is evident
and about 6.8% raised by JT effect Mn®" in this supercell. As for
Lij 115(Mnyg ss)t(Lig 335Mn 665) 004, the calculated lattice parame-
ters of supercells are a = 8.58, b = 8.16, and ¢ = 5.30 A, as shown
in Table 1. Thus the Li, 1;5(Mng gs)t(Lip.335Mny 665) 004 exhibits
an anisotropy in lattice parameters other than elongating along
the certain direction. The JT effect in spinel LMO originates
from the orbital degeneracy of JT active Mn** ion with electronic
configuration ty,’e,'. The JT inactive Mn*" ion processes fully
unoccupied e, orbital with t,,’e,” electronic configuration. The
calculated projected densities of states (PDOS) can distinguish
different electronic states of Mn*" and Mn*" ions evidently, as
shown in Figure 6a,b. It can be found that ey orbitals of Mn**
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Table 1. Calculated structure parameters of stoichiometric LiMn,O, and
Liz 115(Mng 0gs) 7 (Lio.335M N1 665) 0Oa-

aAl bA cA Volume [A%]
LiMn,0, 8.20(8) 8.20(8) 876(0)  590.24(1)
Liz 15(Mno 0gs) 7 (Lig33sMnyggs5)0Os  8.58(6)  8.16(1)  8.30(0) 581.58(9)

are fully unoccupied. In contrast, the JT active Mn?** ion has
been split into occupied d,, and unoccupied d,, ,, states due
to asymmetric charge distribution, and =1 eV splitting gap can
be found in e, states of Mn*" ion. The corresponding Mn—0
bond lengths of MnOy octahedron are also represented. The
bond lengths along ¢ direction of Mn3* ion show evident elon-

gation comparing with that of Mn* ion. Figure 6¢ shows the

2.19
f| 198 96

1.98

d.\‘l-yl

1 eV splitting gap

0.5
1
-6 4 3 0 2 4 6
E-Ef (eV)
2
¢ 5
15 | 2.03 2.18 — d,
2.19
1 — d.\‘z-_rz
os | 2.14 2.04
0 M
0.5
4
15
3
6 -4 e ) 0 2 4 6

E-Ef (eV)

CJTD in normal LMO

www.advenergymat.de

calculated PDOS of Li; 115(Mng ogs)1(Lip 335M11 665)0O4 supercell.
The e, states of the Mn3* ion exhibit significant differences,
in which both d,, and d,,_,, are partially occupied and no gap
between them. Thus, e, states of Mn?" ion in LMO-CD super-
cell maintain degeneracy due to comparatively homogeneous
charge distribution in d,, and d,,_, orbitals. The Mn—O bond
lengths of MnOg in Lij 135(Mng ogs)1(Lig 335Mny 665) 004 show a
relatively homogeneous distribution of Mn**—0 bond lengths,
compared with the distinct disproportionation of Mn**—0 bond
lengths in normal LMO (Figure S10, Supporting Information).
Therefore, JT vitalities of Mn3* ions have been suppressed in
Li, ;Mn, 55Liy 504 by introducing cationic disorder (excess Li
and Li/Mn exchange). This can be attributed to the symmetry
breaking of Mn arrangement by cationic disorder. In solid com-
pounds, compared with individual JT centers, the cooperative

b :

1.94 1.94
-2
1.94 s il
3 [1.94 =
1.97 — dyyy;
-4
-6 -4 -2 0 2 4 6
E-Ef (eV)
d 1.07 |
1.06
—— a
1.05 b
1.04
——C
1.03
volume
1.02
1.01
= \‘74,,\\ i
1.00 —
0.99
2.115 1.72 132 0.91 0.5

Li (Mny gg5)1(Lig 33sMn, 665)0 04

Randomly stretched Mn
octahedrons in LMO-CD

Figure 6. a) Projected density of states of Mn-e, states for Mn** in normal spinel. b) Projected density of states of Mn-e, states for Mn** in normal
spinel. c) Projected density of states of Mn-e, states for Mn** in LMO-CD. The insets represent corresponding MnOg octahedron marked with Mn—0O
bond lengths. The red and blue lines in the upper panel represent Mn-dz, and Mn-dx,-y, orbitals, respectively. d) Structural changes during Li extraction
in LMO-CD. The y-coordinate represents the ratio of change compared with the initial Li;15(Mng ogs)t(Lio.335Mn1 665) 0O4- €) state of Mn3* octahedrons
when overlithiated for normal LMO and LMO-CD: Mn3* octahedrons in normal LMO distort along z axis and generate huge structure change due to
the cooperated |T effect while those in LMO-CD randomly stretched and counteract with each other to suppress the CJTD.
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Figure 7. Schematic of the suppression process of the cooperative Jahn—Teller distortion in LMO-CD compared with normal LMO.

Jahn-Teller distortion (CJTD) referring to the correlation of
distortions arising from individual J T centers would result in the
elongations of Mn**Og octahedrons along a uniform direction
and is more detrimental to the crystal structure (Figure 6e).[”]
In our synthesized LMO-CD, excess Li and Li/Mn anti-position
reduce the cubic symmetry Fd-3m of spinel LMO to a very low
symmetry, so the correlation of individual active Mn3* centers
is disrupted, and the elongations of Mn**Og octahedrons can’t
follow a uniform direction but even offset with each other
(Figure 6e). The equalization of d,; and d,; ; orbitals of Mn3*
also stabilizes structural changes during redox between Mn?"
and Mn*" since Mn—O bonds of these Mn>" ions can smoothly
transit to Mn*" ions without drastic changes of bond lengths
and JT stress. Figure 6d shows the calculated structural changes
with Li extraction for Li, ;35(Mnyg ggs)t(Lig 335Mn; ¢65) 004, and the
small and anisotropic structural changes are in accordance with
the experimental results and indicate.

Based on all the above discussions, we can summarize
the CJTD suppression mechanism by cationic disordering in
Figure 7. On the over-lithiated state, normal LMO will experi-
ence a tetragonal phase transition because of the serious CJTD
arising from individual JT centers, leading to uniform Mn3*Qg
octahedron stretching along c¢ axis. While for LMO-CD,
with Li substitution of Mn and Li/Mn exchange, the
spinel structure framework can be well retained due to the
suppressed CJTD. Because the Li/Mn exchange and Li sub-
stitution can break the symmetry of Mn3* arrangements,
and the correlation of individual active Mn?* centers is dis-
rupted. These random distortions would inhibit the elonga-
tions of Mn3"Oy4 octahedrons along a uniform direction but
even make them counteract with each other. The suppressed
CJTD finally leads to the relatively homogeneous distribu-
tion of Mn3**—0O bond lengths, compared with the significant
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disproportionation of Mn**—0 bond lengths in normal LMO
(Figure S10, Supporting Information).

3. Conclusions

In conclusion, using experiments combined with extensive ab
initio calculations, we access the double capacity beyond one
lithium intercalation with good reversible cycling stability in
microsized spinel LMO by cationic disordering (excess Li at Mn
sites and Li/Mn exchange). We prove that the cationic disorder
(excess Li at Mn sites and Li/Mn exchange) can intrinsically sup-
press the CJTD of Mn*"O; octahedrons and inhibit the Mn?* dis-
proportionation in the spinel bulk. The cationic disordering can
break the symmetry of Mn arrangements to disrupt the correla-
tion of individual JT centers, and these random distortions would
inhibit the elongations of Mn*"Oy octahedrons along a uniform
direction but even make them counteract with each other. Due
to the suppressed CJTD in LMO-CD, a high reversible double
capacity (=240 mAh g) with good cycling stability at a voltage
window of 1.5 to 4.8 V is obtained, which can be attributed to that
the original octahedral vacancies in spinel LMO are activated and
can serve as extra Li-ion storage sites. The above findings provide
useful guidelines on the future development of LMO based LIBs
with higher capacity and longer life by suppressing the CJTD.

4. Experimental Section

Material Synthesis: The manganese spinel with cationic disordering
was synthesized via a molten-salt method. Manganese dioxide and
5 wt% acetylene black as a reductant were mixed uniformly using
mortar and pestle. Then 0.5 g of the mixture was added to lithium salt
composing with 4.4 g LINO; and 0.6 g LiCl, and mixed them thoroughly.
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The mixture was next calcined in the air at 460 °C for 8 h in a covered
alumina crucible. The resulting powder was washed thoroughly by
suction filtration using deionized water and ethyl alcohol to remove
the residual LiNiO3 and LiCl. The lithium rich manganese spinel was
obtained after dried at 80 °C overnight. LiMn,O, was prepared by a
solid-state method. Stoichiometric amounts of Li,CO; and MnCO; were
thoroughly mixed using a ball-milling machine. LiMn,0, powder was
obtained after calcining the mixture at 750 °C in the air for 8 h.

Morphology and Structure Studies: The morphology of as-prepared
sample was investigated by field-emission scanning electron microscopy
(ZEISS SUPRASS5, Carl Zeiss) and high-resolution transmission electron
microscopy (JEM-3200FS, JEOL). X-ray powder diffraction (XPD) was
carried out with an X-ray diffractometer (D8 advance, Bruker) in the
26 range from 10° to 80°, and the structure Rietveld was performed by
Fullprof. The chemical formula was determined by inductively coupled
plasma optical emission spectrometry (ICP-OES).

Preparation of Coin Cells: The cathode was prepared by mixing the
active material, acetylene black and polyvinylidene fluoride (PVDF) in
a weight ratio of 8:1:1. The N-methylpyrrolidone (NMP) was used as
the solvent to form a slurry. The slurry was coated onto an aluminum
foil using a 100 um height blade and then dried at 80 °C for 6 h. The
cathode was punched into 10 mm diameter disks with the active
material loading around 1.5 mg and then dried in a vacuum oven for
12 h. 2025-type coin cells were assembled in an Argon-filled glove box,
in which oxygen and water content were less than 0.01 ppm. Lithium
metal and glass microfiber were used as the anode and the separator,
respectively. The electrolyte was a solution containing LiPFs and
addictive in EC/DMC.

Electrochemical Tests: The half cells were charged and discharged at
different current densities in a voltage window of 1.5-4.8 V versus Li/Li*
in the NEWARE battery cycler at room temperature. Cyclic voltamograms
(CV) were performed in the same voltage range at a scan rate of
0.1mvVs™.

Calculation Methods: All calculations were performed using the
plane-wave based spin-polarized density functional theory (DFT)
method as implemented in the Vienna ab initio simulation package
(VASP).l®l The projector augmented wave approach was used to
describe the interaction between the core and valence electrons.[] The
Perdew—Burke—Ernzerhof (PBE) exchange-correlation function of the
generalized-gradient approximations (GGA) was used for ionic position
optimization and electronic structure calculation.¥l A cutoff energy of
500 eV for the plane wave basis set was used in all calculations, and
the k-point sampling with a 3 x 3 x 3 mesh was used to geometric
optimization. All configurations have reached a convergence threshold
of 0.01 eV A7 in force.! It should be noticed that the experimental
voltage can be realized only by PBE without U. The usual U value
3.8 or 4.2 eV used in LiMn,0, calculations can’t repeat the experimental
average voltage 2.8 V and overestimates the average voltage to
3.5 eV.[19:20]

Supporting Information

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