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Solid solutions, Li(Fe, Co),Mn, — ,O4 (0 < x < 0.5 for Fe, 0 < x < 1.0 for Co) were synthesized by solid
state reaction at 1023-1073 K in O, atmosphere. The compositional dependence of lattice parameters and
cation distribution was studied by neutron diffraction Rietveld refinement. It was revealed that Fe and Co
partially occupied tetrahedral 8a sites and the 1:3 and 1:1 ordering did not occur on Fe (Co) and Mn ions in
octahedral 16d sites. X-Ray absorption fine structure (XAFS) analysis showed the variation of valences and
metal-oxygen interatomic distances of Mn, Fe, and Co. The Fe-O distance was longer whereas the Co-O
distance was shorter compared to the averaged M4q—0O3. distance calculated from the lattice parameters.
Charge and discharge properties were studied in voltage range 3.0-5.3 V vs. Li/Li*.

Introduction

Lithium manganese spinel, LiMn,QO,, is a candidate for an
advanced 4 V positive electrode material for lithium batteries
and lithium ion batteries. Since it has economical and environ-
mental advantages over commercially successful LiCoO, and
highly potential LiNiO,, the electrochemical characteristics of
LiMn,O4 have been widely investigated for use in portable
electronic devices and zero emission vehicles. The stoichio-
metric LiMn,0,4, however, exhibits a high capacity fading on
cycling because of the strong Jahn-Teller distortion of trivalent
Mn and so on. The cyclability is improved by replacing a small
part of Mn with Li or other metals (Mg, Cr, Co, and Ni) in
order to raise the average valence of Mn over 3.5+."2 New
plateaus also appear over 4.5 V vs. Li/Li* instead of capacity
loss at a 4 V plateau when some transition metals (M = Cr,’
Fe,* Co,’> Ni,° and Cu’) are substituted to LiMn,O,. Kawai
et al. reported the electrochemical properties of LiCo, Mn, _ -
04 (0 < x < 1)® and LiFey sMn; s04.* The LiCo,Mn, _ ,Oy4
solid solutions operate at 4.0 and 5.1 V, and the 5.1 V plateau
monotonously increases in capacity with increasing x. LiFe s-
Mn, 504 showed two plateaus centered at 4.0 and 5.0 V, whose
capacities are ca. 70 mAh g~ ' each. Recently we reported the
structural and electrochemical properties of LiFe . Mn, _ , Oy
(0 < x < 0.5) and the charge and discharge mechanism.® It was
revealed from in-situ >"Fe Mossbauer spectroscopy measure-
ments that the redox couple of Fe3+/4+ contributed to the 5V
capacity.

LiMn,O4 spinel possesses a cubic symmetry with space
group Fd3m. The oxygen ions form a cubic close packed array
occupying 32e sites; manganese ions occupy half of the
octahedral sites, 16d, forming a three dimensional framework
of edge-sharing MnOg octahedra; and lithium ions occupy one-
eighth of the tetrahedral interstices, 8a sites. In LiM , Mn, _ ,Oy4
(M = transition metal), M atoms can occupy 16d sites,

fIndustrial Technology Fellow at NEDO.

1882 J. Mater. Chem., 2002, 12, 1882-1891

substituting for Mn, and/or 8a sites, substituting for Li.
Neutron diffraction (ND) measurement is useful to study
such cation distribution, because Li and O have detectable
atomic scattering factors and transition metals are more
easily differentiated compared with X-ray diffraction. In
LiCr,Mn, _ ,O4 (x < 0.33), ND refinement revealed that Cr
substituted on 16d sites selectively and that Li occupied only 8a
sites.” ND measurement also gives information about the
ordering of Mn and M on 16d sites: a 1: 3 order for (Li)g,[Mg_s-
Mn1A5]16dO4 and a 1:1 order for (Li)Sa[MIAOMnlAO]16d04~ The
1:3 order on 16d sites was observed in LiCuy sMn; sO4, giving
additional reflections which indexed on a primitive cubic cell
(P4532) instead of Fd3m in the ND pattern.'® The information
of local and electronic structure around a selected absorbing
atom can be obtained by X-ray absorption fine structure
(XAFS) analysis. There are some studies using this technique
concerned with compositional dependence of valence and local
structure around electrochemically active ions, and with the
changes during charge and discharge processes in LiM Mn, _ .-
0, (M = Co,'! Cr,'"> and Ni'?). In the present paper, we report
on the structural properties using ND and XAFS analysis
and on the magnetic and electrochemical properties for Fe- or
Co-substituted LiMn,Oj,.

Experimental

Solid solutions of LiFe,Mn, _ ,O4 (x = 0, 0.1, 0.3, 0.5) and
LiCoMn, _ ,O4 (x = 0.5, 1.0) were prepared from MnCOs,
FeOOH, Co0304, and LiOH-H,O in an oxygen gas atmosphere.
The mixtures of starting regents in appropriate molar ratios
were ground thoroughly, heated at 923 K for 12 h to drive
off CO,, and pressed into pellets. They were heated in oxygen
flow at 1023 K for 72 h for the Fe solid solution and at 1073 K
for 72 h for Co with intermittent grinding. Both the reacted
materials were slowly cooled to room temperature over a
period of 24 h to recover any oxygen lost during the high
temperature reaction.
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ND data were collected on the powder diffractmeter,
HERMES, at the institute of material research, Tohoku Uni-
versity, Japan Atomic Energy Research Institute (JAERI),
Tokai.'* The wavelength used, A, was 1.82 A. The data were
collected at ambient temperature in the 20 range 3—153° with a
step width of 0.1°. Cylindrical vanadium cells of dimensions
10 mm in diameter and 50 mm in height were used. X-Ray
diffraction (XRD) patterns were recorded with a Rigaku
Rotaflex RU-200B/RINT using monochromatic Cu Ka radia-
tion. The data were collected in the 20 range 20-120° in a step
scan mode with step width of 0.02°. The XRD and ND data
were refined using the RIETAN 2000 program.'® The neutron
coherent scattering lengths, b. (x 107!2 cm), were bo(Li) =
—0.190, b(Mn) = —0.373, b(Fe) = 0.945, b.(Co) = 0.249,
and b .(O) = —0.5803.

X-Ray absorption measurements were carried out at beam
line 10B of the Photon Factory at the National Laboratory for
High Energy Physics (KEK-PF) (Proposal No. 2001G123).
The measurements were performed in transmission mode at
the Mn K-edge around 6.5 keV, Fe K-edge around 7.1 keV,
and Co K-edge around 7.7 keV. The incident X-rays were
monochromatized with a Si (311) crystal. The gases employed
for the ionizing chambers to detect X-ray intensities were pure
N, gas before the sample, and pure N, or an 85% N»/15% Ar
mixture after, depending upon the energy region. A grazing
mirror was used for the suppression of higher harmonics in the
Mn absorption measurements. Extended X-ray absorption fine
structure (EXAFS) data were analyzed using Rigaku REX2000
software. The Fe K-edge absorption spectra were corrected by
absorption of LiMn,QOy, in the same energy range, because they
are superposed on EXAFS data of Mn that appear above
6.6 keV. Backgrounds were subtracted by extrapolated a
Victoreen-type function from the pre-edge region and EXAFS
oscillations y(k) were extracted using cubic spline base-line
functions. Fourier transforms were performed on the normal-
ized y(k) with & weighting of a Hanning window in the region
of k = 2.3-10.5 A™" for Mn and Co and 2.3-8.5 A~ for Fe.
Curve fitting was carried out using one shell models in the
filtered range of R = 0.98-1.87 A for Mn-0, 1.96-2.92 A for
Mn-M, 0.98-1.93 A for Fe-O, 2.06-2.91 A for Fe-M, 0.98-
1.87 for Co-0O, and 1.90-3.00 A for Co-M. The coordinate
number was fixed at 6. The back scattering factors and phase
shifts were calculated using FEFF6,'® assuming regular spinels,
with the lattice parameter obtained by ND Rietveld refinement.

>"Fe Mossbauer measurements were carried out with an
FGX-100 spectrometer (Topologic systems) at 300 K. a-Fe foil
was used for velocity calibration. Collected data were fitted
to a Lorentzian line shape using Mosswin ver. 2.0 software.
Magnetization measurements were performed in a He atmo-
sphere between 77 and 300 K using an MB-3 Shimadzu
Faraday balance with Tutton’s salt, (NH4)>Mn(SOy),-6H,0,
to calibrate the magnetization data.

For electrochemical charge and discharge, positive elec-
trodes were made by coating a mixture of 87 wt% of the
obtained samples, 5 wt% of acethylene black and 8 wt% of
polyvinylidene fluoride onto an aluminium-foil current col-
lector. The thickness of the positive electrodes was 40 um.
Coin-type cells were used for charge and discharge tests.
Lithium foil of 0.2 mm thickness, 1 mol dm > LiPFg in
propylene carbonate, and a glass fiber filter were employed as
the negative electrode, electrolyte and separator, respectively.
The rate of charge and discharge was 0.1 C (0.2-0.3 mA cm ™2,
0.015 mA mg ).

Results and discussion

Structure refinement

Fig. 1 shows XRD patterns of LiFeysMn; 504, LiCogs-
Mn, 504 and LiCoMnQ,, which could be indexed with the

30x10° 4~ . L

25

I

’ LiCoy sMn, 50,

1 1]
i
N

Fig. 1 XRD patterns of LiFe;sMn; 504, LiCogsMn;sO4, and
LiCoMnO,.
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cubic space group Fd3m. A solid solution of LiFe,Mn, _ ,O,
formed for 0 < x < 0.5 in our experimental conditions,
whereas that of LiCo,Mn, _ ,O4 formed for 0 < x < 1.0. In
the x region above 0.5 of the Fe solid solution, another phase
with a cubic structure like LiFeO, appeared and the spinel
phase also seemed much broader (not shown). Minute impurity
peaks appeared at 20 = 44.8, 59.0 and 64.7° in LiCoMnOQOy as
marked by the asterisks in Fig. 1. It could be considered that
these arose from an inverse spinel phase (¢ = 8.11-8.15 A) of
Co,MnOy (a = 8.269 A) — Co304 (a = 8.0837 A) intermediate
components. In ND patterns of Fe and Co solid solutions, no
superstructure reflection due to 1:3 order for x = 0.5and 1:1
order for x = 1.0 was observed (Fig. 2), indicating that Fe (or
Co) and Mn disorder over 16d sites. The appearance of an
impurity peak at 20 = 45.1° in LiCoMnO, could be assigned
to the reflection (2 2 2), which gives the highest peak in the
ND pattern of Co,MnO,. The minor impurity contains Co>*
and Mn>" ions, suggesting the incomplete oxidation of these
transition metal ions by our experimental conditions.

ND Rietveld analysis was carried out in order to obtain
information about cation distribution. For Fe solid solu-
tions, LiFe,Mn, - O4 (x = 0, 0.1, 0.3, 0.5), structural
refinement was adopted using three models which are: (1)
(Li)ga[Fe-Mn, _ \]16404, Li occupies tetrahedral 8a sites and
Mn and Fe occupy octahedral 16d sites; (2) (Li; — ,Fe,)ga[Fey — ;-
Mn, _ .Li,]16404, Fe exists in both 8a and 16d sites; and (3)
(Li; - yMn)g,[Fe,Mn, _ , _ ,Li;J16¢O4. Mn exists in both 8a
and 16d sites. The overall thermal parameters, B, were refined,
since it is difficult to assign the B parameter for each site. The
R, parameter and goodness of fit, S, were used to evaluate the
refinement results. The Ry, and S parameters were smaller in
model (2) with y < 0.025 than in model (1) when x > 0.1. In
model (3), unexpectedly large y values were obtained. These
indicate that Fe solid solutions have cation distributions of
(Li; - yFey)sa[Fey — yMn, — Li ]164O4; the tetrahedral 8a site
contains a small amount of Fe. Fig. 2(a) shows the observed,
calculated, and the difference plots of LiFeysMn; s04. The
structural parameters are given in Table 1(a), and the refined
lattice parameters and cation distributions are summarized in
Table 2. For the Co solid solution, LiCo,Mn, — .O4 (x = 0.5,
1.0), three similar models, where Co was replaced instead of Fe
in the above models, were adopted. The Ry, and S parameters
were smaller in model (2), with y < 0.08, than in model (1).
Model (3) was not accepted because of a negative y value.
These results indicate that LiCo,Mn, _ (O4 (x = 0.5, 1.0) have
a cation distribution of (Li; - ,Co,)g.[Co, — \Mns _ Li;]i164O4;
some Co ions occupy tetrahedral 8a sites. Fig. 2(b) and (c)
show the observed, calculated, and the difference plots of
LiCog sMn; 504 and LiCoMnQ,, respectively. The structural
parameters are given in Table 1(b) and (c), and the refined
cation distributions are in Table 2. For Fe substitution, the
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Fig. 2 Observed, calculated and difference plots of neutron diffraction
for (a) LiFey sMn; 504, (b) LiCog sMn,; 504, and (c) LiCoMnO,. The
solid line is calculated, dots indicate observed intensities and A, is the
difference between observed and calculated intensities.

lattice parameter a slightly increased and the amount of
Fe disordered over the tetrahedral 8a sites increased with
increasing x. For Co substitution, the lattice parameter «
decreased and the amount of Co disordered to tetrahedral
8a sites increased with increasing x.

The powder neutron diffractometer used in this work has
multi-detector system with an interval of 1° and 10 step-scan
repetitions. Because the step of the obtained data is limited to
0.1°, that is 1500 points, the number of data points was much
smaller than conventional XRD data that we collect with an
interval of 0.02° for Rietveld refinement. Therefore the thermal
parameter, B, could not be refined for each site due to the
lower information quality of diffraction data. XRD Rietveld
refinement results were added for comparison. Tables 3 and 4
give the structural parameters and final obtained lattice para-
meters and cation distributions obtained using model (2). The
lattice parameters, @, and cation distributions were in good
agreement with the ND Rietveld results, Table 2. The distri-
bution of Fe over the 8a site and the 16d site was supported
by *"Fe Mdssbauer spectroscopy at 300 K (Fig. 3). The spec-
trum, with a slightly asymmetric profile, could be fitted to two
doublets with different isomer shift (IS) and quadrupole
splitting (QS) values. Table 5 gives the fitting parameters for
LiFe,Mn, _ ,O4 and other iron compounds. The IS value of
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the major component (I), +0.35 mm s~ could be attributed to
high spin Fe** in octahedral 16d sites, since it is similar to those
of octahedrally coordinated high spin Fe®' in a-LiFesOg
(+0.39 mm s~ 1),!” 0-LiFeO, (+0.37 mm s~ !),'® and a-NaFeO,
(+0.37 mm s~ "),'® Table 5. The minor component (IT) with an
IS value of +0.21-24 mm s~ ! could be attributed to high spin
Fe*" in tetrahedral 8a sites because tetrahedrally coordi-
nated high spin Fe** in a-LiFesOg shows a smaller IS value
(+0.18 mm s~ ') than octahedrally coordinated Fe, Table 5.
The ratios of Fe located in 8a sites to the substituted Fe were
4-5% for any x from the peak area ratios. These values were
consistent with the cation distributions obtained from ND
Rietveld analysis; the corresponding ratios were estimated as
being 5.8 (+2.4), 9.0 (+4.7), and 15 (£ 18)% for x = 0.5, 0.3,
and 0.1, respectively, Table 2.

Local structure of transition metals

Fig. 4(a) and (b) show Mn K-XANES spectra of LiFe,Mn, _ .-
O4(x =0,0.1,0.3,0.5) and LiCo,Mn, _ ,O4 (x = 0, 0.5, 1.0),
respectively, with reference spectra of Mn,O; and LiMg s-
Mn; 504 where the valence states of Mn are 3+ and 4+,
respectively. The spectrum of LiMn,O4 (x = 0), solid line,
consists of a pre-edge absorption (A), two steps in the
absorption edge (B; and B;), and two resonances above the
absorption edge (C and D). These features are characteristic of
the octahedral 16d site in the spinel structure.’® The overall
spectral shape was very similar for substitution of Fe or Co,
indicating six oxygen ions coordinated to Mn, which is similar
to LiMn,O,4. The absorption edges were shifted to higher
energy with increasing Fe (x > 0.3) and Co substitutions,
though it was very close to LiMn,0,4 with x = 0.1 of Fe. This
shift is correlated with an increase to over 3.5+ in the Mn
oxidation state by Fe and Co substitution, as expected if Fe
and Co ions replace trivalent Mn ions. LiCoMnO, was close
to LiMgysMn; sO, in absorption edge energy, indicating
Mn ions exist mainly in the 4+ state. The peak positions of
resonances C and D were, however, unchanged by x in the
Fe solid solution contrary to the overall shift in the Co solid
solution. The XANES simulation reveals that the near edge
structure is derived from multiple scattering to the third and
fourth shells rather than the first two shells.”’ This means
that the resonances C and D are affected by the average
structure rather than the local structure around Mn. Therefore,
it is considered that the peak positions of the resonances
are unchanged in the Fe solid solutions because there is no
significant change with x in the lattice parameter (Table 2).
However, they are monotonously shifted with x in Co solid
solutions according to the larger change in the lattice parameter
(Table 2).

Fig. 5(a) shows Fe K-XANES spectra of LiFe,Mn, _ ,O4
(x = 0.1, 0.3, 0.5) with reference spectra of ZnFe,O, and
FeSO,4-7H,O where Fe ions exist as 3+ and 2+ in valence,
respectively, with octahedral coordination. The threshold
energy was unchanged by Fe content, x, and close to that of
trivalent references, ZnFe,O,. This indicates that Fe is 3+ in
valence state in the solid solutions. Additionally, the overall
profile was very similar to that of ZnFe,O,, a regular spinel —
(Zn*")ga[Fe* 5]16404 (lattice parameter, « = 847 Ay*' -
suggesting that Fe ions are mainly located in octahedral 16d
sites in the spinel structure. Fig. 5(b) shows Co K-XANES
spectra of LiCo,Mn, _ O4 (x = 0.5, 1.0) with reference
spectra of LiCoO, and Co(acac),-2H,0 [bis(2,4-pentadionato)
Co(1) dihydrate] as 3+ and 2+, respectively, with octahedral
coordination. The threshold energy was unchanged by Co
content, x, and close to that of trivalent reference LiCoO»,,
indicating that nearly all of the Co ions are 3+ in valence state
in the solid solutions.

Fig. 6(a)—(d) illustrate the magnitude of the Fourier trans-
formed EXAFS signal, F(R), of Mn K-edge and Fe K-edge in



Table 1 Neutron diffraction Rietveld refinement results for (a) LiFey sMn; 504, (b) LiCog sMn; 504, and (¢) LiCoMnOy4

(a) LiFey sMn; sO,°

Atom Position x y z Occupancy BIA?
Li(1) 8a 0.125 0.125 0.125 0.971(12) 0.78(18)
Fe(1) 8a 0.125 0.125 0.125 0.029(12) = B[Li(1)]
Mn 16d 0.500 0.500 0.500 0.7500 = B[Li(1)]
Fe(2) 16d 0.500 0.500 0.500 0.2356(6) = B[Li(1)]
Li(2) 16d 0.500 0.500 0.500 0.0144(6) = B[Li(1)]
(6] 32e 0.2629(3) 0.2629(3) 0.2629(3) 1.0000 = B[Li(1)]
(b) LiCO().sMn1.504b

Atom Position x y z Occupancy BIA?
Li(1) 8a 0.125 0.125 0.125 0.98(2) 0.90(15)
Co(1) 8a 0.125 0.125 0.125 0.02(2) = B[Li(1)]
Mn 16d 0.500 0.500 0.500 0.7500 = B[Li(1)]
Co(2) 16d 0.500 0.500 0.500 0.24(4) = B[Li(1)]
Li(2) 16d 0.500 0.500 0.500 0.01(4) = B[Li(1)]
(6] 32e 0.2633(3) 0.2633(3) 0.2633(3) 1.0000 = B[Li(1)]
(¢) LiCoMnO4©

Atom Position X y z Occupancy BIA?
Li(1) 8a 0.125 0.125 0.125 0.93(4) 0.5(3)
Co(1) 8a 0.125 0.125 0.125 0.07(4) = B[Li(1)]
Mn 16d 0.500 0.500 0.500 0.5000 = B[Li(1)]
Co(2) 16d 0.500 0.500 0.500 0.47(8) = B[Li(1)]
Li(2) 16d 0.500 0.500 0.500 0.03(8) = B[Li(1)]
(6] 32e 0.2629(5) 0.2629(5) 0.2629(5) 1.0000 = B[Li(1)]

“Space group Fd3m, a = 8.2447(3) A, Ryp = 692, R, = 533, S = Ry/R. = 141, Ry = 3.08, Rp = 2.97. bSpace group Fd3m, a
8.1387(3) A, Ryp = 7.13, R, = 547, S = Ryp/R. = 131, Ry = 3.29, Rp = 2.71. “Space group Fd3m, a = 8.0565(4) A, Ryp = 9.52, R,

6.58, S = Ryp/R. = 1.83, Ry = 4.62, Rp = 3.23.

LiFeypsMn; 504, and Mn K-edge and Co K-edge in
LiCoMnOy, respectively. Phase correction has not been applied
to the F(R) presented, so the peaks are shifted by approxi-
mately —0.4 A from the actual bond distances. The first peaks
at 1.5 A correspond to Mn-O, Fe-O, or Co-O pairs in the
first coordination sphere. The second peaks at around 2.5 A
correspond to the Mn—-M, Fe-M, (M = Mn and Fe), or Co-M
(M = Mn and Co) interaction in the second coordination
sphere. They include a small contribution from M-Li inter-
action, which could be negligible because of the small back
scattering amplitude of the Li atom. Curve fitting results to the
filtered EXAFS signal of the first and second neighbor peaks of
F(R) are shown in the insets of Fig. 6. Table 6 gives obtained
interatomic distances and Debye-Waller factors. For x = 0.1
and 0.3 in LiFe,Mn, _ ,O4, we could not obtain a satisfactory
Fe-EXAFS signal with enough S:N for analysis because of
overlap with the large absorption of Mn. Fig. 7(a) and (b) show
the compositional dependence of calculated M-O and M-M
interatomic distances, respectively, in Fe and Co solid solu-
tions. The Mn—-O and Mn-M distances (H) did not vary with
x in LiFe Mn, _ ,0O4 whereas they largely decreased with
increasing x in LiCo,Mn, _ .O4 (A). These variations in
interatomic distances were associated with the lattice para-
meter. The average interatomic distances, Mgq—O3,. and
M sq—M;igq, Which were calculated from the lattice parameters

obtained by ND Rietveld analysis, are plotted together in
Fig. 7 as open squares ([J) and upward triangles (), respec-
tively. This represents that the changes in Mn—-O and Mn-M
distances are comparable to those in calculated M 4—O3,. and
Misa—Miea-

The interatomic distances from the central Fe and Co atoms,
Fe(Co)-O and Fe(Co)-M, were different from Mn-O and
Mn-M in the compounds (Table 6, ® and V in Fig. 7). The
Co-O distance was shorter than Mn-O distance, suggesting
the local contraction around Co. It is considered that this
contraction around Co occurs because of the smaller ionic
radius of Co®" [0.545 A as low spin (LS) in octahedral
coordination — the description of the spin state is in the
following section]** than Mn** [0.645 A as high spin (HS) in
octahedral coordination].”? Though the Co-M distance was
also shorter than Mn-M in LiCogsMn; sO,4, they became
closer in LiCoMnO,. This implies that Co and Mn homo-
geneously distribute in the octahedrally coordinated 16d sites.
On the other hand, the Fe-O distance was longer than the
Mn-O distance, indicating the local expansion around Fe. The
Fe—M distance was also longer than Mn—M. Fe** (0.645 A for
HS in the octahedral coordination)* is equal to Mn*" in ionic
radius but it is a non-Jahn-Teller ion. It is supposed that the
lattice strain is induced by substituting Fe** of the non-Jahn—
Teller ion, since clustering of Jahn-Teller Mn’* ions make

Table 2 Lattice parameters, «, cation distributions, and isotropic atomic displacement parameters, B, of LiFe,Mn, _ O, (x = 0, 0.1, 0.3, 0.5) and
LiCo,Mn, _ O4 (x = 0.5, 1.0) refined by neutron diffraction Rietveld analysis

Sample alA Cation distribution BIA?

LiMn,04 8.2312(4) (Li1.000)8a[Mn2.000] 16404 0.95(18)
LiFe ;Mn; 9O4 8.2354(4) (Lio.gssFeo.ol5(18))8a[Mn1.9Feo.085Li0.015]16d04 0.93(17)
LiFey 3sMn; ;04 8.2391(4) (Li0.973FCO.027(14))8a[Mn1.7FeO.273Li0.027]16d04 0.82(18)
LiFey sMn, sO4 8.2447(3) (Lig.971Feq.020(12))8a[Mny sFeg 471Li0.020] 16404 0.78(18)
LiCog sMn, 50,4 8.1387(3) (Lig.98C00.02(2))8a[Mn 5C00 48Li0.02]16404 0.90(15)
LiCo ¢Mn ¢O4 8.0565(4) (Li0.93C00.07(4))8a[Mn1.0C00.93Li0.o7]16d04 0.5(3)
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Table 3 X-ray diffraction Rietveld refinement results for (a) LiFey sMn; 504, (b) LiCoysMn; 504, and (c) LiCoMnQO,

(a) LiFey sMn; sO,°

Atom Position X y z Occupancy BIA?
Li(1) 8a 0.125 0.125 0.125 0.968(3) 1.8(2)
Fe(1) 8a 0.125 0.125 0.125 0.032(3) = B[Li(1)]
Mn 16d 0.500 0.500 0.500 0.7500 0.664(16)
Fe(2) 16d 0.500 0.500 0.500 0.234(6) = B(Mn)
Li(2) 16d 0.500 0.500 0.500 0.016(6) = B(Mn)
(6] 32e 0.26270(15) 0.26270(15) 0.26270(15) 1.0000 1.06(4)
(b) LiCO().sMn1.504b

Atom Position x y z Occupancy BIA?
Li(1) 8a 0.125 0.125 0.125 0.985(3) 1.7(3)
Co(1) 8a 0.125 0.125 0.125 0.015(3) = B[Li(1)]
Mn l16d 0.500 0.500 0.500 0.7500 0.549(15)
Co(2) 16d 0.500 0.500 0.500 0.242(6) = B(Mn)
Li(2) 16d 0.500 0.500 0.500 0.008(6) = B(Mn)
(6] 32e 0.26268(15) 0.26268(15) 0.26268(15) 1.0000 0.89(4)

(¢) LiCoMnO4©

Atom Position X y z Occupancy BIA?
Li(1) 8a 0.125 0.125 0.125 0.925(4) 2.6(3)
Co(1) 8a 0.125 0.125 0.125 0.075(4) = B[Li(1)]
Mn 16d 0.500 0.500 0.500 0.5000 0.53(2)
Co(2) 16d 0.500 0.500 0.500 0.462(8) = B(Mn)
Li(2) 16d 0.500 0.500 0.500 0.038(8) = B(Mn)
(0] 32e 0.2632(2) 0.2632(2) 0.2632(2) 1.0000 0.78(5)

“Space group Fd3m, a = 8.24778(3) A, Ryp, = 1182, R, = 854, § = Ryy/R. = 137, Ry = 1.95, Rp = 1.53. bSpace group Fd3m, a =
8.14148(3) A, Ryp = 1127, R, = 7.82, S = Ryp/R. = 1.29, Ry = 1.60, Rp = 1.19. “Space group Fd3m, a = 8.05331(3) A, Ry, = 1558, R, =

1134, S = R, /R. = 1.74, Ry = 3.06, Rp = 2.36.

Table 4 Lattice parameters, a, and cation distributions of LiFe,Mn, _ ,O4 (x = 0, 0.1, 0.3, 0.5) and LiCo,Mn, _ ,O4 (x = 0.5, 1.0) refined by XRD

Rietveld analysis

Sample alA Cation distribution

LiMn,O4 8.23436(7) (Li1.0000)8alMn2.0000] 16404

LiFey ;Mn; 4O, 8.23938(5) (Lig 934Feq.016(3))sa[Mn 9F e 084Lig 016116404
LiFey 3Mn; ;04 8.24403(4) (Lio.973Feo.()27(3))8;1[Mn1.7Feo.273Li0.027]1sd04
LiFey sMn; 504 8.24778(3) (Li0.968F60.032(3))8a[Mnl45F60.468Li0.032]16do4
LiCog sMn; 504 8.14148(3) (Lig.985C00.015(3))ga[Mn1.5C00 485Li0.015]16404
LiCo; gMn, (Oy4 8.05331(3) (Li().925co().()75(4))8a[Mnl.()CO().‘)ZSLi().(ﬂS]16d04

volume loss. It is considered, on the contrary, that the lattice
strain is reduced by smaller non-Jahn-Teller Co®* in the Co
solid solution.

Magnetic measurements

Fig. 8(a) shows the field dependence of magnetization observed
at 77 and 300 K for LiFey sMn; 504 and LiCoMnO,. A small

Transmission (%)

LI B L L

Velocity, v/ mms™

Fig. 3 >"Fe Mossbauer spectra of LiFey sMn; sO4 at 300 K. Dots and
solid lines are observed and calculated spectra, respectively. Short and
long dashed lines correspond to the calculated doublets which are
components I and II, respectively, in Table 5.
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spontaneous magnetization was observed in LiFeysMn; 504
(o5 = 0.035 Gem?® g~ ! at 300 K), indicating the inclusion of
ferromagnetic or ferrimagnetic impurities. The impurity con-
tent was estimated to be 0.05 wt%, assuming it to be LiFesOg
(065 = 65 Gem® g ! at 300 K) which usually appears in the
synthesis of Li—Fe oxide. On the other hand, no spontaneous
magnetization was observed above 77 K in Co solid solutions,
in spite of the existence of impurity phases of Co,MnO, and
Co50, intermediate components indicated by XRD and ND
measurements. It was considered that these could not be
detected due to the lower transition temperature of Co304 (7c =
33 K)** and/or the smaller spontaneous magnetization value
of Co,MnO, (o5 = 12 Gem® g~ ! at 80 K, Tc = 170-180 K).**

Since spontaneous magnetization was much less in any
samples consequently, the inverse molar magnetization nor-
malized by magnetic field, H/M could be considered as the
inverse molar susceptibility, ym . The temperature depend-
ence of 7, | is shown in Fig. 8(b). Curie-Weiss paramagnetic
behavior was observed above 150 K for all samples, and
therefore, the effective paramagnetic moment, firr, and Weiss
temperature, 6, values were calculated from these plots
(Table 7). The Weiss temperature for every sample was a
smaller negative value compared to that of LiMn,0,4.>> This
change could be explained by the increase of the ferromag-
netic 90° Mn**-O interaction. The experimental values of



Table 5 >’Fe Méssbauer parameters for LiFe,Mn, _ O4 samples and various iron oxides at 300 K

1

Sample Component IS/mm s~ QS/mm s~ ! Ilmm s™! Area (%)
LiFeq ;Mn; 40,4 I +0.3548(8) 0.7673(14) 0.254(3) 948
11 +0.23(2) 0.25(5) 0.36(15) 52
LiFeo3Mn; 204 I +0.3526(7) 0.7607(15) 0.255(3) 95.6
11 +0.243(13) 0.30(2) 0.21(4) 44
LiFey sMn; sO4 I +0.3519(7) 0.7554(13) 0.266(2) 95.6
11 +0.211(13) 0.31(2) 0.24(4) 4.4
a-LiFesOg (ref. 17) Fe’* (HS) +0.39
Fe’* (HS) +0.18
0-LiFeO, (ref. 18) Fe’* (HS) +0.37
a-NaFeO, (ref. 19) Fe** (HS) +0.37

Uer were close to the expected ones (Table 7) calculated by
assuming [Lil.0]8&[(Mn4+)1.O(Mn3+(HS))O.5(F63+(HS))O.5]16dO4
and [Lij olso[(Mn*"); oMn* " (HS))1 0 - «(Co*"(LS)),]16404
(x = 0.5, 1.0), using the spin only paramagnetic moments,
2\/S(S + 1), where S is the quantum number, for Mn** (HS)
(S = 2), Mn*" (S = 3/2), Fe*"(HS) (S = 5/2), and Co**(LS)
(S = 0). This indicates that the substituted cations of Fe and
Co on the 16d sites are in the high and low spin trivalent states,
respectively.

Electrochemical property

Fig. 9 shows charge/discharge curves of the 2nd, 10th and 25th
cycles between 3.0 and 5.3 V of Li/LiFe,Mn, _ ,O4 (y = 0.1,
0.3, 0.5) cells. The electrolyte oxidation on carbon black and
active materials occurred in the higher voltage range around 5 V,
especially at the first charge, so that the second cycle curve is
shown instead of the first cycle. There appeared two reversible
plateaus centered at 4.0 and 5.0 V. The capacities increased at
the 5 V region and decreased at the 4 V region with increasing
Fe content, y. Table 8 gives the observed capacities at the 2nd
discharge and the theoretical capacities. The origin of the 5V
plateau that occurs during delithiation of LiM Mn, _ O,
(M = transition metal) has been debated. In-situ XAFS studies
in electrochemically delithiated LiM Mn, _ ,O4 (M = Cr, Co,
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Fig. 4 Mn K-XANES spectra of (a) LiFe,Mn, — ,O4 (x = 0, 0.1, 0.3,
0.5) and (b) LiCo,Mn, _ ,O4 (x = 0, 0.5, 1.0) with reference spectra of
LiMgy sMn, 504 and Mn,Os5.

and Ni) have indicated that the 5 V capacity is associated with
the removal of an electron from the M 3d orbital''~!* and/or
the oxygen 2p orbital.?® For M = Fe, the changes in in-situ’' Fe
Mossbauer spectra during delithiation exhibited the oxidation
of Fe’* to Fe*" in part of Fe at the 5 V plateau, although the
whole of Fe should be oxidized to the tetravalent state for its
charge compensation.®?” Therefore, it has been supposed that
the formation of holes over Fe 3d and O 2p bands contributes
to the 5 V capacity. Here, however, the 5 and 4 V theoretical
capacities are presumed to be the capacities obtained by the
whole oxidation reactions of Fe" ¢ — Fe*t g and Mn® " g —
Mn*" 64, respectively, for convenience, and the total theore-
tical capacity to the sum of them. The amounts of Fe and Mn
ions in 16d sites were estimated from the distribution formula
refined by ND Rietveld analysis, Table 2, and the substitu-
tion of Fe** for Mn®" in this solid solution was indicated by
the above XANES and magnetic studies. The ratio of the
observed 2nd discharge capacity to the theoretical capacity,
Crnd/ Cineo.» Was ca. 0.9 at the total capacity for each Fe content,
V. Cong/ Cineo. Was less at the 5 V region than at the 4 V region.
The Coulombic efficiency, Cy4/C., at the 5 V plateau was ca. 0.6
for every value of y, while it was 1.0 at the 4 V region.

The cell cyclabilities are shown in the insets of Fig. 9. The
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Fig. 5 (a) Fe K-XANES spectra of LiFe,Mn, _ (O4 (x = 0.1, 0.3, 0.5)
with reference spectra of ZnFe,0, and FeSO,-7H,0. (b) Co K-XANES
spectra of LiCo,Mn, _ (O4 (x = 0.5, 1.0) with reference spectra of
LiCoO, and Co(acac),-2H,0.
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Fig. 6 Magnitude of Fourier transformed EXAFS signal, F(R): (a) Mn K-edge and (b) Fe K-edge in LiFe; sMn; 504, and (c) Mn K-edge and (d) Co

K-edge in LiCoMnOy,. The insets are the corresponding curve fitting results to the filtered EXAFS signal of the first and second neighbor of F(R).
Solid and broken lines correspond to the observed and calculated signals, respectively.
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Table 6 Interatomic distances and Debye—Waller factors in LiFe,Mn, _ ,O4 (x = 0, 0.1, 0.3, 0.5) and LiCo,Mn, _ ,O4 (x = 0.5, 1.0) obtained by

EXAFS analysis

Mn-O Mn-M Co(Fe)-O Co(Fe)-M

Sample RIA olA RIA olA RIA alA RIA olA
LiMn,Oy4 1.95 0.07 291 0.08
LiFeg ;Mn; 904 1.95 0.07 2.92 0.08
LiFeO_3Mn1_7O4 1.95 0.07 2.92 0.08
LiFeg sMn; 504 1.95 0.07 2.92 0.08 1.99 0.09 2.94 0.14
LiCogsMn; 504 1.94 0.07 2.88 0.07 1.91 0.06 2.86 0.08
LiCo; ¢Mn; cO4 1.92 0.07 2.85 0.07 1.91 0.07 2.84 0.09
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Fig. 7 Compositional dependence of interatomic distances: (a) Mn—O and Fe-O in LiFe,Mn, _ ,O,4, and Mn-O and Co-O in LiCo,Mn, _ ,Oy; (b)
Mn-M and Fe-M in LiFe,Mn, _ ,O4 (M = Mn and Fe), and Mn-M and Co-M in LiCo,Mn, _ ,O4 (M = Mn and Co), obtained by the curve
fitting analysis of EXAFS regions. The average Mg4—0O35. and M ¢q—M¢q Were calculated from the lattice parameters.
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Fig. 8 (a) Field dependence of the magnetization, o, at 300 and 77 K
for LiFeysMn; sO4 and LiCoMnOy,. (b) Temperature dependence of
inverse molar susceptibility, ym ', for LiFeysMn;sOs LiCogs-
Mn; 504, and LiCoMnOy.

discharge capacities at the 2nd and 20th cycles and the ratio
of them are given in Table 8. The variation in total discharge
ratio, Carom/Caong, indicates that the capacity fading became
significant with increasing Fe content, y. The ratio, Cyou/Cong,
was smaller at the 5 V-region in y = 0.3, and especially 0.5,
than at the 4 V region. This implies that the capacity fading
is governed by the irreversibility at the 5 V region in these y
values. In y = 0.1, the 4 V region seemed dominant for capacity
fading rather than at 5 V because Chou/Cong values were 1.0
and 0.9 1in 5 V and 4 V regions, respectively. Plateaus at 3.3 and
4.5V can be seen in y = 0.1 [marked with arrows in Fig. 9 (a)].
Oxygen deficiency in samples is considered to account for these
plateaus and is thought to be one of the causes of capacity
fading at the 4 V region.® Therefore the oxygen deficiency
might be a reason for the capacity fading in the y = 0.1 sample.
It is considered, however, that the oxygen deficiency is much
less in the sample because no endothermic and exothermic peak
pair appeared around 280 K at differential scanning calori-
metry (DSC) measurement (not shown), which is assigned to a
phase transition from cubic to tetragonal and is regarded as a
typical phenomenon for oxygen-deficient spinels.?

Fig. 10 and the insets show charge/discharge curves of the
2nd, 10th, and 22nd (for y = 0.5) or 25th (y = 1.0) cycles and
the cyclabilities between 3.0 and 5.3 V of Li/LiCo,Mn, _ ,04
cells. The 5 and 4 V theoretical capacities given in Table 8 were
presumed to be the oxidation reactions of Co*" 16q — Co* 16a

Table 7 Magnetic parameters for LiFe; sMn, sO4 and LiCo,Mn, _ ,-
Oy (x = 0.5, 1.0)

Sample Hert/ i (0bs.) Her/ i (calc.) /K

LiMn,0y (ref. 25) 4.36 4.36 —266
LiFeO_5Mn1_504 4.19 4.72 —177
LiCOO.SMIh .504 3.34 3.67 —129
LiCol,OMnl_OO4 2.70 2.74 -6
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Fig. 9 Voltage—capacity profiles of the 2nd, 10th, and 25th cycles in
LiFe,Mn, _ ,O4 [x = 0.1(a), 0.3 (b), 0.5 (c)]; electrolyte: 1.0 mol dm
LiPF¢/propylene carbonate; counter electrode: Li foil; charge and
discharge rate: 0.1 C; charge and discharge cut-off voltage: 5.3 and
3.0 V. The insets plot the variation in the capacities upon cycling; total
charge: [J; total discharge: B; 5V discharge: A; 4V discharge: ¥. The
total, 5 and 4 V capacities correspond to the capacities of 5.3-3.0 V,
5.3-4.6 V and 4.6-3.0 V, respectively.

and Mn*" ¢ — Mn*" 44, respectively, similar to Fe solid
solutions. The amounts of Co and Mn ions in 16d sites were
estimated from the distribution formula refined by ND
Rietveld analysis, Table 2, and the substitution of Co** for
Mn®" in this solid solution was indicated by the above XANES
and magnetic studies. Two plateaus centered at 3.9 and 5.1 V
appeared on charge and discharge curves. In y = 1.0, a
capacity of 3.9 V appeared, indicating that a small amount of
Mn ions exists as 3+ due to imperfect incorporation of Co into
the LiMn,Oy spinel, though it is expected as Li* Co*"Mn** O,.
The cyclability was better in Co-substituted samples compared
with Fe samples. The ratios Cyyoi/Caang in both the total and
5 V capacities were more for y = 0.5 and even y = 1.0 of Co
substitution than for y = 0.5 of Fe substitution. To find the
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Table 8 Observed and theoretical capacity in LiFe,Mn, _ .O4 (x = 0.1, 0.3, 0.5) and LiCo,Mn, _ ,O4 (x = 0.5, 1.0). The 5 and 4 V capacities
correspond to 5.3-4.6 V and 4.6-3.0 V, respectively for Fe solid solutions, and correspond to 5.3-4.4 V and 4.4-3.0 V for Co solid solutions

Total capacity

5V capacity

4 V capacity

Sample Can Clheo. Can/Clheo. Can Clheo. Can/Clheo. C?_nd Clheo. C2nd/Clheo.
LiFey ;Mn; 404 128 146 0.88 11 13 0.85 117 133 0.88
LiFep 3;Mn; ;04 129 144 0.90 30 40 0.75 99 104 0.95
LiFey sMn, 504 126 144 0.88 9 70 0.60 84 74 0.88
LiCog sMn, 504 121 143 0.85 51 70 0.73 70 73 0.96
LiCO]»()Mnl_()Oz; 104 135 0.77 93 135 0.69 11 0 —

C2nd CZ()lh C2nd/ CZOth Can CZ()lh C2nd/ C2()th C.’an CZ()lh C.’an/ C.’Z(Jth
LiFep 1 Mn; 404 128 116 0.91 11 11 1.00 117 105 0.90
LiFep 3sMn; ;04 129 110 0.85 30 21 0.70 99 89 0.90
LiFey sMn, 504 126 96 0.76 49 21 0.50 84 75 0.89
LiCog sMn, 504 121 106 0.88 51 45 0.88 70 61 0.87
LiCo; oMn; ¢Oy4 104 87 0.84 93 76 0.82 11 11 1.00

cause of such cyclic fading requires investigations of structural
change during and/or after cycles. Indeed, it is difficult to
remove the oxidation of liquid electrolytes at the 5 V region
from the electrode performance of the material itself. For Cr
substitution, LiCr,Mn, _ ,O4 (0 < x < 1.0), it was reported
that the irreversible migration of some transition metals from
the 16d site to 8a or to the 16¢ site occurred during charge up
to 5.1 V and accounted for the experimental capacity loss
especially at the 5 V region.>® Such a migration, however, is not
observed at least at the first cycle of LiFey sMn; sO4. Although
further studies were needed to clarify the reason for cyclic
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Fig. 10 Voltage—capacity profiles of the 2nd, 10th, and 25th (22nd)
cycles in LiCo,Mn, _ ,O4[x = 0.5 (a), 1.0 (b)]; electrolyte: 1.0 mol dm™?
LiPF¢/propylene carbonate; counter electrode: Li foil; charge and
discharge rate: 0.1 C; charge and discharge cut-off voltage: 5.3 and
3.0 V. The insets plot the variation in the capacities upon cycling; total
charge: [J; total discharge: B; 5V discharge: A; 4V discharge: V. The
total, 5 and 4 V capacities correspond to the capacities of 5.3-3.0 V,
5.3-4.4 V and 4.4-3.0 V, respectively.
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fading, it could be mentioned that the transition metals initially
disordered to the 8a site have little effect. LiCoMnO,4 showed
better cyclability than LiFeysMn; sO, in spite of ca. 8% Co
occupation at the 8a site, found by ND Rietveld refinement,
Table 2. Additionally, it is considered to be important to
investigate the change in the local structures around electro-
chemicallt active ions by Li-extraction/reinsertion, since their
environments are distinct from each other, as revealed above by
XAFS analysis.
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