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Local Structure and Electronic States of Li(Mn,..Co,)O, Studied by X-ray
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C. H. Shen® (#r&e ), R.S. Liv® (21403 ), L.-Y. Jang® ( B2 ),
J.F.Lee® (2351 ) and J. M. Chen® ( BaBH )
®Department of Chemistry, National Taiwan University, Taipei 106, Taiwan, R.O.C.
bSynchrotron Radiation Research Center, Hsinchu 300, Taiwan, R.O.C.

Thelocal structure and el ectronic states of Co®" substituted lithium manganate spinels of the composition
Li(Mn2«Coy,)O4 (0 < x £ 0.4) have been probed by X-ray absorption near-edge structure (XANES) and ex-
tended X-ray absorption fine structure (EXAFS) spectroscopies at the Mn and Co edges. The substitution of
Co* into the Mn sites causes an oxidation of Mn®*" to Mn**, decreasing the localized Jahn-Teller distortion of
the lattice. Thisin turn leads to a shortening of the Mn-O(M) bond length and areduction in local structural
disorder of the Mn(Co)Os octahedra. The data show that the replacement of &* Mn** by @° Co®" in the octahe-
dral sites of the spinel structure eliminatesthe local disorder in thelattice around the Mn* Og octahedrawhich
are distorted by Jahn-Teller stabilization of the electronic state.

INTRODUCTION

High voltage cathode materials for use in lithium-ion
based secondary battery systems have been of considerable
interest in recent years.™? In all lithium-ion battery systems,
energy storage isassociated with areversiblelithiumionsin-
tercalation into the positive electrode material. High energy
density, small change in voltage during discharge, high
power density, excellent reversibility, limited environmental
impact and low cost materials are necessary for ideal com-
mercial lithium ion batteries. Commercially available lith-
ium cells with lithium cobalt oxide cathodes have high cost
and are limited in working potential. Enhancement of the
working potential leadsto acollapse of the LiCoO; structure;
to prevent this, an additional device would be necessary, in-
creasing the cost of the cell. Among the materialsunder study
at present, manganese oxides were found to be promising in
terms of specific energy, nontoxicity, low cost and environ-
mental benignancy. Lithium spinel LiMn,O, is nowadaysthe
most promising candidate for innovative lithium-ion (rock-
ing chair) batteries.*®

LiMn,O, possesses cubic Fd3m symmetry at room tem-
perature with an average manganese valence of 3.5, where
the Mn exists in Mn** (2,%,°%) and Jahn-Teller active Mn**
(t25°e.") configurations. One of the problems for commercial
application of LiMn,O,isthe poor cyclability of the charge-
discharge processin the 4-V region. Some serious defectsre-
sponsiblefor the capacity loss of the LiMn,O4 material are as

follows:®” (i) The more stable one-phase structure in the
low-voltage region transforms to an unstable two-phase
mixture in the high-voltage region. (ii) The Mn** ions of
LiMn**Mn* O, cathode materials undergo a self-redox reac-
tionto Mn?" and Mn** at high voltages, inducing capacity |oss
dueto aloss of the cathode. The Mn?* so generated irrevers-
ibly dissolves into the electrolyte, causing an increase in re-
sistance of the cell. Several studies have been aimed at im-
proving the properties of LiMn,O,, particularly for its effi-
ciency in maintaining electrochemical capacity over alarge
number of cycleswithout sacrificing initial reversible capac-
ity and also its performance at room temperature.® Partial
substitution of magnanese by another cation, such as Ni B
Co,*8 Cr,2? or Ti%..., can be used to tailor the properties of
LiMn,O4 both to improve the cyclability and to change the
electrochemical behavior of the rechargeable battery cath-
ode. Guohuaet al . have shown that the substitution of M ions
at the Mn site, Li(Mn,M)204 (M = Cr, Co and Ni), stabilizes
thelattice through areductionin Jahn-Teller distortion of the
|attice at the local level. However, substitution was found to
lower the capacity of the cell by reducing the quantity of
oxidisable Mn** and replacing it with a non-oxidisable cat-
ion. X-ray absorption spectroscopy is the most effective tool
for probing the chemical environment of the metal atom,
since it does not require a long range structural order.*?°
Ammundsen et al.**?° have investigated the chromium sub-
stitution in LiMn,O, and have found that stabilization of the
short-range structure occurs when Cr3* is substituted for
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Mn**. The reversible chemical extraction and re-insertion of
lithium takes place with changes in the oxidation states. The
replacement of Jahn-Teller distorted Mn** by Cr** reduces|o-
cal disorder in the lattice. Aitchison et al.™* and Ammundsen
et al.® have observed that the Co®" is favorable as a dopant
into LiM,Mn,.xO;4 due to the similarity in size between Co**
and Mn*". The extended X-ray absorption fine structure
(EXAFS) data confirm that cobalt is homogeneously distrib-
uted in the lattice and is responsible for an increase in local
structural order. The improvements in cyclability when Mn**
issubstituted by the cobalt ion can be attributed to anincrease
inlattice stability driven by areductioninthelocal latticedis-
tortion by Jahn-Teller stabilized Mn**. However, theion sub-
stitution induces local structural and electronic perturbation,
which can affect lithium diffusion in the | attice and hence the
electrochemical performance.

In this work, we applied X-ray absorption near-edge
structure (XANES) and EXAFS spectroscopic investigations
of the Li(Mn2xCox)Os4 (0 < x < 0.4) system. Using these tech-
niques, we have studied the variations in the local structure
surrounding metal ion Mn(Co)Og octahedral (16d sites)
which arerelated to its long range structure and performance
as a battery cathode material.

EXPERIMENTAL

Samples of the system Li(Mnz«xCo0x)O4 (0 < x <0.4)
were synthesized by the solid state reaction of Li.CO3z, MnO-
and Co3;0,4. Well ground mixtures of the starting materials
were heated at 800 °C in air for 24 h, followed by two addi-
tional treatments each of 24 h at 800 °C with intermediate
grindings. The process was repeated to minimize the impuri-
tiesM n,O3 and LioM nOa.

Powder X-ray diffraction analyses were carried out
with a SCINTAG (X1) diffractometer (Cu Ko radiation, A =
1.5406 A) at 40 keV and 30 mA. Datafor the Rietveld refine-
ment were collected in the 26 range 15° ~ 120° with a step
size of 0.02° and acount time of 10 sper step. The GSAS pro-
gram”* was used for the Rietveld refinement in order to obtain
theinformation about the crystal structuresof Li(Mnz-xCox)Os.
Inall casesthe XRD patterns could beindexed on the basis of
acubic cell. The valence of Mn was determined by chemical
titration. The samples were dissolved in an excess of 20 mL
K2C,04 and 2 mL H,SO, around 65 °C maintained by awater
bath to reduce all Mn™ to Mn** (2 < n < 4), and then the ex-
cess C,04% ions in the solution were determined by titration
at 65 °C with a standard solution of KMn0O,4.?? The chemical
compositional analyses were performed using a Perkin-
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Elmer AA-3100 atomic absorption spectrometer and EDAX-
DX4 energy dispersive X-ray spectrometer.

The X-ray absorption experiments were carried out at
the Synchrotron Radiation Research Center (SRRC), Hsinchu,
Taiwan, with an electron beam energy of 1.5 GeV and amaxi-
mum stored current of 200 mA. All the spectrawere collected
at room temperature. The XANES measurements at the Mn
L .3 edge were performed at the 6-m high-energy spherical
grating monochromator (HSGM) beamline BL20A. The
samples were in powder form, attached on conducting tape,
and then put into an ultrahigh vacuum chamber (10°° Torr) in
order to avoid surface contamination. The spectra were re-
corded in the sample current mode. The incident photon flux
(1p) was monitored by aNi mesh located downstream the exit
slit of the monochomator. The reproducibility of the absorp-
tion spectraof the same samplein different runswasfound to
be extremely good. The photon energies were calibrated
within an accuracy of ~0.1 eV using the known O K-edge ab-
sorption peaks of CuO.

The EXAFS measurements at Mn K and Co K edges
were performed in transmission mode at the Wiggler
beamline BL17C with a double-crystal Si (111) monochro-
mator. It isimportant that the size of the particles be smaller
than one absorption length in the material, ud < 1, whered is
the particle size and p is the total absorption coefficient.
Thus, all samples for the EXAFS measurements were finely
ground to pass through a 400 mesh sieve. After this treat-
ment, the resultant powder was rubbed homogeneously onto
Scotch tape. Furthermore, to avoid the sample thickness ef-
fect, the condition Apx < 1 must be satisfied, where Aux isthe
edge step. Therefore, the thickness of the samples was ad-
justed by folding the sample-coated Scotch tape to achieve
Apx ~ 1. All the spectra were obtained at room temperature
using gas-ionization chambers as detectors with ascan step of
~ 0.4 eV for the XANES region and ~ 1.5 eV for the EXAFS
region. Moreover, to ensure reliability of the spectra, the
spectrum of Mn(or Co) metal foil wasalso monitored to eval-
uate the stability of the energy scale for each measurement.

The data analysis for the experimental EXAFS spectra
was performed using the UWXAFS package.”® The AUTOBK **
code was used for background subtraction. Background sub-
traction was by linear extrapolation of the pre-edge and
EXAFS spectra were individually normalized in the p(k) -
Wo(k) convention, simulating w,(k) with third order spline
functions. The normalized EXAFS spectrum obtained is
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ton energy, E, isthe threshold energy, 7 is 6.62608 x 103/2n
Js, u(k) is the measured absorption coefficient, [o(k) isthe
background, and Au,(0) is the edge jump. The resulting
EXAFS spectrawere k*-weighted and Fourier transformed in
the range 2.95 < k < 13.85 A" with a Hanning apodization
function. A nonlinear |east-squares curvefitting procedurein
the FEFFIT code® was carried out in the range 1.28 < R <
3.45 A, corresponding to the first shell of M-O and second
shell of M-M, where M was Mn or Co. Based on the plane
wave single scattering, the general EXAFS formula®® can be
expressed as a summation over al shellsi by the equation

20 =5: 3 2 B inorr, 43,00 e @)

where F;(k) is the backscattering amplitude from each of the
N; atomsintheshell i at distance R;, with Debye-Waller factor
6. S,, 8(k) and A(k) are respectively the amplitude reduction
factor, the total phase shift, and the photoel ectron mean free
path. The values of F;(k), d:(k), and A(k) were theoretically
calculated by a curved wave ab initio procedure in the code
FEFF 7.0.% The refinements were based on the minimization
of the R factor,?® which is defined as follows:
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where f; = Ygata - Xmodel; iS the function to be minimized, x is
the X function weighted by £°, and N isthe number of function
evaluations. When fitting in R-space, N = 2(Ruax-Rnin)!d R,
where 3 R is the grid spacing in R-space. The M-O(M) dis-
tance and the corresponding Debye-Waller factor represented
another two refinable parameters (ARw-oy and 6u-omy?). In
thefitting procedure, only AE, (shift of the photoel ectron en-
ergy origin), ARy.o, ARy, Om-o>and oy.w® were varied, and
the coordination number N; and S, were fixed. Here, S, =
0.56 was found from fitting the spectrum for the x = 0.0 sam-
ple, with the Mn-O distances and the coordination number
fixed on the basis of the values from the known crystal struc-
ture.'>

(©)

RESULTS AND DISCUSSION

The powder XRD patterns of Li(Mn,.4xCox)O4 (0 < X <
0.4) are shown in Fig. 1. After the three heat treatments with
intermediate grindings, the samples are of single phase. The
powder X-ray diffraction data can be indexed on the basis of
an Fd3n cubic unit cell.2® The cell symmetry of spinel was
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identified by the observation of the reflections with the limit-
ing condition on hkl: h, k, [ either all odd or all even, with the
F centering of the unit cell. The observed and calculated X-
ray diffraction profiles of the sample with x = 0.1 are shown
inFig. 2. Theideal crystal structure of Li(MnyxCox)O4 with a
cubic cell isshown in the inset of Fig. 2. We assume that the
Co* ions substitute the Mn sites homogeneously while re-
taining the Fd3m space group symmetry. Low spin Co®" ion
hasanionicradiusof 0.545 A for C.N. (coordination number)
= 6, compared to Mn®* (0.645 A for C.N. = 6, in low crystal
field) and Mn** (0.53 A for C.N. = 6, in low crystal field).*
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Fig. 1. X-ray powder diffraction patterns of the
Li(Mny«Coyx)O4 (0 < x < 0.4) samples.
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Fig. 2. Rietveld plot of Li(Mn,.xCox)O4 with x = 0.1 at
300 K. The experimental data points are shown
asplus(+) signs. The solid lineisthe calcul ated
profile. The tick marks below the profile indi-
cate the positions of the allowed Bragg reflec-
tions. The difference plot (observed minus cal-
culated) is shown at the bottom. A portion of
cubic Li(Mn,.xCoyx)O4 spinel structurewith O at
32¢ site, Mn(Co) at 16d site and Li at 8a siteis
shown in the inset.
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Table 1. Average Mn Valence, Refined Fractional Atomic Positions, Cell Parameters and Reliability
Factors (%) of Li(Mn,4Co,)O,. The Atomic Positions are Li: (0.125, 0.125, 0.125),
Mn(Co): (0.5, 0.5, 0.5), O: (X, X, X) for Fd3m Space Group at Room Temperature

x=0 x=0.1 x=0.2 x=0.3 x=04
Li
10%ui(A?) 3.3(6) 4.0(5) 2.4(6) 2.4(7) 4.6(7)
Mn (Co)
10%ui(A?) 2.37(3) 2.02(3) 2.42(4) 2.42(5) 2.31(5)
o)
X 0.2641(2)  0.2623(2)  0.2635(2)  0.2645(3)  0.2625(3)
10°ui(A?) 3.81(7) 3.7(1) 3.03(9) 3.2(1) 2.8(1)
a R 8.2422(2)  8.2336(2)  8.2178(6)  8.1996(9) 8.173(1)
Volume %) 550.93(2)  558.17(3)  554.98(7) 551.3(1) 546.0(1)
R, (%) 9.78 8.99 10.16 10.99 10.06
R, (%) 12.91 12.18 13.96 15.2 14.3
x (%) 1.08 1.32 1.65 2.35 3.28
Mn-Mn x 6 A 2.91406(6) 2.91101(7) 2.9055(2)  2.8990(2)  2.8897(4)
Mn™ 3.51(1) 3.52(1) 3.56(1) 3.58(1) 3.61(1)

R, = Y1y = oy 1 Xy, (RPAEIN), R =3 W (3, ~y,) | X (,)]'* (Rweighted pattern),

Y= ( ) (goodness of fit),

N, -N,
where yaoi islthe observed intensity at the ith step, y. is caculated at the ith step, W; is 1ly;, M is
residua, N, isthe number of observations, ¥, isthe number of parameters adjusted. Uy, is the thermal

parameter and Mn-Mn is the average Mn-Mn bond distance.

The formula can thus be written as LiMn**;Mn**1.,C0o*0,.
Thelattice constant « and the cell volume of the Li(Mn,.«Cox)O4
decrease with the addition of Co at room temperature as
shownin Table 1. The Coion prefersto substitute at the octa-
hedral Mn site and substitutes for the Mn®" ion. This causes
theM-M (M = Mn,Co) bond lengthsto depend not only on the
valence state of Mn, but also on the concentration and va-
lence state of Co.

The Mn and Co K-edge XANES spectra are shown in
Fig. 3. The K-edge energies of all the target elements were
defined as the energy at half the height of the absorption
edge.®* The Mn K-edge X-ray absorption spectrum of the Co
substituted lithium manganate, Li(Mn1gC00.2)Oa4, is shown
together with the reference spectra of Mn®*",0s, LiMn*%*,0,,
and Mn** 0, in Fig. 3(a). The edge energy of Li(Mn;§C00.2)Oa
isfound to belower than that of the Mn** reference but higher
than that of the Mn®>°* reference, indicati ng the mixed oxida-
tion state of manganese (Mn**/Mn*") in these compounds.
Fig. 3(b) clearly shows that thereis alarge difference in the
edge position between Co* in CoO and the octahedral Co**
of Co,03 and LiCo0,. The Co K-edge energy of all the substi-
tuted manganese spinel is observed at the same energy as that
of LiCoO,. The similarity in the feature of the XANES spec-
traat the Co and Mn edges of spinel strongly supportsthefact
that cobalt ispredominantly trivalent and ispresent in 164 oc-

tahedral sites.™"'*?° The cobalt ion israndomly distributed in
the spinel structure and istrivalent, replacing Mn®". The Co**
ion stabilizes the lattice through areduction in Jahn-Teller
distortion of the lattice at the local level, but can limit the
fraction of lithium that may be extracted dueto itsredox inac-
tivity at potentialsupto~4V. The5V plateau reported during
the electrochemical extraction of Li from Li(Mn2.«xCoyx)Oa ap-
pears to be due to the oxidation of Co® to Co*".*>*

The XANES spectraof the Li(Mn,«Cox)O4 spinel man-
ganates are characterized by the features labeled A to D
showninFig. 4. Pre-edge features A; and A, result from tran-
sitions to bound final statesin the 34 orbital. The main ab-
sorption edgerisesin two distinct steps, which may be distin-
guished as two inflection points B; and B,. Thereisarela-
tively intense and symmetric resonance above the absorption
edge (C), and a broader structure to high energy (D).*** To
obtain detailed information on the electronic and geometric
structures around the manganese ion, each spectrum has been
investigated by examining the second derivative method,
whichisquite effectivein amplifying small differencesin the
spectral features as shown in Fig. 4(b). Each spectrum shows
doubly split pre-edge peaks, A1 and A,, which are attributed
to the quadrupole-allowed transitions from the core 1s level
to unoccupied 3d states.*”*® Such a splitting of the pre-edge
peak definitely originates from the separation of degenerate
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3d level under the octahedrd crystal field. For the Li(Mny«Coy)Oa
spinel compounds with aweak crystal field, the 1s'3dr.’e,"
final state, due to the 1s to 3de, transition, is expected to be
more stable than the 15*3d1,,"¢.° state resulting from the Ls to
3dt, transition. Therefore, the lower energy peak, A4, is at-
tributed to a transition from 1s to 3de,, while the higher one,
A, isassigned as atransition from L1s to 3dt,,, even though
the energy of 3dr,, level islower than that of 3de, level. The
stronger intensity of A, compared to A; can be understood
fromthefact that Mnin Li(Mn,.Coy)O4 hasthe mixed oxida-
tion state with Mn*" and Mn®". The shift in the edge position
for Li(Mn2«xCox)O4to higher energy corresponds to an in-
creased average Mn oxidation state with increasing x.

The Mn L-edge XANES spectra of Li(Mn,<Cox)Osare
shown in Fig. 5. The spectra show two broad multiple struc-
tures separated by spin-orbital splitting (Mn 2ps2 and Mn
2p112).t"* The chemical shift is caused by the change in the
electrostatic energy at the Mn site, driven by varying theionic
valence in the compounds. The 2p3» absorption peaks of
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Fig. 3. (8) Mn K-edge XANES spectra of Mn,0Os,
MnO., LiMn;O4 and Li(Mny.gC0.2)O4 and (b)
Co K-edge XANES spectraof Li(Mn2.xCoyx)Oa,
wherethe spectraareidentical for x =0.1t0 0.4,
and the spectra of CoO, C0,03 and LiCoO;.
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MnO, and Mn,O3 are marked by solid and dashed lines, re-
spectively. The 2ps» peak of the Li(Mn,.xCox)O4 contains
both Mn®*" and Mn** absorption transitions, which implies
that Mn** and Mn*" are distributed randomly in the structure
and the electrons in the 34 orbital of Mn®* are localized.***
Thus, it is seen that charge localization and mixed valence of
Mn* and Mn*" are found in the system. The Mn valence of
the samplesfrom x = 0to x = 0.4 was determined by chemical
titration. The calculated average Mn valencefor x =0tox =
0.4in LiMn*;Mn**;.,Co*«Osis 3.50, 3.53, 3.56, 3.59 and
3.63, respectively, whereas the actual experimental values
are3.51+0.02,3.52 +0.01, 3.56 + 0.01, 3.58 + 0.01 and 3.61
+ 0.03 as shown in Table 1. At noted, there is a good agree-
ment between the cal culated and observed values.

The effect of substitution in the Mn sites of LiMn,O,
spinel oxide has been investigated by K-edge EXAFS. The
experimental k*-weighted Mn and Co K -edge EXAFS spectra
of Li(Mn;xCox)O4 (0 < x <0.4) are shown in Figs. 6(a) and
(b), and the corresponding Fourier transforms (FTs) in the £
rangeof 2.95-13.85 A" and 2.95-11.9 A~ are shown in Fig. 7

Fig. 4. (a) Mn K-edge XANES spectraand (b) the sec-
ond-derivative spectra of Li(MnzxCox)O4 (0 <
X £ 0.4) intherange 6530-6580 eV . Theinset of
(a) shows the expanded view of the pre-edge
range 6540-6544 eV .
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and Fig. 8, respectively. Ascan be seen from Fig. 6, the over-
all spectral features of EXAFS oscillation of the Li(MnyxCox)O4
compositions are quite similar. The experimental EXAFS
signal contains all contributions from different scattering
paths including single scattering and multiple scatterings.
The comparison between experimental and simulated data
suggests that the multiple scatterings are neglected for the

L

123

=

<

=

St

2 x=03

=

<

2 x=02

=

=2

D

-4 x=0.1
x=0
Mn, 0,

635 640 645 650 655 660
Energy (eV)

Fig. 5. Mn 2p-edge XANES spectra of Li(Mnz.xCoyx)O4
(0 £ x <£0.4) adong with two standards, MnO,
(Mn*, shown by the solid line) and Mn,O3
(Mn®*, shown by the dashed line) for com-
paries.

Ky(k)
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Fig. 6. (a) Mn and (b) Co k3-weighted K-edge EXAFS
spectraof Li(Mn,.xCox)O4 (0< x £0.4).
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purpose of structural refinements regarding the nearest oxy-
gen and manganese neighbors. Owing to the high symmetry
of the spinel structure, considering only the first and second
coordination shells practically all the essential structural in-
formation can be derived.'®*® At low-k (< 3A™) region, multi-
ple scattering contributions become more important, causing
some deviation from the fit, which uses a single scattering
formulation. The observed spectral similarities between the
cubic spine LiMn,O, and chemically substituted Li(Mn,.«Coy)O4
(0.1 £ x £0.4) suggest that both phases possess nearly the
same local atomic arrangement.

The Fourier transforms of the Mn and Co K-edge
EXAFS spectraof Li(MnxCox)O4 (0 < x < 0.4) areshown in
Figs. 7 and 8, respectively. The first prominent peak in the
Fourier transform is assigned to the M-O (M = Mn and Co)
contribution, and is followed by the second peak correspond-
ing to the Mn-M and Co-M (M = Mn or Co) contribution. The
best-fit results (solid lines) are compared to the experimental
spectra (circles) and the fitted structural parametersfor M-O
shell and M-M shell arelistedin Table 2. For all samples, the
first coordination shell around both Co and Mnionswasfixed

Mn K-edge

Mn-O Mn-Mn/Co

Fw

Fig. 7. Fourier transforms F(R) of the k*-weighted Mn
K-edge EXAFS spectraof Li(MnyxCox)O4 (0<
X £0.4). Therange using the Fourier filtering is
shown by thearrows. The solid linesand circles
represent the fitted and experimental data, re-
spectively. Thefirst prominent peak in the Fou-
rier transform isassigned to the Mn-O contribu-
tion, and is followed by the second peak corre-
sponding to the Mn-Mn and Mn-Co contribu-
tions.
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at six oxygen atoms, in agreement with the expected number
for an octahedral site. Substituting Co* for Mn® in LiMn,O,
leadsto ashortening of the Mn-O bond length withincreasing
cobalt substitution.™* The Debye-Waller factor (Gun-o) for the
Mn-O shell of Li(Mn,xCox)O4 obtained from EXAFS datais
shown in Fig. 9(a) asafunction of the degree of substitution.
A decreasein the Debye-Waller factor isobserved, consi stent
with an enhanced symmetry of the average Mn environment
caused by the reduction in the number of Mn*" ions. Contri-
butions from the Jahn-Teller distortion manifest primarily as
damping of the oscillations in EXAFS due to incoherence in
the photoel ectron waves, producing a reduced intensity Fou-
rier transformed peak and higher Debye-Waller factor in the
analysis.”>* The removal of the contribution from Mn*" ions
by increasing Co®* substitution is seen in the dataas amarked
decrease in the Debye-Waller factors for the Mn-O shell. In
Fig. 9(b), aslight increase in Co-O bond length (Rco-0) and a
decreasein the Debye-Waller factor (o6co.0) are also observed
for x=0.1t00.4. The Co-O Debye-Waller factorsare notably
smaller than those for Mn-O, and significantly lower in the
doped spinelsthan in LiMn,O,, indicating a higher degree of

33 Co,,-Co/Mn , Co K-edge

P

Fig. 8. Fourier transforms F(R) of the k*-weighted Co
K-edge EXAFS spectraof Li(Mn,.xCoy)O4 (0.1
<x<0.4). Therange applying the Fourier filter-
ing is shown by the arrows. The solid lines and
circles represent the fitted and experimental
data, respectively. The first prominent peak in
the Fourier transform is assigned to the Co-O
contribution. The second peak corresponds to
the Co-Mn and Co-Co contributions.
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regularity of the CoOg octahedron in the three-dimensional
spinel framework. Coordination numbers for the manga-
nese-metal and cobalt-metal shells were fixed to 6 in fitting.
InFig. 10, adifferenceis observed between the Mn-M (Rwn-m)
and Co-M (Rco-m) bond length (M = Co or Mn). As x in-
creases, theMn-M distance (Run-mnico) and the Debye-Waller
factor (Gmn-mnico) Were found to decrease (as shown in Fig.
10(a)). Thisresult isconsistent with the decreasein thelattice
parameter « on increasing x as studied by XRD. Substituting
Mn** with the smaller non-Jahn Teller Co* ion reduces |at-
tice strain at the 164 site, and the shorter Co-M distance
(~2.86 A) observed by EXAFS shows that the Mn | attice con-
tracts about Co (as shown in Fig. 10(b)). Thislocal contrac-
tion and the difference in coulombic repulsion between
Co*/Mn*" and Mn**/Mn*" indicate that the average Co-M
bond length is shorter than Mn-M.**?° With increasing cobalt
content, the Debye-Waller factor Gun-mnico decreaseswhereas
Oco-.comn iNcreases. At low levels of substitution, lower
Debye-Waller factors are observed for the Co-M shell than
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Fig. 9. The M-O (M = Mn or Co) bond lengths (Ru-o)
and Debye-Waller factor (om-o) asafunction of
the compositional parameter x for (a) Mn
K-edge EXAFS data of Li(Mn,.xCox)O4 with x
=0~ 0.4 and (b) Co K-edge EXAFS data of
Li(Mny«Coy)Os withx =0.1~0.4.
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Table 2. Structural Parameters of Li(Mn,.,Co,)O, Determined from EXAFS

Mn-O Mn-Mn(Co)
Li(Mn,.,C0,)O, R(A) 6 (A) R(A) o (A) Residue (%)
x=0 1.914 (26) 0.074 2.9150 (2) 0.076 24
x=0.1 1.913 (50) 0.070 2.9130 (2) 0.075 1.6
x=0.2 1.913 (36) 0.070 2.9082 (2) 0.075 1.6
x=0.3 1.913 (25) 0.069 2.9008 (2) 0.075 17
x=0.4 1.910 (35) 0.069 2.8889 (18) 0.074 26

Co-O Co-Co(Mn)
Li(Mn,.,C0,)O, R(A) 6 (A) R(A) o (A) Residue (%)
x=0.1 1.919 (45) 0.052 2.864 (46) 0.065 22
x=0.2 1.921 (41) 0.048 2.864 (46) 0.067 13
x=0.3 1.924 (38) 0.047 2.863 (47) 0.068 13
x=0.4 1.930 (32) 0.044 2.865 (45) 0.070 18

for the Mn-M shell, indicating a higher degree of cation or-
dering around the Co ions than around the Mnions. This can
be attributed to the fact that unlike the tetragonally distorted
Mn**Os octahedra, the Co®** Og octahedrado not induce distor-
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Fig. 10. The M-M (M = Mn or Co) distances (Rw-m)
and Debye-Waller factor (om-m) as afunction
of the compositional parameter x for (a) Mn
K-edge EXAFSdataof Li(MnyxCox)Os with x
=0~ 0.4 and (b) Co K-edge EXAFS data of
Li(MnzxCoy)Oas withx = 0.1~ 0.4.

tionsin the surrounding local lattice structure. Increasing the
number of Co-M interactions caused a change in the long-
range structural order, which appears as a continuous de-
crease in the cell parameters. Oxidation of manganese from
Mn®* to Mn*', the Mn sites substituted with Co® is reflected
in a shortening of the Mn-O(M) bond length and a reduction
in omn-om)y dueto the reduced localized Jahn-Teller distortion
of the lattice. A similar decreaseis seen in Mn-Mn/Co dis-
tance, compared to the smaller changein Co-Co/Mn distance
dueto the reduction in cell volume.

The substitution of Co®* on the framework would be lo-
calized to the 16d site, which is similar to excess Li* being
substituted into the Mn site.** From the chemical formula
LiMn*1Mn**1.,Co*,0,4 (0 < x < 0.4), the theoretical capaci-
ties based on a one-electron charge-discharge reaction were
calculated to be in the range 148 mAh/g to 96 mAh/g. Since
the deintercalation of Li* from the spinel structure must be
electrically compensated by oxidation of Mn** to Mn*, this
suggests that even for substituted spinel phases, only the
amount of Mn*" contributes to the charge-discharge capac-
ity.>3® Accordingly, theinitial capacity of Li(MnzxCox)O4 (0
< x <0.4) islimited by theinitial amount of Mn*" in the 164
sites. At present, the discharge capacity of the doped compo-
sitions (x = 0.1 ~ 0.4) ismore stable than that of the LiMn,O4
spinel phase, and the capacity fading was slightly suppressed
by increasing the Co content from 0.1 to 0.4.*® Therefore, the
spinel structure becomes more tolerant to repeated charge-
discharge by doping of Co, which is attributable to the reduc-
tion of Mn valence giving rise to the suppression of the
Jahn-Teller distortion viaCo doping. Theimprovementin cy-
cling performance is also attributed to stabilization in the
spinel structure viadoped metal cations.



Local Structure and Electronic States of Li(Mn2.xCox)Oas

CONCLUSIONS

We reported the EXAFS results for undoped and doped
spinel Li(Mn2.xCoy)O4 with 0 < x < 0.4. The data show that
the replacement of Mn®*" (4%) ions by Co®" (¢°) in the octahe-
dral framework of the spinels eliminates the local disorder
present in the lattice around [Mn® Og] octahedra. Under-
standing the effect of Co substitution on thelocal structure of
the LiMn,O, provides important insights into how the struc-
ture of these material s can betail ored to give optimum chemi-
cal and electronic properties.
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