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The electronic and local structures of partially anion-substituted lithium manganese spinel oxides as
positive electrodes for lithium-ion batteries were investigated using X-ray absorption spectroscopy
(XAS). LiMn, xLi,, Ni,,0,,F, (n=0, 0.018, 0.036, 0.055, 0.073, 0.110, 0.180) were synthesized by the
reaction between LiMn, 3Li,;Ni,, O, and NH,HF,. The shift of the absorption edge energy in the
XANES spectra represented the valence change of Mn ion with the substitution of the low valent
cation as Li*, Ni**, or F~ anion. The local structural change at each compound with the amount of a
Jahn-Teller Mn** ion could be observed by EXAFS spectra. The discharge capacity of the tested
electrode was in the order of LiMn,0, > LiMn, ;Li,,Ni,,0,_,F, (n=0.036) > LiMn, 3Li,,Ni,, O, while
the cycleability was in the order of LiMn, 3Liy, Ni,,0,_,F, (n=0.036) = LiMn, ;s Li,,Ni,,0, > LiMn,O,.
It was clarified that LiMn, sLi,, Ni,,O,-,F, has a good cycleability because of the anion doping effect
and simultaneously shows acceptable rechargeable capacity because of the large amount of the

Jahn-Teller Mn** ions in the pristine material.

1. Introduction

Lithium-ion batteries (LIB) with high energy density, safety, and
durability are required for electric vehicles (EV), hybrid electric
vehicles (HEV), and plug-in hybrid electric vehicles (PHEV) as
their power sources. Lithium manganese spinel oxide LiMn,0, is
one of the candidates for the positive electrode materials for LIBs
as an alternative to the conventional LiCoQO, cathode because of its
low cost and low toxicity."? However, the capacity fading during
the charge-discharge cycle is one of the serious problems. It is
thought that this phenomenon is caused by the disproportional
reaction of Mn** accompanied with dissolution of Mn?** into
the electrolyte, unstable surface structure of LiMn,O, at charged
states, or local structural distortion of MnO; octahedra by the
Jahn-Tellar effect.>* Several research groups have investigated
the electrochemical properties of partially cation-doped lithium
manganese spinel oxides LiMn, ,M,0, (M = Li, Al or the other
transition metals such as Cr and Ni)*** and shown that the
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cycleability is improved with the cation doping. The average
structure, the local structure, and the electronic structure and
their relationships with electrochemical properties have been
investigated for these cation-doped lithium manganese spinel
oxides by using X-ray diffraction measurement (XRD) and X-ray
absorption spectroscopy (XAS) technique. However, this cation
doping increases the average oxidation state of Mn from 3+ to 4+,
leading to the decrease of the reversible capacity. In other word,
the increase of Mn** in the pristine material is directly linked with
the increase of the reversible capacity. Hence, it is desirable to
decrease the average oxidation state of Mn (increase the amount
of Mn*) while remaining good cycleability owing to the cation
doping effect.

Anion-substitution has not been well studied for the lithium
manganese spinel oxides compared with the cation-substitution.
The radius of F~ is close to that of O*, and the electronegativity
of fluorine is the largest of all elements. Hence, the substitution
of O* by F~ can occur and would change the structure and
electrochemical properties of lithium manganese spinel oxides.
If O* is substituted by F-, the average oxide state of Mn
can be decreased and reversible capacity can be increased. In
regard to cathode materials such as LiNiO, and LiCoO, for
LIBs, there are some reports about the substitution of O* by
F-.'45 Tt has been reported that LiF is added to the starting
materials as a fluorine source and the resulting LiNiO, and
LiCoO, show better cycleability. For lithium manganese spinel
oxides, there are also some reports about F~-substitution. A
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F--substitution method by surface fluorination of LiMn,0, has
been carried out by Yonezawa et al.'® In their report, LiMn,O,
has been treated with F, gas at various temperatures and it has
been confirmed by X-ray photoelectron spectroscopy that the
surface of LiMn,O, has been fluorinated. Under the optimal
fluorination condition, both discharge capacity and cycleability
of the surface fluorinated LiMn,0O, has been better than the
pristine LiMn,O,. The F--substitution in the bulk LiMn,0, have
been carried out by Amatucci et al' They have synthesized
Li;,,Mn, ,O,sF. and Li, Al Mn,, O,;F, by adding LiF to
the starting materials and firing at a high temperature (800
°C). The resulting spinel oxyfluoride exhibits higher discharge
capacity and better cycleability than LiMn,O,. However, it has
been reported that the amount of fluorine in spinel oxyfluoride is
influenced by the firing temperature and the amount of fluorine
is limited at high firing temperatures at which LiF can react.”
Hence, lowering the firing temperature should be important to
increase the fluorine content. Recently, Choi er al. reported the
synthesis of spinel oxyfluoride such as LiMn, 3Li;; Niy, O30y, F¢.073
at a low temperature (450 °C) by using spinel compounds and
NH,HF, as the starting materials.”* In their reports, resulting
spinel oxyfluoride shows superior electrochemical performance
compared to LiMn,O,. These various reports are quite interesting,
since anion substitution shows the possibility to enhance the
performance of the spinel lithium manganese oxides. In order
to get the guide to improve the superior electrochemical prop-
erties, understanding the detailed local/electronic structures of
spinel oxyfluoride is essential. In contrast to the cation-doped
compounds, such detailed structures have not been clarified for
anion-substituted lithium manganese spinel oxides.

In the present paper, the local and electronic structures of the
partially F--substituted cation-doped lithium manganese spinel
oxides have been respectively investigated by X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) techniques to clarify the relationship between
the detailed structures and the discharge capacity profiles.

2. Experimental procedure

LiMn,_Li,O, (x = 0, 0.05, 0.10, 0.15) and LiMn,,_Li;;Ni,O,
(y =0, 0.05, 0.10, 0.15, 0.20) were synthesized by the solid-state
reactions. Li,CO; (99.99% Kojundo Chemical Lab Industries),
NiO (99.9% Furuuchi Chemical Industries), and Mn,O; obtained
by pre-heating of MnCO; (99.99% Kojundo Chemical Lab
Industries) at 600 °C for 48 h were used as starting materials.
Required amounts of starting materials were mixed and heated at
800 °C for 2 days in air, and then cooled with a rate of 0.5 °C/min.
For partial fluorine substitution, the obtained LiMn, ,Li,;Ni,, O,
and NH,HF, were mixed, and then fired at 450 °C for 5 h in air.?°
Powder X-ray diffraction measurement (RINT-2200V) with Cu-
Ko radiation equipped with a graphite monochromator was used
to examine the crystal structure of resulting materials. All the
XRD analysis operated in the Bragg-Brentano geometry mode.
XANES and EXAFS measurements were performed to investigate
electronic and local structures of resulting materials on BL-
7C* and BL-11A* at Photon Factory, High Energy Accelerator
Research Organization Tsukuba, Japan.

For Mn and Ni K-edge, the appropriate amount of each sample
for XANES and EXAFS measurements was mixed with boron

nitride (BN) to obtain optimum absorption jump (Aut=1), and the
mixture was pressed into pellets for the measurement. The spectra
were recorded by the transmission mode using Si(111) double
monochromators and a Rh-coated mirror for harmonic rejection
except that they were recorded in a high-vacuum chamber by
the total-electron-yield mode using a microchannel plate detector
for Mn L-, O K- and F K-edges. Fourier transformations were
performed using k* weighting. The structural parameters were
determined by curve-fitting procedures using Rigaku REX2000
data analysis software.® The effective backscattering amplitude
F;, phase correction y(k), and total central atom phase shift &
were calculated with the multiple-scattering theoretical calculation
program, FEFF8.20.* The model of LiMn,0O, was selected to
input the starting parameters for the theoretical calculation. The
(k) function was fitted according to the equation:

2= ZNS(f If (k)| exp(f20fk2)e;(;§72Ri /2,)sin[2kR; + ¢,(k)]

i

(M

where N is the number of neighboring atoms, S,” is the amplitude
of y(k), R is the atomic distance to the neighboring atom, ¢~ is the
Debye-Waller (DW) factor, A is the mean free path, and ¢ is the
total phase shift.

Charge-discharge measurements (1/24 C) were carried out
between 3.5 and 4.3 V vs. Li/Li* at room temperature using
a three-electrode cell. Li foil was used as the counter and the
reference electrodes, and 1 mol dm= LiClO,/propylene carbonate
(PC) was used as an electrolyte solution. A working electrode was
a mixture of 75 wt% active material, 20 wt% acetylene black, and 5
wt% polyvinylidene difluoride (PVdF) coated onto an aluminum
current collector.

Delithiated powders for Ex-situ XANES and EXAFS mea-
surements were prepared by electrochemical method by using
the three-electrode cell mentioned above, except that the mixture
of 70 wt% active material, 20 wt% acetylene black, and 10 wt%
poly(tetrafluoroethylene) (PTFE), pressed into paste and wrapped
with Ni mesh, was used as the working electrode. Electrochemical
extraction of lithium ion was carried out with constant current
discharge (1/12 C). Ni mesh was removed from the paste for
preparing the delithated sample. For Mn and Ni K-edge, the
appropriate amount of each sample was mixed with BN to obtain
optimum absorption jump (Apt = 1), and the mixture was pressed
into pellets for the measurements.

3. Results and Discussion
3.1. Phase identification

The XRD patterns of LiMn, Li, O, (x = 0, 0.05, 0.10, 0.15)
and LiMn,, Li; Ni,O, (¥ = 0, 0.05, 0.10, 0.15, 0.20) are shown
in Fig. 1. All peaks belonged to the spinel structure (Fd-3m)
and there were no peak of impurity. The lattice parameter was
calculated from the peak top method. Fig. 2 showed the plots of
the lattice parameter against the content of the low valent cation
(Li* or Ni**). In this figure, the lattice parameter was decreased
monotonically with increase of low valent cation content. Taking
the order of the ionic radius of Li* > Ni** > Mn* (according
to Shannon’s ionic radii®*®) into account, it might happen that the
lattice parameter was increased with the increment of the low
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Fig.1 Powder XRD patterns of LiMn,_,Li, O, (x=0, 0.05, 0.10, 0.15) (a)
and LiMn, ,_ Li;, Ni,O, (y =0, 0.05, 0.10, 0.15, 0.20) (b).

valent cation content. The actually observed opposite tendency
indicates that the manganese oxidation from Mn* (0.785 A) to
Mn* (0.670 A) due to the charge compensation mainly have
an effect on the lattice parameter. The XRD patterns of F--
substituted co-cation doped lithium manganese spinel oxides
LiMn, zLi,, Ni,, 0, ,F, (71 =0, 0.018, 0.036, 0.055, 0.073, 0.110,
0.180) are shown in Fig. 3, in which the composition of the F~
ion was estimated with X-ray photoelectron spectroscopy (XPS).
The spinel phase was observed in the composition range from x =
0 to x = 0.073. For x > 0.073, an impurity peak at around 26 =
30° was observed. It has been reported that this peak has been
derived from Mn;Oq." Fig. 4 shows the variation of the lattice
parameter against the F~ content. As shown in this figure, the
lattice parameter was increased monotonically with increasing the
F- content until n = 0.073, although the ionic radius of F~ is
smaller than that of O*". When O* was replaced by F-, the cation
charge would be compensated by the reduction of Mn** to Mn**,
which leads to the increased lattice parameter for the fluorinated
compounds.

3.2. Electronic structure

The Mn K-edge XANES spectra of LiMn,_Li O, (x =0, 0.05,
0.10, 0.15) are shown in Fig. 5(a). The spectra of MnO, and
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Fig.2 Plots of cubic lattice parameter against content of low valent cation
in LiMn,_,Li,O, (x =0, 0.05, 0.10, 0.15) (a) and LiMn, 4 ,Liy;Ni,O, (y =
0, 0.05, 0.10, 0.15, 0.20) (b).

Mn,0; are also shown in Fig. 5(a) as references for Mn* and
Mn**, respectively. In this figure, the main peak appeared at
about 6550 eV represented the electron dipole transition from
1 s to 4p orbital.?*?” The small intensity peak appeared at around
6540 eV could be also measured, and represented the quadrupole
transitions from the core Mn 1 s orbital to the unoccupied Mn
3d orbital and/or the dipole transition to the hybridized Mn 4p-
3d orbital.** The shape of Mn K-edge XANES spectra did not
depend on the composition x, hence Mn ions is considered to
exist in the octahedral 16d site. The absorption-edge energies
of LiMn,_Li, O, laid between the spectra of MnO, and Mn,0;,
hence the Mn ions in LiMn, Li, O, were the mixture of Mn*
and Mn*. The absorption edge shifted toward large energy levels
with the increase of the Li* ion content. This result indicates
that the amount of Mn* increased as suggested in the XRD
result shown in Fig. 2(a). Fig. 5(b) and 5(c) show the Mn and
Ni K-edge spectra of LiMn, 4, Li,;Ni,O, (y =0, 0.05, 0.10, 0.15,
0.20), respectively. In the Ni K-edge spectra (Fig. 5(c)), there was
no shift of absorption edge energy, hence the valence of Ni ion
maintained divalent with the increase of the Li* ion content. On
the other hand, the absorption edge of Mn K-edge XANES spectra
in LiMn, ,_,Li;;Ni,O, shifted toward large energy levels with the
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Fig. 3 Powder XRD patterns of LiMn,Liy;Niy, 04, F, (n =0, 0.018,
0.036, 0.055, 0.073, 0.110, 0.180).
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Fig. 4 Plots of lattice parameter against content of F~ in
LiMn, 3Li,;;Ni,,0,-,F,; (1=0, 0.018, 0.036, 0.055, 0.073, 0.110, 0.180).

increment of the Ni** ion content. Thus, the charge compensation
with doping Ni ion occurred with the ratio change of Mn?**/Mn*
as well as LiMn,_Li,O,.

Fig. 6 shows the Mn K-edge XANES spectra of
LiMn, 3Liy; Nip,0,,F, (n=0, 0.036, 0.073). In the case of anion-
substitution, the shape of Mn K-edge spectra did not depend
on the composition 1 as well as LiMn,_Li,O,, as Mn ions is
considered to exist in the octahedral 16d site.* Contrary to
the effect of cation-doping, the absorption edge shifted toward
smaller energy levels with the increase of the F~ content. This
result indicates that the charge compensation was carried by the
reduction of Mn* to Mn** and the amount of Mn** increased.
Hence, it was found that the F--substitution was effective to
decrease the valence of Mn ion.

Next, the electronic structures of the cation (Mn**) and the
anions (F~ and O*) were investigated by the XANES analysis.
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Fig.5 XANES spectra of Mn K-edge of LiMn,_Li, O, (x=0, 0.05, 0.10,
0.15) (a), LiMn,,., Li,,Ni,O, (y = 0, 0.05, 0.10, 0.15, 0.20) (b), and Ni
K-edge of LiMn, o, Li;; Ni, O, (y =0, 0.05, 0.10, 0.15, 0.20) (c).

O K- and F K-edge XANES spectra were measured to consider
the electronic structures in LiMn, 3Li,,Ni,,O,,F, (n =0, 0.036,
0.073) since it was expected that the electronic structure of the
hybridized orbital between Mn and O (or F) ions revealed the
anion-substitution effect and the related phenomena. Fig. 7(a)
and 7(b) show the O K- and F K-edge XANES spectra of
LiMn, 3Li,,Niy,0,,F, (n = 0, 0.036, 0.073). In the O K-edge
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Fig. 6 XANES spectra of Mn K-edge of LiMn, 4Liy,Niy, 0., F, (1 =0,
0.036, 0.073).

spectra, four peaks (A-D) were observed, corresponding to the
transitions from O 1 s core orbital to the unoccupied O 2p
orbital with the dipole transition selection rules since the O 2p
orbital was hybridized with the Mn 3d and 4sp orbitals. Therefore,
the absorption peaks in O K-edge XANES reflect the ratio of
unoccupied O 2p orbital connected with a Mn 3d and Mn 4sp
orbital character.®® The peaks A and B, which were observed
around 526-534 eV, could be assigned to the transitions from O
1 s orbital to the hybridized orbital between O 2p - Mn 3d t,,
and O 2p - Mn 3d e,, respectively. The broad peaks (C and D
around 524-546 eV) could be attributed to the transition from
O 1 s orbital to the hybridized orbital between O 2p and Mn 4sp
orbitals.”® The intensity of peak B increased with the increase of the
F~ content. This phenomenon would be interpreted as the increase
in the hole state at the oxygen site, that is, the decrease in d electron
donation from the Mn ion to the hybridized orbital. Based on this
result, it is suggested that O* was also associated with the charge
compensation resulting from F~ substitution and the nature of
Mn-O bonding would be influenced by F~ substitution. On the
other hand, in the F K-edge spectra, there was no dependency
on the F~ content in the shape and absorption edge energy. This
result indicates that the electron in the fluorine orbital was strongly
localized.

The XANES spectra were measured also for the delithiated
LiMn,O,-type compounds since the electronic structure of hy-
bridized orbital between Mn and O ions would reveal the
phenomena during lithium-ion deintercalation. The samples of
the ex-situ XAS measurement were prepared during the first
charge process and the lithium content of each sample is shown in
Supporting Information.

The Mn K-edge XANES spectra of Li_Mn,O, and
Li,_.Mn, 3Li,;Niy, O, at various charged states are shown in Fig.
8(a) and (b), respectively. The Mn ions occupied in the octahedral
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Fig. 7 XANES spectra of O K-edge (a) and F K-edge (b) of
LiMn, ;Liy,Niy, 0., F, (n=0, 0.036, 0.073, 0.110).

16d site were maintained during delithilated Li* ion since the shape
of Mn K-edge spectra did not depend on the composition z. The
absorption edge shifted toward large energy levels with decrease
of the lithium ion content, which indicates that the amount of
Mn* increased. This result shows that the charge variation by
lithium-ion extraction/insertion was compensated by the redox of
Mn*/Mn* couple.

Fig. 9 shows the Mn L- and O K-edge XANES spectra of
Li,_.Mn,0, and Li,__Mn, sLi,, Ni,, O, at various discharged states.
The Mn L-edge spectra for Li,_,Mn,0, and Li,,Mn,3Liy, Ni,,O,
(Fig. 9(a) and (c)) consist of two sets of peaks, L; (A, B) and
L, (C) separated by ca. 10 eV. They correspond to the electronic
transitions from the 2p*? and 2p'? sites to an unoccupied 3d
state. The L,-edge peak C was more broadened than those of
the L;-edge (A, B). This difference has been explained by Coster-
Kronig Auger decay.?® A shorter lifetime of the 2p'/ core hole due
to a radiationless electron transition from the 2p** to the 2p'’?
level, accompanies by the promotion of a valence electron into the
conduction band. There were two peaks in the L;-edge since the
Mn 3d orbital splits to t,, (A) and e, (B) states by the ligand field
theory under octahedral (O,) symmetry.?® The absorption edge
shifted toward lower energy levels with the increase of z value,
that is, the decrement of the lithium-ion content, indicating that
number of Mn* was increased by reduction of Mn**. Focusing
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Fig. 8 Ex-situ XANES spectra of Mn K-edge for Li,,Mn,0O, (a)
Li;,Mn,;3Liy;Ni,; O, (b) and Li;,Mn,3Liy;Niy;O506Fo03 (c) at various
discharge state.

on the L;-edge, the increase of peak A upon electrochemical
lithium-ion extraction indicates that the electron is ejected from
the occupied Mn 3d t,, orbital, that is, the oxidation state of Mn
ion increases. These results represent that the charge variation
by the lithium-ion extraction was compensated by the redox of
the Mn*/Mn* couple and the degree of hybridization between

Mn and oxide ions in Li,_.Mn,0O, and Li,_.Mn,Li,,Ni,, O, was
influenced by the lithium-ion extraction process.

In the case of O K-edge spectra, four main peaks (A-D) were
observed. Peaks A and B corresponded to the Mn 3d/O 2p
hybridized orbital and peaks C and D were ascribed to the Mn
4sp/0 2p hybridized orbital, as described above. The intensity
of peak A seems to increase with decrease of the Li* ion content.
This phenomenon would be interpreted that the electron is released
from the Mn 3d/0O 2p hybridized orbital, as the Li* ion is extracted
from the spinel manganese. A few peaks are observed in addition
to the main four peaks in the O K-edge spectra of the delithiated
samples. This would come from the reformation of the hybridized
orbital between Mn and O ions. All the peaks dramatically change
with the extraction of Li* ion. Hence, it is considered that O* is
also associated with the charge compensation during charge and
discharge process. From the result of Mn L- and O K-edge XANES
spectra, it was implied that electronic charge transfer processes
occur at oxide ion sites as well as Mn ion sites in Li,_.Mn,O, and
Li,_.Mn,4Li,,Niy, O, upon electrochemical lithium-ion extraction.
These combined results strongly suggest that these compounds are
classified as the charge transfer type, which has been described for
compounds containing late-transition metal ions.3%-3

Fig. 10 shows the Mn L-, O K- and F K-edge XANES spectra of
Li,,Mn, 3Lij; Nig,; O35 Fo 036 at various discharged states. The Mn
L-and O K- edge spectra shown in Fig. 10(a) and (b) are essentially
the same as those of the fluoride-free compounds shown in Fig.
9(a) and (b). It is accordingly expected that the peak assignment
should be the same. The absorption edge shifted toward higher
energy levels with the decrement of the lithium-ion content. This
result indicates that number of Mn** is increased by the reduction
of Mn*", which could also observed at Mn K-edge XANES spectra
(Fig. 8(c)). The increased intensity of peak B in Fig. 10(b) with
delithiation suggests that the hole state at the oxygen site is
increased with delithiation and thus the oxide ions contribute to
the charge compensation during charge and discharge process. On
the other hand, there is no dependency in the shape and absorption
edge energy in the F K-edge spectra on delithiation. Note that, the
XANES spectrum shapes of delithiated samples in Fig. 10(c) looks
different from those of pristine ones in Fig. 7(b). It would be comes
from the difference of background between both samples since the
areas radiated active materials in delithiated samples were less as
well as the amount of fluoride ion is small in the samples. This
result indicates that the strongly localized fluorine orbital would
not change during delithiation. From these results, it is implied that
electronic transfer processes occur at oxide ion sites as well as Mn
ion sites in Li;,Mn, gLiy; Nij;O;0s4F 036 as well as Li,_.Mn,O, and
Li,_.Mn,4Li,,Ni,, O, upon electrochemical lithium-ion insertions.
However, F 2p orbital is localized and do not effect on the electron
exchange with lithium insertion/deinsertion.

3.3. Local structure

In order to investigate the local structures around Mn
atom and Ni atom in LiMn, Li,O,, LiMn,, Li;;Ni,O, and
LiMn, 3Li,,Nip,0,.,F,, Mn and Ni K-edge EXAFS spectra were
measured.

Fig. 11 (a) and (b) shows Fourier transforms (FTs) of the
EXAFS oscillations in LiMn,_.Li,O, (x =0, 0.05, 0.10, 0.15) and
LiMn, ,,Liy;Ni,O, (y =0, 0.05, 0.10, 0.15, 0.20) which represent
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Fig. 9 Ex-situ XANES spectra of Mn L-edge (a) and O K-edge (b) for Li,,Mn,0,, and Mn K-edge (c) and O K-edge (d) for Li,,Mn, 3Li,,Ni,, O, at

various discharge state.

the pseudo-radial structure functions (RSFs) of the local atomic
environments around the Mn atoms. The FTs of the k*-weighted
Mn K-edge EXAFS oscillations for samples were calculated within
k =3.5-14.0 A~ (this range was chosen to minimize noise). The
RSFs of Mn K-edge EXAFS show two peaks at about 1.6 and
2.6 A, respectively. The first and second peaks for the Mn K-
edge spectra correspond to six coordinated Mn—O bonds in the
MnOy octahedron and Mn-M (Metal) interactions, respectively.
As for the Mn—O peak, the intensity was increased with increasing
the cation content in both spectra. The intensity of Mn—M peak
for LiMn,_Li,O, did not show clear tendency while that for
LiMn, ¢, Liy;Ni, O, was enhanced with increasing the Ni content.

The RSFs around the Mn atoms were inversely Fourier-filtered
over the two peaks (R=1.1-3.0 A) in the transformation and fitted
with equation (1). The structural parameters were determined
using curve-fitting, and the atomic distances and DW factors in
LiMn,_.Li,O, were compared with the x values as shown in Fig.
12. The bond length was decreased with the increase of Li* ion
content. This is due to the oxidation of Mn from Mn** to Mn*,
which has already been indicated by the peak shift of Mn L-edge
XANES. Shannon’s ionic radius of Mn* and Mn* is 0.65 A
and 0.53 A, respectively.” In addition, the inter-atomic lengths of

Mn-M decreased with the lithium-ion extraction. Hence, MnOq
octahedral would shrink with the increment of the Li* ion content.
This is also consistent with the XRD results. The DW factors for
the Mn-O interaction decreased with the decrement of the lithium-
ion content of the samples, indicating that the distortion of MnO,
octahedra decreased. The Jahn-Teller distortion of Mn?** effects
on this phenomenon. The DW factor for the Mn—M interaction
was invariant with x. This phenomenon will be reconsidered below.

The same procedure was applied to LiMn,,Li,;Ni,O, and
the atomic distances and DW factors in LiMn, 4, Li,;Ni,O, were
compared with the y values as shown in Fig. 13. The Mn-O
and Mn-M lengths were decreased with the increase of Ni** ion
contents. This is due to the oxidation of Mn from Mn*" to Mn**.

The DW factor for each interaction (Mn—O, Mn-Mn) decreased
with the Ni substitution, indicating the decrement of the MnO,
octahedra distortion. For the local structure around Ni, there
are no remarkable changes in the Ni K-edge spectra with the Ni
content as shown in Fig.11(c). As shown in Fig. 13, the Ni-O and
Ni-M distance, as well as the DW factors, did not change with the
Ni content. This reason would be that the doped Ni ion remained
divalent at any Ni content. Based on these results, it is revealed that
the local distortion around Mn was decreased by cation doping,
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Fig. 10 Ex-situ XANES spectra of Mn L-edge (a), O K-edge (b) and F
K-edge for Li;,Mn, 3 Lij; Niy; ;96 Fo 036 at various discharge state.

since the number of Mn*, which is the Jahn—Teller cation, was
decreased. The DW factor of Mn-M for LiMn,_,Li, O, remained
constant, but that for LiMn, o, Li,,Ni,O, was decreased with the
increase of cation content. This difference is probably due to the
fact that Li* is larger than that of Ni**; hence the influence of
doped Li* would not be observed at 2nd neighborhood for local
distortion. Then, the influence of F~-doping on the local structure

FT magnitude/ a.u.

FT magnitude / a.u.

FT magnitude/ a.u.

R/ A

Fig. 11 EXAFS spectra of Mn K-edge of LiMn,_,.Li,O, (x=0, 0.05, 0.10,
0.15) (a) and LiMn, o, Li;, Ni,O, (y =0, 0.05, 0.10, 0.15, 0.20) (b), and Ni
K-edge of LiMn, ,_,Li,;Ni,O, (y =0, 0.05, 0.10, 0.15, 0.20) (c).

was investigated. Fig. 14 shows the FT of EXAFS oscillations
of the Mn K-edge spectra of LiMn,;Liy;Ni,,;0,,F, (n = 0.0,
0.036, 0.073). The intensities of Mn—O(F) and Mn-M peaks were
decreased with increasing of the F~ content. Fig. 15 shows the
variation of interatomic distances and DW factors against the F~
content. The Mn—O(F) and Mn—-M distances were monotonically
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0.05, 0.10, 0.15) obtained by EXAFS analysis of Mn K-edge spectra.

increased with the increase of the F~ content due to the decrease
of Mn** ion. The DW factors of both Mn—-O(F) and Mn-M were
increased, which indicated that local distortion around the Mn
ion was increased. This is due to the increase of Mn** (Jahn—
Teller) formed by the charge compensation. Based on the XAFS
measurement, it was clarified that the effect of F~ substitution
on the electronic/local structure was opposite to the low valence
cation-doping.

The FTs of EXAFS oscillations of the Mn K-edge spec-
tra of the delithiated Li,_.Mn,O,, Li,_.Mn,Li,;Ni,,O, and
Li_.Mn, 3Liy; Nip, 0596 Fo03s samples at various discharged states
are shown in Fig. 16. The first and second peaks correspond to
Mn-O and Mn-M bonds (M = Mn, Li, and Ni), respectively. As
for the Mn—O peak, the intensity was increased with decreasing of
the Li* ion content in these spectra. Fig. 17 shows the variation of
interatomic distances and DW factors against the Li* ion content.
The Mn-O and Mn-M distance were monotonically decreased
with decrease of the Li content due to the increase of Mn*.
This result is corresponding to the decreased lattice parameters
obtained from the XRD measurement. The DW factors of Mn—
O were decreased monotonically with the decrease of Li* ion
contents. Based on the result, it was revealed that the local
distortion around Mn ion was decreased by the extraction of Li*
ion, since the number of Mn?**, which is Jahn-Teller cation, was
decreased.

Next, we compare the degree of the DW factors for Li,_.Mn,O,,
Li;_.Mn, 4Liy;Ni;;O, and Li,_.Mn, 3Liy;Ni;O;90Fo03. The de-
gree of the DW factor in Li,_.Mn,zLi;;Nij,;O, was smaller

than that in Li,_.Mn,O,. This is because of the smaller
amount of the Jahn-Teller cation (Mn** ion) in the pristine
LiMn, 3Li;;Ni,,; O, than LiMn,0O,. On the other hand, the degree
of the DW factor in Li,_,Mn,3Liy;Nip;O596:F03s Was similar
to that in Li,_.Mn,4Li;,Niy,O,, although the amount of the
Mn** ion in LiMn,3Liy;Nig;Os6Fo03s Was greater than that in
LiMn, 3Li;; Ni,,O,. Itis considered that the F~ ion doping prevents
the local distortion around Mn atom during the redox reaction
(Mn**/Mn*) in LiMn, sLio ;1 Nig 1 O3.96Fo.36.

Based on the ex-situ XAFS measurements, it was clarified that
the structural relaxation with F~ ion doping is crucial to the local
structural change during Li* ion extraction as well as the amount
of Jahn-Teller Mn** cations.

3.4. Electrochemical Properties

Fig. 18 shows the Ist charge and discharge curves of
LiMn,0,, LiMn,;Liy,;Niy,0,, and LiMn,3Li,,Ni,, 0, ,F, (n =
0.036, 0.073). The order of the capacity was LiMn,O, >
LiMn, ;Liy, Niy, 04, F, (n=0.073) > LiMn, ;Li,,Ni,,0,,F, (n =
0.036) > LiMn,¢Li,;Niy,O4, which has been also reported
before.*® This order is corresponding to the number of Mn** in
the pristine material obtained by the XANES results. Hence, it is
confirmed that the increment of Mn** ion by the substitution of
F~ ion is effective to increase the discharge capacity.

Fig. 19 shows the cycle performance of LiMn,O,,
LiMn, ;Liy, Ni,,O4, and LiMn,¢Li,,Ni,,0,,F, (n = 0.036). Al-
though LiMn,O, showed a large capacity at early cycles, the
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Fig. 14 EXAFS spectra of Mn K-edge of LiMn, 3Li,,Ni,,0,_,F, (n=0,
0.036, 0.073).

capacity decreased rapidly. On the contrary, LiMn,4Li,;Ni,,O,
showed a small capacity but good cycleability. This result is

explained as follows. For LiMn,O,, a large distortion of the MnO,
octahedrons, which were shown as the Debye—Waller factors in
Fig. 17, is responsible for the insufficient cycle performance.
Low valence cation-doping in LiMn,4Li;;Ni,;O, imparts the
cycleability by the decrease of the local distortion of Jahn—Teller
Mn** ion.

A relatively high capacity were fortunately obtained in
LiMn, 4Liy;Ni,,O,_,F, (n = 0.036). The large capacity results
from the increment of the Mn** ion. Moreover, a relatively good
cycleability was also observed, while the increment of Jahn—Teller
Mn** ion is deemed as the problem for cycleability. The F- ion
doping could prevent the MnO, octahedra distortion and thus
serve the improvement in cycleability.

In order to improve the electrochemical performance of the
spinel lithium manganese oxides, anion substitution would be one
of the effective methods when combined with low valence cation-
doping.

Conclusions

In order to clarify the effect of anion-substitution for spinel lithium
manganese oxides on the electrochemical performance, the elec-
tronic and local structures of LiMn,_,Li,O,, LiMn, ,_,Li,,;Ni, O,
and LiMn, 3Li,,Ni,, 0, ,F, were investigated using X-ray absorp-
tion spectroscopy. The atomic distance between Mn and O was
decreased with the increase of doped low valence cation (Li or
Ni) content. This is due to the increase of Mn** formed by charge
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state.

compensation (oxidation of Mn** to Mn*"). The local distortion
around Mn ion was decreased, since the number of Mn*", which
is a Jahn-Teller ion, was decreased. On the contrary, the distance
between Mn and O(F) was increased with increase of F~ content.
This is due to the increase of Mn** formed by charge compensation
(reduction of Mn* to Mn**).

The charge and discharge performance is strongly related with
electronic structure around Mn ion, and F~ ion substitution
makes the capacity increment. Furthermore, the degradation
of cycleability with the effect of Jahn-Teller Mn** ion could
be prevented by the F~ ion substitution. Therefore, designation
of suitable anion substitution and low valence cation-doping
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should be effective for realizing higher electrochemical perfor-
mance.
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