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Laboratoire des Agrégats Moléculaires et Matériaux Inorganiques, ESA 5072 CNRS,
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The local structural modifications resulting from chemical extraction and reinsertion of
lithium in spinels of composition LiMn2O4 and Li4/3Mn5/3O4 have been investigated by X-ray
absorption spectroscopy (XAS) at the manganese K-edge. For LiMn2O4, Mn-O and Mn-
Mn distances determined from the extended X-ray absorption fine structure (EXAFS)
decrease significantly when lithium is extracted in 0.1 M HCl, but are restored to their
original values when ∼90% of the lithium content is reconstituted by sorption in LiOH
solution. The Mn-O and Mn-Mn distances for Li4/3Mn5/3O4 are shorter than for LiMn2O4,
consistent with a higher manganese oxidation state and lower unit cell parameter for this
compound, and show much smaller variations on lithium extraction and reinsertion. In
addition lithium extraction from LiMn2O4 results in an increase in local structural order,
followed by a return to the lower symmetry state of the parent material when lithium is
reinserted. These changes are not observed in the spectra of Li4/3Mn5/3O4 and its delithiated
or relithiated products, which show rather the effects of local structural perturbations due
to manganese vacancies in octahedral sites. Evolution of the X-ray absorption near-edge
structure (XANES), in particular the position of the main edge discontinuity and modifica-
tions in the pre-edge spectral structure, supports chemical analyses in showing that lithium
extraction from LiMn2O4 produces a MnIV-type spinel oxide from a mixed MnIII/MnIV parent
material and that reinsertion of lithium results in a return to a mixed oxidation state. By
contrast, the XANES data for Li4/3Mn5/3O4 show that here the dominant manganese state is
MnIV and that lithium extraction and reinsertion entail only trivial local electronic changes.
The XAS results are therefore compatible with a mainly redox mechanism for lithium
extraction and reinsertion for LiMn2O4, but a predominantly ion-exchange process in the
case of Li4/3Mn5/3O4, with the insertion of charge-compensating protons into the lattice.

Introduction

The chemical extraction of lithium from spinel phases
of lithiummanganese oxide gives materials which retain
the spinel framework of the parent compounds and
which are highly selective as sorbents for lithium in
aqueous environments.1-17 The reversibility of the

sorption process is also exploited in nonaqueous re-
chargeable batteries where spinel manganese oxides
serve as the cathode material.18-31

The mechanisms involved in the chemical extraction
and insertion of lithium have been the subject of
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discussion since the extraction process in acid solution
was first reported for LiMn2O4 by Hunter.1 A redox
mechanism was proposed for the extraction, involving
disproportionation of lattice MnIII to give a manganese-
(IV) oxide phase “λ-MnO2” and dissolved Mn2+. In
solutions containing dissolved lithium at pH above 4,
the λ-MnO2 material sorbs lithium ions by reinsertion
into the spinel lattice, a reaction which appears to
proceed with reduction of an equivalent of lattice MnIV
to MnIII.7-9,12 At least in the case of LiMn2O4 prepared
at temperatures of 700-850 °C, a predominantly redox
mechanism seems to be supported by experimental data
which show up to 25% dissolution of the lithium
manganate accompanied by formation of solution Mn2+

during lithium extraction, and evolution of oxygen
during lithium reinsertion. The presence of a small
amount of permanganate in solution after lithium
extraction has also been observed but has been at-
tributed to a “side” reaction.32

For lithium manganates prepared at lower temper-
atures, different behavior has been observed.2,9,12 When
lithium is extracted from such materials in acid solution,
charge compensation is achieved by insertion of protons.
The ion exchange behavior appears to be related to
higher MnIV content in these compounds.9,12,17 Between
300 and 700 °C a range of stoichiometric lithium
manganese oxide spinels can be prepared having the
general formula Li[LixMn2-x]O4 where 0 e x e 0.33, as
well as apparently nonstoichiometric “oxygen-rich” spinels
containing cation vacancies.9,12,17,24-27,33-35 In the sto-
ichiometric Li[LixMn2-x]O4 series the end members are
LiMn2O4 (x ) 0) and Li4/3Mn5/3O4 (x ) 0.33). The MnIII/
MnIV ratios in these compounds are theoretically equal
to 1 and 0, respectively; therefore while LiMn2O4 might
be expected to present redox behavior, lithium extrac-
tion from Li4/3Mn5/3O4 should occur mainly by exchange
with protons. However, it has recently been pointed out
that an overall manganese oxidation state of 4 is
practically never attained, as shown by chemical analy-
ses of “Li4/3Mn5/3O4” preparations.33 In addition, the
reversibility of the ion-exchange mechanism has been
questioned since a maximum of only 60-70% reinser-
tion of the original lithium content is observed for the
protonated materials,12,17 compared with greater than
90% in the case of those materials for which a redox
process is expected to predominate.
The purpose of the study presented here was to

provide additional data on these systems by applying

X-ray absorption spectroscopy (XAS) and thereby com-
pare the chemical and structural changes accompanying
lithium extraction and reinsertion in spinels of composi-
tion LiMn2O4 and Li4/3Mn5/3O4. XAS probes the local
electronic and geometric structure around a selected
absorbing atom, in this study manganese. Structural
information such as interatomic distances and coordina-
tion numbers can be determined for nearby coordination
shells from the extended X-ray absorption fine structure
(EXAFS), and semiquantitative information concerning
valency and bonding can be derived from X-ray absorp-
tion near-edge structure (XANES).36 In the case of
manganese compounds, chemical effects in the K-edge
XANES such as the position of the absorption jump and
the structure of pre-edge features have been shown to
be sensitive to the effective charge on the absorbing
manganese ion and therefore correlated with manga-
nese oxidation state.37-42 In this paper we compare
information obtained from X-ray absorption spectros-
copy with the results of chemical analyses and deter-
mination of the bulk average crystal structure using
powder X-ray diffraction.

Experimental Section

Samples. LiMn2O4 was prepared by firing a finely ground
mixture of lithium and manganese carbonate in molar ratio
0.5 at 800 °C in air for 24 h. To prepare the sample of
Li4/3Mn5/3O4, a carbonate mixture with Li/Mn molar ratio 0.8
was fired at 400 °C in air for 8 h. Lithium was extracted from
these compounds to give “λ-MnO2” products by stirring in 0.2
M HCl for 72 h, after which the samples were washed
thoroughly with distilled water and dried at 60 °C. Reinser-
tion of lithium in the “λ-MnO2” samples was achieved by
stirring in 0.1 M LiOH for 120 h. â-MnO2 (Aldrich product of
99.5% purity) and R-Mn2O3 (prepared by decomposition of
â-MnO2 in air at 770 °C) were selected as reference compounds
for octahedrally coordinated MnIV and MnIII respectively.
X-ray Diffraction and Chemical Analyses. Powder

X-ray diffraction (XRD) with Cu KR radiation using an
automated Phillips diffractometer provided evidence for only
one crystalline spinel phase for both lithium manganate
preparations and their delithiated and relithiated products.
Unit-cell parameters were calculated from the powder pat-
terns. The chemical composition of each sample was deter-
mined by analyzing for lithium and manganese content by
atomic emission spectrometry after dissolution in hydrochloric
acid and hydrogen peroxide. The available oxygen of all
samples was determined by the sodium oxalate method,43 from
which the mean oxidation state of manganese was evaluated.
X-ray Absorption Measurements. X-ray absorption spec-

tra were recorded in transmission mode on the EXAFS 3
spectrometer at the French synchrotron facility DCI at LURE,
using a Si [311] double monochromator slightly detuned for
harmonic rejection. XANES spectra were recorded from ca.
100 eV before the Mn K-edge (6539 eV) to 100 eV after the
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edge in a 0.3 eV step size, and EXAFS spectra in a 1.5 eV step
size to 900 eV after the absorption edge. He/Ne-filled ioniza-
tion chambers were used to measure the incident and trans-
mitted X-ray flux. Calibration was carried out prior to all
measurements using a 10 µm Mn-foil by assigning E0 to the
first point of inflection in the absorption edge. Spectra were
recorded on samples diluted in boron nitride powder at
proportions calculated to give an edge jump in log(I0/I) of ca.
1. Nujol mulls were pressed between the Parafilm windows
of stainless-steel holders and maintained at 77 K in a cold-
finger cryostat.
EXAFS and XANES Data Analyses. Experimental data

were analyzed using the XAS programmes of Michalowicz.44
XANES spectra were normalized to an edge jump of unity after
removal of the background absorption by subtraction of a
linear function extrapolated from the pre-edge. EXAFS spec-
tra were normalized in the µ1,exp - µ0,exp convention after
simulating the atomic absorption µ0,exp with third-order poly-
nomials or spline functions. Fourier transformations using a
Kaiser apodization window (τ ) 3.5) were performed over the
k range 2.5-14 Å-1 using k3 weighting to compensate for
attenuation of the amplitude in the EXAFS spectra at high k.
Quantitative analyses of EXAFS spectra to determine Ri,

the distance of the ith shell of atoms from the absorbing
manganese atom, and σi, the Debye-Waller factor, were
performed for the spinel compounds using curve-fitting pro-
cedures in k space after Fourier filtering to isolate the EXAFS
signal ø(k) corresponding to the relevant maxima in the
Fourier transformations. Theoretical curves were simulated
using functions for the backscattering amplitude Fi(k) and total
phase shift φi(k) calculated for the corresponding scattering
paths by the tabulated values of McKale et al.45 and by the ab
initio XAS code FEFF6 developed by Rehr and co-workers.46-49

FEFF’s ab initio calculated function for the photoelectron mean
free path λ(k) was also used, so that the only independent
parameters in the curve-fitting procedure other than Ri and
σi were the coordination numbersNi for each shell, the overall
amplitude reduction factor S0

2, and adjustments of the thresh-
old energy origin E0. The coordination number for the first
shell of oxygen atoms was fixed to the crystallographic value
of 6 for all the samples. In the case of the second coordination
shell, consisting of manganese atoms in neighboring 16d
octahedral sites, the coordination number was refined in the
range 4-6. The amplitude reduction factor S0

2 was scaled to
0.86 after a preliminary refinement for the λ-MnO2 product of
LiMn2O4, and only very small adjustments for the energy
origin E0 (1 < ∆E0 < 4) were required for each path to optimise
the fits of the theoretical data to the experimental data. In
all cases the agreement between experimental and theoretical
curves over the k range 2.5-14 Å-1 gave statistical residues
of less than 2% (residue ) ∑k(k[øexp(k)] - k[øth(k)])2k3/∑k(k[øexp-
(k)]2)k3).
Ab initio curved-wave multiple-scattering EXAFS ø(k) and

XANES µ(E) spectra were computed by FEFF6 using the
atomic coordinates of spinel lithiummanganates.27,50 Clusters
of 8-9 Å radius, comprising up to 250 atoms in 24 coordination
shells, were constructed for the calculations of atomic scat-
tering potentials, to ensure consistency among simulations for
all atoms involved in significant scattering paths even when
the path calculations were restricted to a smaller cluster
volume. The Hedin-Lundqvist self-energy was used for the
photoelectron, introducing a 1.5 eV correction to the imaginary

part to model the effects of experimental resolution. Paths of
up to 18 Å in total length were considered for multiple
scattering computations, and those paths contributing a mean-
path amplitude greater than 2.5% of that of the first shell
maximum, as estimated by FEFF’s curved-wave calculation,
were included in the final calculation of the spectra.

Results and Discussion

Powder X-ray Diffraction and Chemical Analy-
ses. Powder X-ray diffraction patterns for the LiMn2O4
and Li4/3Mn5/3O4 compounds and their lithium-extracted
and -reinserted products are given in Figure 1. The
lower temperature and shorter heating period used to
prepare Li4/3Mn5/3O4 results in a sample of lower
crystallinity than LiMn2O4, as indicated by the lower
intensity and broader diffraction lines in the XRD
patterns. Unit-cell parameters calculated from the
powder patterns are given in Table 1. Chemical for-
mulas for the samples were calculated from the analyses
of lithium and manganese contents and manganese
oxidation state. In the chemical formulation for the
lithium-extracted and lithium-reinserted products of
“Li4/3Mn5/3O4” given in Table 1, hydrogen ions have been
included consistent with charge neutrality and with
experimental results discussed elsewhere.17

The lithium/manganese ratio and value for the bulk
oxidation state of the parent LiMn2O4 compound agree
with the ideal formula to within (4%, and the unit-
cell parameter is close to that previously reported for
this composition crystallized at 700-850 °C.27,51 For the
Li4/3Mn5/3O4 sample a value of 3.89 was obtained for the
average manganese oxidation state. The Li/Mn ratio
of 0.787 determined by chemical analysis would imply
for a stoichiometric spinel a mean manganese oxidation
state of 3.976. The difficulty of preparing stoichiometric
“Li4/3Mn5/3O4” (Li/Mn ) 0.8) has recently been dis-
cussed,33 and it has been proposed that a manganese
oxidation state in the vicinity of 3.9 is an experimental
limit for one-phase spinels having the highest Li/Mn
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Figure 1. Powder X-ray diffraction patterns for LiMn2O4 and
Li4/3Mn5/3O4: (a) parent compounds, (b) lithium-extracted
samples, and (c) lithium-reinserted samples.
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ratios. An oxidation state of 3.9 corresponds to a Li/
Mn ratio ∼0.75 if the spinel is assumed to be stoichio-
metric in oxygen. The slightly higher Li/Mn ratio of
0.787 found for our sample can be explained either by
a slight oxygen deficiency in the spinel or by the
presence of a very small amount of unreacted lithium.
Other results recently reported34,35 have shown that
single-phase spinels with Li/Mn ratio ∼0.8 can accom-
modate up to 20% trivalent manganese with a corre-
sponding deficiency in oxygen content. The unit cell
parameter of “Li4/3Mn5/3O4” preparations has also been
observed to vary between 8.13 and 8.18 Å,27,33,34 where
the lower cell parameters are typically found for samples
with higher total manganese oxidation state. The value
a0 ) 8.15 Å for our sample would seem to be consistent
with the relatively high MnIV content determined by
chemical analysis.
Lithium extraction in acid solution results in a

decrease in lattice parameter for both samples to 8.02-
8.04 Å. The chemical analyses show that 89 and 98%
of the original lithium content was extracted by the acid
treatments of the LiMn2O4 and Li4/3Mn5/3O4 compounds,
respectively, and that proton insertion accompanies this
process in Li4/3Mn5/3O4. The bulk manganese oxidation
states 3.95 and 3.97 are only slightly lower than the
value of 4.0 expected for an ideal fully delithiated “λ-
MnO2” compound. After contacting in LiOH, lithium
reinsertion in the λ-MnO2 product of LiMn2O4 appears
to result in >90% reconstitution of the composition of
the original compound and a restoration of the unit-
cell parameter of the parent material. In the case of
the λ-MnO2 product of Li4/3Mn5/3O4, chemical analysis
shows reinsertion of only 54% of the original lithium
content, but the unit cell parameter is slightly higher
in the reinserted material than for the parent com-
pound. The bulk oxidation state determined for the
reinserted material, 3.87, is nonetheless only marginally
lower than that found for the parent Li4/3Mn5/3O4,
implying that lithium reinsertion has occurred mainly
by reverse ion exchange with lattice protons.
Manganese K-Edge X-ray Absorption Spectra.

While X-ray diffraction allows the average long-range
structure of a crystalline compound to be determined
and described by a unit cell, EXAFS identifies the local
structure surrounding a target atom.36 Fourier trans-
formation of the EXAFS spectrum gives a radial distri-
bution-like function in real space beyond the emitting
atom. Figure 2 shows the relationship between the unit
cell for spinel lithiummanganate and the local structure
around the manganese atom probed by XAS. The cubic
spinel LiMn2O4

51 possesses an ideal symmetry of Fd3m
(Oh

7). In the crystallographic description the oxygen
atoms form a cubic close packed array occupying the
32e sites of the space group, manganese atoms occupy

the 16d sites (half of the octahedral sites), and the
lithium atoms occupy the 8a sites (one-eighth of the
tetrahedral sites). According to the symmetry of the
system, manganese atoms are coordinated by six oxygen
atoms at equal Mn-O distances (first coordination
shell). A second coordination shell is formed by six
equidistant manganese atoms in neighboring octahedra
sharing edges with the central [MnO6] octahedron.
Neither oxygen atoms beyond the first coordination shell
nor lithium atoms are expected to contribute significant
signal to the EXAFS, but more distant manganese
atoms arranged in coherent coordination shells may
make important contributions. In addition, multiple
scattering may occur, appearing in the radial distribu-
tion function as the effective sum of the different
interatomic distances forming the many-legged scatter-
ing path. The amplitude of multiple scattering is
enhanced when a second scattering atom lies collinearly
between the emitting atom and a scatterer (the so-called
“focusing” effect). Since the manganese atoms in the
spinel structure form linear chains which cross perpen-
dicularly to give the three-dimensional framework,
multiple scattering of this kind may occur.
Extracting information from experimental data re-

quires a comparison with an accurately known reference
system or “standard”. For this purpose, in the first
section below, the spectrum of the λ-MnO2 derived from
LiMn2O4 is analyzed using ab initio functions for the
backscattering amplitudes Fi(k), total phase shifts φi-
(k), and photoelectron mean free path λ(k) calculated
by FEFF.46-49 This sample contains manganese pre-
dominantly in a single oxidation state and is highly
crystalline and practically free of lattice defects, allow-
ing bond distances and coordination numbers to be
compared with crystallographic values calculated for an
ideal structure. In a second stage, the local structural
consequences of lithium extraction and reinsertion in
the LiMn2O4 and Li4/3Mn5/3O4 systems are examined

(51) Wickham, D. G.; Croft, W. J. J. Phys. Chem. Solids. 1958, 7,
351.

Table 1. Compositional and Structural Parameters for the Spinel Compounds

sample a0 (Å) Li/Mn ratio mean oxidation state of Mn chemical formula

“LiMn2O4” 8.24 0.480 3.48 Li0.96MnIII1.04MnIV0.98O4
lithium-extracted 8.02 0.054 3.95 Li0.11MnIII0.11MnIV1.89O4
lithium-reinserted 8.24 0.444 3.56 Li0.89MnIII0.89MnIV1.11O4

“Li4/3Mn5/3O4” 8.15 0.787 3.89 Li1.34MnIII0.18MnIV1.53O4
lithium-extracted 8.04 0.015 3.97 Li0.03H1.18MnIII0.05MnIV1.66O4
lithium-reinserted 8.17 0.422 3.87 Li0.73H0.65MnIII0.22MnIV1.49O4

Figure 2. Part of the unit cell of LiMn2O4 showing the local
structure around octahedrally coordinated manganese in an
ideal spinel lattice. Mn-O bonds are represented by heavy
solid lines; linear chains of manganese ions in neighboring
edge-sharing octahedra are indicated by dashed lines.
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with reference to the EXAFS spectra. Modifications in
the electronic structure and oxidation state of the
manganese, determined from XANES data, are studied
in the final section.
Extended X-ray Absorption Fine Structure (EXAFS).

Figure 3 compares the normalized experimental EXAFS
spectrum ø(k) for the λ-MnO2 product of LiMn2O4 with
simulated data computed over 24 coordination shells
including multiple scattering terms up to third order
(four-legged paths). This gave a better prediction of the
experimental data over the whole k range than a
computation using single-scattering terms only. Cal-
culations including scattering terms higher than third
order gave no further improvement, however, as most
of the higher-order paths produced very weak ampli-
tudes at the emitter and were therefore filtered out in
the final calculation. Fourier transformed experimental
data are compared with spectra calculated with single-
and multiple-scattering paths in Figure 4. Both single-
and multiple-scattering calculations satisfactorily re-
produce the experimental spectrum up to ∼5 Å. For R
> 5 Å the multiple scattering terms have more signifi-
cant effects on the data. In particular, strong contribu-
tions from multiple scattering are observed at ∼5.2 and

∼8 Å, arising from forward scattering or “focusing” along
the linear chains of edge-sharing MnO6 octahedra to
manganese atoms at respectively 2 and 3 times the
distance of the nearest manganese neighbor. A peak
at ∼7.5 Å in the experimental data is not reproduced
by the calculations but may be due to a higher order
multiple-scattering path.
The comparison of the experimental and simulated

data suggests that multiple scattering may be neglected
for the purposes of structural refinements for the
nearest oxygen and manganese neighbors. Owing to the
high symmetry of the spinel structure, practically all
the essential structural information can be derived by
considering only the first and second coordination shells.
The good agreement achieved by curve-fitting a simple
single-scattering model using only two unique paths to
the experimental data for the λ-MnO2 product of LiMn2O4
Fourier isolated over the first two peaks is shown in
Figure 5a. Only slight discrepancies at low k suggest
that there may be a small contribution to the experi-
mental data from multiple scattering involving first-
shell oxygen atoms. Path calculations predict three
such multiple-scattering paths with effective radius Reff
within 0.5 Å of the Fourier-isolated peaks. While their
inclusion in the curve-fitting procedure improved the
agreement between experimental and calculated curves,
Figure 5b, it did not affect the structural parameters
obtained for the Mn-O and Mn-Mn pairs. The inter-
atomic distances, Debye-Waller factors, and energy
origin corrections for the two single-scattering paths
from the curve-fitting refinement are given in Table 2.

Figure 3. Experimental EXAFS data for the λ-MnO2 product
of LiMn2O4 (open circles) and the ab initio third-order multiple
scattering computation for 24 coordination shells (solid line).

Figure 4. Fourier transformed experimental EXAFS data for
the λ-MnO2 product of LiMn2O4 (open circles), and ab initio
computations for single scattering (dotted line) and multiple
scattering (solid line). Peaks corresponding to scattering from
the first, second, and third manganese neighbors in the linear
chains are marked with asterisks. Note that in the absence of
a phase correction the peaks are displaced ∼0.4 Å lower than
the structural values.

Figure 5. Experimental EXAFS data for the λ-MnO2 product
of LiMn2O4 Fourier isolated over the range 1-3 Å (open circles)
and theoretical curves calculated for six oxygen and six
manganese neighbours using the parameters in Table 1: (a)
single scattering only; (b) including three multiple-scattering
paths.
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Coordination numbers were fixed at 6 for both shells in
accordance with the crystallographic model.27,50 The
nearest-neighbor Mn-O and Mn-Mn distances deter-
mined for this sample using the phase shifts calculated
by the FEFF code agree with crystallographic values
based on the unit cell parameter to <(0.2%. These are
slightly better than results using the tabulated phase
shifts of McKale et al.45 which gave a Mn-O distance
∼1% higher than the FEFF result, although the Mn-
Mn distance obtained was the same.52
The EXAFS spectra of the LiMn2O4 and Li4/3Mn5/3O4

samples are compared with the spectra of their lithium-
extracted products and -reinserted compounds in Figure
6. The Fourier transformed spectra, phase-shifted using
the theoretical phase factor for the first Mn-O shell,
are shown in Figure 7, permitting the differences
between the EXAFS data to be visualised in R space.

The interatomic distances and Debye-Waller factors for
the nearest-neighbor Mn-O and Mn-Mn pairs, deter-
mined by curve-fitting to the experimental data, are
listed in Table 3. Refined values of the second-shell
manganese coordination number are also given.
For both the LiMn2O4 and Li4/3Mn5/3O4 samples, the

interatomic distances refined from the EXAFS data
decrease when lithium is extracted but return close to
the values determined for the original compounds when
lithium is reinserted. The changes in Mn-Mn distances
are consistent with the variations in the unit-cell
parameters calculated from the powder X-ray diffraction
data, although comparison of the Mn-Mn distances
from the EXAFS data with values calculated for the
parent LiMn2O4 and Li4/3Mn5/3O4 samples using the
experimentally determined unit-cell parameters showed
that the EXAFS values were 0.01-0.02 Å lower. The
Mn-O distances determined by EXAFS showed a
similar shortening. These differences are probably an
effect of the lower temperature of the EXAFS experi-
ments. Mn-O bond length variations between samples
show good correlation with the average manganese

(52) Ammundsen, B.; Burns, G. R.; Jones, D. J.; Rozière, J. Proc.
Int. Conf. Ion Exchange; Takamatsu, Japan, 1995; pp 81-86.

Table 2. Refined EXAFS Parameters for the λ-MnO2
Product of LiMn2O4 Obtained Using Both Single-

and Multiple-Scattering Contributions to the EXAFS
up to 3 Åa

R
(Å)

σ
(Å)

∆E0
(eV)

Rcryst
(Å)

Mn-O (first coordination shell) 1.904 0.054 3.2 1.907
Mn-Mn (second coordination shell) 2.841 0.056 2.0 2.837

a Interatomic distances calculated using the experimental lattice
parameter a0 ) 8.02 Å and crystallographic positions27,50 are given
for comparison.

Figure 6. EXAFS spectra for (a) LiMn2O4 and (b) Li4/3Mn5/3O4:
parent compounds (solid lines), lithium-extracted samples
(closed circles), and lithium-reinserted samples (open circles).

Figure 7. Fourier transformed EXAFS spectra, phase-cor-
rected for the first Mn-O shell, for (a) LiMn2O4 and (b)
Li4/3Mn5/3O4: parent compounds (solid lines), lithium-extracted
samples (closed circles), and lithium-reinserted samples (open
circles).

Table 3. Structural Parameters Derived from EXAFS
Analyses of Parent, and Lithium-Extracted and

-Reinserted Spinels

Mn-O Mn-Mn

R (Å) σ (Å) R σ (Å) N

“LiMn2O4” 1.925 0.080 2.904 0.074 6.0
lithium-extracted 1.904 0.054 2.841 0.056 6.0
lithium-reinserted 1.926 0.074 2.903 0.082 6.1

“Li4/3Mn5/3O4” 1.908 0.066 2.873 0.077 5.1
lithium-extracted 1.902 0.063 2.858 0.073 4.7
lithium-reinserted 1.911 0.070 2.875 0.076 5.0
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oxidation states determined by the chemical analyses.
Thus the decrease in Mn-O distance when lithium is
extracted from LiMn2O4 is ∼0.02 Å, compared with an
overall increase in manganese oxidation state from∼3.5
to 3.95. For the Li4/3Mn5/3O4 sample the decrease in
Mn-O distance resulting from lithium extraction is only
∼0.006 Å, and the average oxidation state increases
from 3.89 to 3.97.
It is significant that the Mn-O distance determined

for the λ-MnO2 product of Li4/3Mn5/3O4 is slightly lower
than that found for the λ-MnO2 product of LiMn2O4, but
the Mn-Mn distance is ∼0.02 Å higher in the former
compound. These results respectively correlate with a
slightly higher average oxidation state yet higher unit-
cell parameter for the former compound. The greater
Mn-Mn distance in the delithiated Li4/3Mn5/3O4 relative
to the λ-MnO2 product of LiMn2O4 may be an effect of
proton insertion into the interstitial channels of the
spinel lattice.
As can be clearly seen in Figure 7a, extraction of

lithium from LiMn2O4 also results in a strong increase
of amplitude in the overall EXAFS, which correlates
with a significant decrease in the Debye-Waller factors
determined for the Mn-O and Mn-Mn pairs in this
sample. Reinsertion of lithium restores the EXAFS to
the reduced intensity of the parent compound, with a
corresponding return of the Debye-Waller factors close
to their original values. These strong changes, which
are not observed in the case of Li4/3Mn5/3O4, suggest that
extraction of lithium from LiMn2O4 results in a more
ordered local arrangement, but that this order is lost
when lithium is reinserted into the λ-MnO2 compound.
The origin of the changes in local structural order

detected by EXAFS between LiMn2O4 in its lithiated
and delithiated forms can be found in the change in
average manganese oxidation state between ∼3.5 and
∼4. An average manganese valence of 3.5 is a critical
limit below which local distortions around Jahn-Teller
MnIII ions in octahedral sites of the spinel lattice can
no longer be supressed by the presence of non-Jahn-
Teller MnIV ions. At this critical valence, LiMn2O4
contains small localized regions in which several MnIII
ions occupy adjacent octahedral positions and coopera-
tive tetragonal distortion of the octahedra overcomes the
strains imposed by the surrounding cubic lattice.51 Due
to the localized nature of the distortion and the random
orientation of small tetragonal domains along all three
cubic axes with respect to the bulk structure, the effects
are difficult to detect by diffraction against the overall
cubic symmetry of the long-range structure. However,
a recent report has shown that microdomains of tet-
ragonal phase in LiMn2O4 can be resolved by powder
X-ray diffraction below 280 K.53 EXAFS is very sensi-
tive to local structural distortions, and the disordering
effects of different manganese symmetries in the same
compound are clearly observed in the spectra here,
recorded at 77 K. It is striking that the local structural
distortion which is alleviated by the oxidative extraction
of lithium is easily reestablished by the reverse process.
In contrast, the Debye-Waller factors determined for

the Li4/3Mn5/3O4 sample show little change on lithium
extraction or reinsertion. The number of manganese

in the second coordination shell for these samples was
refined between 4.7 and 5.1, which agrees with the
crystallographic model27 in which approximately one-
sixth of the 16d octahedral sites are substituted by
lithium ions, giving rise to octahedral vacancies in the
lithium-extracted material. Small but significant dis-
placements of both manganese and oxygen atoms from
their average crystallographic positions are therefore
expected for these materials, including local perturba-
tions due to inserted protons bonded to oxygen atoms.17
The Debye-Waller factors for both the lithium-contain-
ing and the delithiated Li4/3Mn5/3O4 samples are con-
sequently higher than those observed for the highly
ordered λ-MnO2 product of LiMn2O4.
X-ray Absorption Near-Edge Structure (XANES). The

XANES spectra of the spinel manganese oxide samples
were characterized in each case by the features labeled
A to D shown for the experimental spectrum of the
λ-MnO2 product of LiMn2O4 in Figure 8. Pre-edge
features A result from transitions to bound final states
in 3d orbitals and appear in the K-edge XANES of most
3d elements. The main absorption edge rises in two
distinct steps which may be distinguished as two
inflection points B1 and B2. Two strong resonances C
and D are present just above threshold, beyond which
the spectra show the fine structure of weaker intensity
characterized as the EXAFS.
XANES resonances are typically distinguished from

the EXAFS regime by stronger multiple scattering
character. At the low energies just above the absorption
edge the mean free path of the photoelectron can be
quite large and there is a high probability of off-linear
scattering involving several atoms. As shown in Figure
8, ab initio simulation of the µ(E) spectrum of λ-MnO2
over 24 coordination shells, including multiple scatter-
ing up to third order and paths up to 18 Å, predicts two
strong resonances at relative energies corresponding to(53) Yamada, A.; Tanaka, M. Mater. Res. Bull. 1995, 30, 715.

Figure 8. Experimental X-ray absorption edge spectrum of
the λ-MnO2 product of LiMn2O4 (solid line), and ab initio third-
order multiple-scattering simulations over 24 (open circles) and
four (dotted line) coordination shells. XANES features A-D
in the experimental spectrum are described in the text.
Simulated spectra have been displaced +11 eV for comparison
with the experimental data.
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the experimental features C and D (the simulated
spectrum has been displaced 11 eV to higher energy as
the absolute energy scale, based on atomic calculations,
results in a threshold energy slightly lower than that
experimentally observed for the manganese dioxide
system). Reducing the multiple scattering calculation
to only four shells gave a very similar result to the 24-
shell model, but a calculation for only two shells resulted
in a single broad resonance. It can be concluded that
the inclusion of single and multiple scattering to the
third and fourth coordination shells, consisting of
oxygen atoms at distances 3.3-3.5 Å from the central
manganese atom, is therefore essential to predict two
well-defined scattering resonances. However, the strong
experimental intensity of the resonance C was not
reproduced by the calculations, although the simulated
intensity and line width of the resonance D are in good
agreement with experiment. The double inflection in
the rising edge is also absent from the theoretical
simulation. These discrepancies between the theoretical
model and the experimental data may derive from
electronic effects in the threshold region which could
not be predicted by the self-energy model49 for the
photoelectron used in the calculation.
Figure 9 compares the X-ray absorption edge spectra

of LiMn2O4 and Li4/3Mn5/3O4 with the spectra of their
lithium-extracted and -reinserted products. The spectra
of R-Mn2O3 and â-MnO2 are also shown. The energy
positions of the structures A-D (see Figure 8) are
tabulated in Table 4 for each of the spinel samples. The
positions of the pre-edge peaks A and the strong
resonances C and D are those of the maxima in the
absorption spectra, determined from the zero nodes of
the first derivative curves also shown in Figure 9. The
energies of the fine structures B in the absorption edges
are taken as the inflection points, determined from the
maxima in the first-derivative curves.
Differences in the electronic state of the absorbing

manganese atom in the samples are shown by the
variations in the position of the absorption edge in the
spectra, which correlate closely with the average effec-
tive charge on the manganese.37-40 In the molecular
orbital model, the K-absorption edge in manganese
oxides is determined by the threshold of dipole allowed
transitions to p-like antibonding states of the MnO6
octahedron. The greater overlap of Mn and O orbitals
when the manganese is in a more oxidized state results
in an increase of the energies of these outer molecular
levels relative to those of the core levels, giving rise to
a higher threshold absorption energy. The difference
is clearly observed in the spectra of R-Mn2O3 and
â-MnO2 where the absorption edge of â-MnO2 is found
approximately 3.5 eV higher in energy than that of
R-Mn2O3. The spectra of the spinel compounds differ
from the spectra of R-Mn2O3 and â-MnO2 in that two
distinct inflection points B1 and B2 appear in the
absorption edges of the spinel compounds. However, the
overall position of the absorption edge of the LiMn2O4
sample is approximately half-way between those of
R-Mn2O3 and â-MnO2, whereas that of the Li4/3Mn5/3O4
sample is displaced 1.5 eV to higher energy relative to
the LiMn2O4 sample, and therefore lies close to the
absorption edge of â-MnO2. These observations are in
good agreement with the higher bulk oxidation state
and shorter Mn-O bond distance determined for the
Li4/3Mn5/3O4 compound relative to LiMn2O4.

Extraction of lithium from LiMn2O4 results in an
overall shift of the absorption spectrum so that the edge

Figure 9. XANES spectra (above) and first derivative curves
(below) for (a) LiMn2O4 and (b) Li4/3Mn5/3O4: parent compounds
(solid lines), lithium-extracted samples (closed circles), and
lithium-reinserted samples (open circles). Spectra of R-Mn2O3

(long dashes) and â-MnO2 (short dashes) are also shown.

Table 4. XANES Energy Positions E - E0 (eV) for
the Parent and Lithium-Extracted and -Reinserted

Spinel Compounds

sample A1 A2 B1 B2 C D

“LiMn2O4” 1.4 2.9 8.9 12.4 21.2 33.6
lithium-extracted 1.7 3.5 11.9 15.4 23.0 37.0
lithium-reinserted 1.4 2.9 9.1 12.4 21.2 33.7

“Li4/3Mn5/3O4” 1.7 3.5 10.4 13.9 22.2 35.2
lithium-extracted 1.7 3.5 12.1 15.2 22.9 36.6
lithium-reinserted 1.7 3.5 10.4 13.9 22.2 35.2
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of the delithiated “λ-MnO2” sample nearly superimposes
on that of â-MnO2. A change in the structure of the
pre-edge peaks A is observed, and narrowing of the
resonances C and D. The main edge structures B1 and
B2 are also strongly affected by the lithium extraction
from LiMn2O4, changing from relatively broad features
to sharply defined shoulders with an overall displace-
ment of the inflection points by ∼3 eV to higher energy.
Reinsertion of lithium results in almost complete res-
toration of the spectrum of the parent compound,
including the position of the edge and rebroadening of
the main edge structure and resonances C and D. The
shifts in the absorption edge observed for the LiMn2O4
sample agree well with the chemical analyses of man-
ganese oxidation state and the changes in Mn-O
distance determined by EXAFS which show oxidation
and reduction of manganese to be the dominant mech-
anism of lithium extraction and reinsertion for this
compound. The sharpening and rebroadening of the
XANES features recalls the effects of local structural
order seen in the EXAFS spectra of these samples.
Supporting information specific to the valence elec-

tronic structure at the manganese centres can be
obtained from the pre-edge structure A, which arises
from transitions to final d-like states fully localised
within the first coordination shell. Although the 1s f
3d transition is generally weak in octahedral coordina-
tion because it is formally dipole forbidden, these states
show up in absorption due to direct quadrupole coupling
to the electromagnetic radiation or to the mixing of 3d
and 4p orbitals in the local structure.42,54 The pre-edge
structures of LiMn2O4 and its lithium-extracted and
-reinserted products are compared with the pre-edge
spectra of R-Mn2O3 and â-MnO2 in Figure 10a, after
subtraction of the interpolated tail of the main edge
from the spectra of Figure 9. The pre-edge spectra of
the parent LiMn2O4 compound and the lithium-rein-
serted sample are very similar to each other with two
maxima at identical energies for the two samples. The
positions of these peaks are consistent with a manga-
nese valency intermediate between those of R-Mn2O3
and â-MnO2. After extraction of lithium from LiMn2O4
both a chemical shift to higher energy and a change in
the structure of the peaks is observed, so that the two
bound states resolved in the spectrum of the lithium-
extracted “λ-MnO2” sample are observed at the same
energies as in the spectrum of â-MnO2. A doublet of
two overlapping peaks at these energies in the pre-edge
spectrum appears to be characteristic of manganese-
(IV) oxides, and only the intensity is observed to vary
for different structural modifications.42

In the case of the Li4/3Mn5/3O4 sample, the overall
chemical shift of the main absorption edge to higher
energy after lithium extraction is less than 0.4 eV. Only
the inflection points B1 and B2 appear to show a greater
displacement due to a modification in the shapes of the
corresponding structures. The resonances C and D also
show small shifts to higher energy but little change in
shape or intensity. Reinsertion of lithium in the λ-MnO2
product of Li4/3Mn5/3O4 again led to almost complete
restoration of the spectrum of the parent compound. The
very small edge shifts relative to the LiMn2O4 compound
support an ion-exchange mechanism as the dominant

extraction and reinsertion mechanism for the Li4/3Mn5/3O4
sample, with only a small contribution from a redox
process. Furthermore lithium extraction from this
sample results in practically no modification of the pre-
edge peaks. Figure 10b compares the pre-edge spec-
trum of the Li4/3Mn5/3O4 sample with its lithium-
extracted and -reinserted products. The peaks for the
parent Li4/3Mn5/3O4 compound correlate with those of
â-MnO2 and undergo no displacement in energy when
lithium is extracted or reinserted, consistent with a
manganese valency close to 4 in all three samples. The
pre-edge data therefore fully support the model of a
dominant ion-exchange mechanism for Li4/3Mn5/3O4
entailing only trivial changes in the local electronic
structure of the manganese.
We note that previous assignments of the double

inflection in the absorption edge of spinel manganese
oxides to two different manganese sites and/or two
different manganese oxidation states39,41 are unsup-
ported by the data presented here. The EXAFS data
are in agreement with the crystallographic models of a
single manganese site in the samples, and the presence
of two inflection points is observed for both the λ-MnO2
samples and the lithiated spinels and is therefore(54) Grunes, L. A. Phys. Rev. B 1983, 27, 2111.

Figure 10. Background-corrected pre-edge spectra for (a)
LiMn2O4 and (b) Li4/3Mn5/3O4: parent compounds (open squares),
lithium-extracted samples (closed circles), and lithium-rein-
serted samples (open circles), compared with spectra for
R-Mn2O3 (long dashes) and â-MnO2 (short dashes).
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apparently independent of oxidation state. Further-
more the displacements of B1 and B2 with lithium
extraction and reinsertion in the spectra of both the
LiMn2O4 and Li4/3Mn5/3O4 samples are of approximately
the same magnitude and follow the shift of the reso-
nance D in both cases. The definition of the double
inflection may also be correlated with the relative degree
of long-range order in the samples seen in the EXAFS.
These observations strongly support a structural rather
than chemical origin for the XANES features B.

Conclusions

Changes in Mn-O bond distances determined from
EXAFS and the evolutions of the XANES spectra of
LiMn2O4 and Li4/3Mn5/3O4 support chemical analyses
which show different degrees of oxidation-reduction in
these compounds when lithium is extracted and rein-
serted. For LiMn2O4 the X-ray absorption data are
consistent with a predominantly redox mechanism in
which lithium extraction from a mixed MnIII/MnIV
compound gives a MnIV product with higher local
structural order than the parent material. The reaction
has been described by Hunter1 and by Ooi and co-
workers:7-9,12

Reinsertion of lithium in the λ-MnO2 product occurs
with reduction of an equivalent of lattice MnIV to MnIII,
resulting in almost complete reconstitution of the
structure and composition of the original material, in

agreement with the reaction proposed by Ooi et al.:7-9

In contrast, the XAS data clearly demonstrate that
lithium extraction from Li4/3Mn5/3O4 results in trivial
changes in local electronic structure and only a small
decrease in interatomic distances. The data are con-
sistent with lithium-proton exchange being the domi-
nant extraction mechanism for this material. The
resulting “λ-MnO2” is therefore chemically distinct from
the delithiated product of LiMn2O4 in protonic lattice
species, which may be present as both hydroxyl and
water groups.17 Although XAS shows that ∼50% re-
lithiation is sufficient to reestablish the essential local
structure of the parent compound, the partially relithi-
ated product must remain high in proton content.
Investigations of the chemical and physical processes
which occur during proton-lithium exchange are cur-
rently being undertaken within our group and will be
the subject of future reports.
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CM960287S

4LiMnIIIMnIVO4 + 8H+ f

3MnIV2O4 + 4Li+ + 2Mn2+ + 4H2O

MnIV2O4 + nLiOH f

LinMnIIInMnIV2-nO4 + n/2H2O + n/4O2
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