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Mn K-edge X-ray absorption near edge spectroscopy (XANES) has been performed on an amorphous, Mn-based oxide,
Lij sNag sMnOj; gzlp, 19, and on elecirodes containing this material to determine the changes that occur in the Iocal atomic and elec-
ironic structure with state of charge and with cycling. Comparison of the XANES data with those from A-MnQ,, LiMn,0,, and
LiyMn,Q, 1eveals that the Mn are octahedrally coordinated and reduced from Mn*" to Mn** during discharge o 2 V. Additional-
ly, it was found that the amorphous nature of Li; sNay sMnQ; gsly 15 Tesults in less dramatic changes upon inserting Li*, leading

to increased cycling stability and the potential for better rate capabilities within the 4-2 V range in comparison to LiMnyO,.
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Li rechargeable batteries are foreseen as the means io meet the
growing demand for lightweight, portable power sources. The spinel
LiMn,O, is a candidate for the positive electrode active material
within Li rechargeable batteries due to a combination of low cost,
benign environmental impact, and high specific energy. Unfortu-
nately, capacity fading with cycling has hampered replacement of
the currently commercialized, but higher cost and more toxic,
LiCoOy-based positive electrode active materials with LiMn,O,-
based materials. Capacity fading in LiMn,O, has been attributed to
four main mechanisms

1. Structural breakdown due to formation of two cubic phases
when x < 0.5 in Li,Mn,0,.

2. Loss of active material due to dissolution of Mr?* into the
electrolyte at high potentials (>4 V).3-3

3. Decomposition of the organic electrolyte at high potentials.®

4. Particle fracture leading to electrically-isolated dead zone
upon formation of tetragonal spinel (t-Li,Mn,0,) when x > 1.57

The fourth mechanism originates from the large (~6%) volume
difference between coexisting cubic and tetragonal phases during the
f'tﬁrst-order phase transformation. The severity of this transformation
limits the utilization of Li,Mn,0, to x < 1, which corresponds to
only 50% of the available capacity. This range of x is only accessi-
Ble at potentials greater than 4 V, which initiates mechanisms 2 and

» and imparts more stringent requirements for polymer electrolytes.
Moreover, even if the discharge cutoff voltage upon cycling is kept
abave the equilibrium potential for +-Li Mn, Oy, this phase can form
due to the nonequilibrium conditions of cell c¢ycling.® This assertion
18 consistent with recent X-ray diffraction (XRD) and transmission
electron microscope (TEM) studies®!! of eycled of LiMn,04-based
electrodes, Therefore, an electrode material that does not transform,
lflpon changing Li* content, to any phase possessing a markedly dif-

Erent molar volume would be desirable as it would eliminate pro-
fosed capacity fade mechanisms 1 and 4 while imparing increased

Obustness toward overdischarge.

Bee, € mechanism for the _cubic-to—telragonal transformation has
(C];'é‘tt}‘lylllzteg to the ferrodistortive, cooperative Jahn-Teller effect
i ). 11513 This phase transformation was found to oceur almost
Mediately wpon inserting Li into LiMn,0,. 7 The CITE is cited
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as the driving force for the transformation because once lithiation
proceeds to the concentration of Mn?" (possessing four d electrons
making it a Jahn-Teller ion in the high-spin state!4) exceeds that of
Mn#" (possessing three d electrons making it a non-Tahn-Teller
ion."* The electronic nature of the Jahp-Teller effect (JTE) and the
necessity of an electron to compensate Li™ insertion makes knowl-
edge of the electronic as well as atomic structure imperative to
understanding the Li* insertion mechanism. Such knowledge shouid
also improve the ability to design more commercially viable elec-
trode materials. :

Recently, an alternate Mn-based oxide, Li; sNag sMnO; gslp s,
has shown promise as a positive electrode active material. 1316 Thig
material possesses high reversible capacity along with excellent
cycling stability within a 4-2 V range making it suitable for use with
liguid or polymer electrolytes. Additionally, the lower potential
range of lithiaticn could avoid proposed capacity loss mechanisms 2
and 3. The amorphous natuse of this material results from the low
synthesis temperature and consequently prohibits structural study
and the study of lithium insertion mechanisms by conventional dif-
fraction methods, Additionally, this maierial is not amenable to con-
ductivity and Seebeck coefficient measurement as the necessary
monoliths or films would require high temperature densification that
would most likely alter the structure.

X-ray absorption near edge spectroscopy (XANES) is an ele-
ment-specific technique sensitive to the local atomic and electronic
structure of the element of interest.]” XANES studies have revealed
details about the Jocal coordination, site symmetry, oxidation state,
and bond character in Mn oxides as well as Mn-containing molecu-
lar compounds.'8-21 Therefore, in order to study the atomic and elec-
tronic structure of this material and understand changes occurring
upon Li* insertion and cycling, we performed -Mn XANES on the
base material and electrodes extracted from cycled cells. In this
paper, we Teport the results of our work on Li; sNay sMn; g5l 15 and
compare the Li™ insertion reaction mechanism of this material with
that of LiMn,0,.

Experimental

The Li; sNag sMnO; gsl 1, powder used in this study was synthe-
sized according to the procedure described by Kim and Manthiram.*’
In addition to the powder, two electrodes were studied. Electrodes
and cells were fabricated as described by Kim and Manthiram.!516
The elecirodes were extracted from coin cells cycled 40 times at a
constant current density of 0.5 mA/em? between the limits of 4 and
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Figure 1. Discharge capacity for the two cells examined in this study, The
“charged” cell denotes completion of cycling after the 41st charge and the
“discharged” cell denctes completion of cycling after the 40th discharge.

2 V; the open-circuit voltage (OCV) of a fresh cell is 3.6 V. One
electrode was extracted from a cycled cell after the 41st charge
whereas the other came from a cycled cell after the 40th discharge.
Throughout the text, the former is designated the cycled, charged
clecirode whereas the latter is the cycled, discharged electrode. The
discharge capacities as a function of cycle number for the two cefls
are shown in Fig. 1. The 10-20% increase in capacity with cycling for
both cells is attributed to increased elecirochemical access to active
material as cycling proceeded. The final composition of the cycled,
charged electrode is estimated to be Li} 39Nag sMnO, g5l |5 in con-
trast to Li; 3, Nag sMnO, o1y 15 for the eycled, discharged electrode.

The LiMnyO, powder used was a gift from Chemetal, Inc. This
powder was used (o synthesize the chemically delithiated derivative,
A-MnO,, and the chemically lithiated derivative 1.i,Mn,0,. Prepara-
tion of these derivatives and verification of sample integrity was cat-
ried out as described in Ref. 22. Synthesis and verification of
ZnMn,0, was aiso previously described in Ref, 22.

Preparation of (Li; jNag sMnO, gsl, 5-containing) electrode
XANES samples was carried out in an Ar-filled glove bag. After
extracting the electrodes, the titanium mesh was removed and the
powder/C/PTFE cathode was diced and mixed in a 1:16 w/w ratio
with anhydrous boron nitride (BN) using a mortar and pestle. All
other samples in this study were prepared at a similar dilution; the
air-sensitive LiyMn,0, XANES sample was also prepared inside the
glove bag. Once the powders or electrodes were well mixed with
BN, approximately 0.150 g of mix were placed in a 0.17 cm thick
sample holder (1.3 ¢m diam) and enclosed with 0.002 in. thick Kap-
ton tape. The sample thicknesses were later determined to be
approximately one absorption length at the Mn K-edge. Manganese
K-edge XANES were collected at the Stanford Synchrotron Radia-
tion Laboratory (SSRL) on bending magnet beamline 2-3 with a
S5i(220) double-crystal monochromator and 0.5 mm vertical, 2 mm
horizontal exit slits. To avoid higher harmonics, the incident beam
was defuned to 33% of maximum intensity. The ring energy was 3.0
GeV with 100 mA. current at the top of the fill. Data were collected
with 2 0.2 eV step size through the edge region. Data teduction was
performed using the EXAFSPAK analysis package available from
SSRL. Transmission data from two scauis of each sample were aver-
aged and the background was subtracted using a straight line from
6310 to 6520 eV. The XANES were normalized at 6575 eV to a
quartic spline fit through the background. Second derivatives were
calculated after smoothing with a third order polynomial over a

1.5 eV window. ’

Results and Discussion
The XANES of all three Li; sNag sMn0; gsIj 15-based samples
are shown in Fig. 2, left, and the XANES from LiMn,Qy, A-MnQ,,

and Li;MnyO, are shown in Fig. 2, right. To facilitate comparison,
the pre-edge region for each of the Tespective spectra are magnified

5;65 6585 ‘ 6;05 ‘ 6625 6525 6;45 6565 mﬁ
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Figure 2. Mn K-edge XANES from: (left) Lij sNag sMnO, ¢TI 1 (powdey
cycled, charged electrode, and cycled discharged electrode, and (righ
LiMn,0, and its chemically delithiated (A-MnO,) and lithiated (LizMn,0,
derivatives,

L
6525 6545

by a factor of 5 in Fig. 2 left and right. Table I contains the energ
position of salient features within the XANES. Maxima A, B, and ¢
as defined in Fig. 2 left and right, were identified with EXAFSPAK
Positions of other spectral features denoted in Table I with Greek lei
ters were identified from the XANES second derivatives, shown ;
Fig. 3 left and right, for each of the respective spectra. For clarity,
smaller energy range is uséd for the XANES second derivative tha
for the XANES shown in Fig. 2. The features identified as-c, f3, 3
€, and m were obtained from local minima whereas feature 8 locate
the point at which the second derivative is zero as discussed below,
First, we compare the XANES of the Lij sNag sMnQy ool
powder with that of the delithiated spinel, A-MnQ,
Lij sNag sMnOy g5l 15 possesses an average Mn oxidation state clos,
to +4, 15 approximately the same as that of A-MnO, (the lattice para
meter of which comresponds to that reported in the literature fo
LigoMny0, ). To begin with, the Li; sNay sMnOy g5ly |5 powde
XANES reveals that the Mn are octahedrally coordinated, presum
ably by oxygen as at least a portion of the iodine is tied up in crys
taitine NalOs. 2 This is concluded from the shape of the edge and it:
similazity, in particular the pre-edge region, te that of A-MnQ,. Tht
pre-edge region is assigned to Is — 3d transitions, and weak intensi:
ty in this region is indicative of octahedral coordination as opposec
to tetrahedral coordination from which sirong pre-edge intensity is
found.!°2! The energy positions of the spectral featurss shown it
Table I compare well with those of A-Mn0, except for that of the
main edge (feature A). The slightly lower main peak energy in the
Li; sNag sMnO; gsly, 1, powder could be due to the slightly lower Mn
oxidation state, a larger Mn-O bond length, and/or 2 more covalent
Mn-0 bond. Any of these characteristics, singly or in combination,
will lessen the 2s core-hole binding energy leading to a lower main
peak energy. However, concomitant lower energy positions of othet
features would also be expected, and so, we cannot ascribe the source
for lower main peak position in Li; N 2y sMnO, 5515 14 at this tie.
It should be noted that a recent paper by Liu ez al.2* concluded
that the average Mn oxidation state in LiMn,O, was approximately
+4 using a combination of Mn Ly mredge and Mn K-edge XANES.
This assertion runs counter to recent reports that LiMn,0, is amixed
Mn®*/Mn** oxide through measurement of the Mpn K-edge
XANES,*26 Mn 2p X-ray photoelectron spectroscopy,?’ and mag-
netic properties.”* Additionally, the presence of Mn®* is required for
the CTTE o take place as described in the first section of this paper.
Liu er al. arrived at their conclusion by comparing the edge positions
of the main Ly feature of the Mn Ly spectra and what is called
feature o in this smdy of the Ma K spectra to those from MnO, and
Mn,0;. We find similar agreement between the positions of feature
@ for LiMn, Oy and A-MnO, along with Lij sNag sMnO, g5l 1o but
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Table 1. Positions for XANES speciral features noted in Fig, 2, 3, and 4. Positions of the featutes denoted by Greek jetters were determined
from the second derivatives (Fig. 3) while the other peak positions were found using EXAFSPAK. .
Energy position, eV

Sample o B vy € A m B C
powder 6541.1 65434 6550.8 — 6553.8 6561.4 - 6575.4 6620.6
cycled-charged 6541.1 65434 6550.4 — 6553.8 63560.9 — 6574.9 6619.6
cycled-discharged 6540.8 6543.1 6549.7 — 65328 6560.2 — 6573.2 6616.4
A-MnO, 6541.1 6543.2 6550.3 — 65554 ; 6562.1 — 6575.4 6619.5
LiMn, O, 6541.1 6542.9 6549.6 — 6553.5 0561.1 — 6573.9 6616.5
Li,Mn,0, 6540.6 —_ 6549.1 6550.8 — 6558.3 6567.0 6573.6 6613.5
ZnMn, 0Oy 65404 — 6551.7 . 65533 —_ 6560.0 — 6572.0 6612.4

the main peak energy shifts are different (see Table I). A recent “Li
NMR and magnetic susceptibility study has shown that the relative
degree of covalency within LiMn;;Od9 increases markedly upon de-
lithiating LiMn,Q, to form A-MnQ,.?” This agrees well with Xox cal-
eulations of [MnOg] octahedra showing that the degree of covalency
is larger for [Mn*" O] octahedra compared to [Mn* O] octahe-
dra. 3 The covaleney increase induced by oxidizing a mixed Mn3 T/
Mo*" oxide, such as LiMn,O,, into 100% Mn** can comnter to
some degree the chemical shift expected based upon the completely
ionic picture presented by Lin er ai. 24 .

A final observation is that the rising edge for the
Li) sNag sMnO, gsly 15 powder is smoother than that of A\-MnO,.
Inflections in the edge similar to those found in the A-Mn¢), XANES
were shown to originate from increased distortion of octahedral
bond angles from 90° within the [CuOgq] octabedra of copper
oxides*"*” and more recently within the [MnO,] octahedra of man-
ganese oxides.2! Structural refinements have consistently shown,
through an increase of the spinel u parameter, that the octahedral
bond angles are more distorted in delithiated LiMn,0, as compared
1o the parent materials.>33 The relatively, smooth rising edge of the
Li; sNag sMnO, 4T, 1, XANES, therefore, suggests that the [MnQg]
octabedral bond angles are less distorted than those for A-MnO, or
LiMﬂ204.

Next, the effects of lthiating Li; sNag sMnO, gs1y 15 are dis-
wussed. As is the case with the spinel systemn, the data in Table I show
that upan discharging, the edge moves to lower energy. This is con-
sistent with reduction of the Mn** in Li; sNag sMnO, g5l 1, by the
lectron-compensating insertion of a Li™ as also is found to oceur in
he spinel systern. 1322 The inflection in the edge of the cycled, dis-
harged electrode XANES implies that the octahedra become dis-
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'8ure 3. Compatison of Mn K-edge XANES second-derivatives from (left)
‘l.sNao_sMuOmsIO_u (powder), cycled, charged electrode, and cycled dis-
arged electrode, and (right) LiMn,0Oy and its chemically delithiated (A~
R0) and Tithiated (1i,Mn,0,) derivatives.

torted during lithiation. The similarity of the pre-edge region with
that of the Li,Mny0, XANES makes this conclusion firmer. This
point is discussed in more detail below. The data of Fig. 2 left and 3
left show that the powder and cycled, charged electrode possess
comparable characteristics, aside from the growth of feature v, sug-
gesting that the local structure is not grossly altered by repeated
eyeling. This is particularly evidenced by the pre-edge regions. Thus
the distortion observed upon lithiating Li) sNag sMnO, gsly ;5 is not
as destructive, compared to the spinel system, to the structural in-
tegrity. However, the lower energy of several features within the
cycled, charged electrode XANES as compared to the powder could
signify that some areas of reduced (lithiated) material remain.

To further elucidate our assertion that there is a distortion of
IMnOg] octahedra npon lithiating Li; §Nag sMnO, 551, 15 we com-
pare the XANES of the cycled, discharged electrode with those from
Li;Mn,0, and the tetragonal, Mn?* spinel, ZnMn,0,. ZoMn,0,
belongs to the same space group as Li,MnyQ, and possesses ap-
proximately the same distortion parameter (c/a ratio), 1.15 34 vs.
1.18.1132535 The nearly identical pre-edge shapes.of the three
XANES in Fig. 4 indicates that all are tetragonally distorted where-
as the lack of feature § in the cycled, discharged XANES implies
that the distortion parameter of the cycled, discharged electrode is
not as large as that for either tetragonal spinel. The similar main peak
positions of the cycled, discharged electrode and ZnMn,0, lead to
the conclusion that upon kthiating Lt; ;Nag sMnO, g1, 15 the Mn**
are reduced to Mn®*. This in turn would be the source of the dis-
torted structure within lithiated Li; sNag sMnO, g:1, 1, because ac-
cording to the Jahn-Teller theory,36.37 the degenerate E, ground-state
of an octahedrally coordinated, Iocalized Mn3* is unstable with
respect to a tetragonal distortion. Finally, the differences of the edge
shapes between the discharged, cycled electrode and LisMn,0,
XANES merits discussion. The distinct edge step and a satellite peak
above the main peak (denoted by feature 1 in the second derivative
of Fig. 4 right) are associated with the Li™ inserted into the intersti-
tial octahedral sites of the spinel as they are absent in the XANES of
ZnMn, Oy, and other tetragonal Mn(I1I) spinels.?* We have asserted
that these features found within the Li,Mn,0, XANES are indica-
tive of an increased degree of covalency.?? An increased degree of
covalent character within the Li~O bond upon lithiating LiMn, Oy
would be a source of the more sluggish insertion reaction kinetics
observed in the 3 V region of the spinel with respect to the 4 V
region.'2383 Therefore, the difference observed in the XANES
indicates that Li; §Nag sMnO5 g5 15 should possess faster Lit trans-
port at low voltages.

Conclusions

Our XANES study of Li; sNag sMnO, ¢s15 15 along with electrodes
confaining this material extracted from discharged and cycled cells has
revealed important information coneertiing the electronic and atomic
structure of this material and its Li* insertion reaction mechanisin,
The data reveals that the Mn sites in the Lij sNag sMnO; gsl 15 pow-
der are 4primarﬂy [Mn‘“'Oﬁ] octahedra, Upon lithiation (discharging),
the Mn™* are rednced to Mn3* which restlts in a tetragonal distortion
of the [MnQg4] octahedra due to the JTE. This distortion is reversible
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Figure 4. Comparison of {left) Mn K-edge XANES and (right) XANES sec-
ond derivatives from the cycled discharged electrode and the tetragonal
spinels Li;Mn,0, and ZnMn,O,.

upon delithiation (charging); the reversibility does not appear to be
affected by cycling, The sipecm)scopic results do not indicate that
reduction of Mm** to Mn** occurs when discharging this material
downto2V.

Comiparing and contrasting this Li* insertion mechanism with
that occwring in the LiMn,yO, system showed that the Li* can be
accommodated in the amorphous Li; sNay sMnO, osly 5 with a
much less severe effect on atomic and electronic structure. The
XANES provide evidence that the distortion parameter of lithiated
Li; sNag sMnO, g5l ;5 is less than that of Li)Mn,0,4 and ZnMn, 0,
whereas the amorphous nature of Lij sNag sMnQ, ¢sIy 1o provides
the open space to accommodate the JTE distortion in a noncoopera-
tive manner. The absence of the distinct edge step and satellite peak
in the cycled, discharged electrode XANES indicates that the elec-
tronic siructure of Lij sNay sMnO, g5l ;5 is not as greatly perturbed
by lithiation when compared to LiMn,0,. These findings indicate
that the lower degree of atomic and electronic structural change
upon altering the Li™ content of Li; sNag sMnO; sy, 1, with respect
to LiMn,Q,, within the 4-2 V range provides increased cycling sta-
bility. Furthermore, the absence of XANES fedtures indicative of an
increased degree of covalency upon jnserting Li* suggests that the
rate capability of Lij sNag sMnQ, g3l 1, within this potential win-
dow should be higher in comparison to the LiMn, O, system.

Our XANES results indicate' that amorphous, Mn-hased materials
possess electronic and atomic siructural characieristics thar afford
more benign accomimodation: of Li* and the compepsating electron.
These intrinsic traits suggest that such materials are promising candi-
dates for use in positive electrodes to attain longer-lasting and high-
er-power Li rechargeable batteries.
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