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Rare-earth Nd, Ce and Yb substitutions into the Li2MnO3 structure via the
general formula Li2Mnx(Nd, Ce, Yb)1�xO3 were investigated according to the
crystal structure transitions and the influences on their electronic structure
properties. The results of the x-ray diffraction patterns were studied in coor-
dination with the electronic structure properties by the x-ray absorption near-
edge spectroscopy technique. 4f levels were selected as the main playground in
the study due to their interesting relations yielding fruitful physical phe-
nomena in the materials that were reported in so many studies. Among the
substituted samples, the sample for Ce 80% was determined to be the most
interesting sample showing band broadening with the strongest overlapped
electronic levels that built larger molecular bands.
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INTRODUCTION

The importance of mobile technologies drives an
incontrovertible demand for high-capacity, mobile
energy supplies with long durations. Research on
mobile energy supplies promoted huge interest in
developing better lithium ion batteries with lower
cost and higher performance. The main playground
on batteries are mainly focused on the cathode of
the batteries due to its narrow range in materials.
Cathode material Li2MnO3 has been intensively
studied with Ni- and Co-doped products. However,
these cathode materials have an important problem
due to oxygen loss that causes an irreversible
capacity loss.1,2 Besides, the toxic nature of Co force
researchers to investigate alternative non-toxic
materials that can compensate the performance
loss in no-Co cathode materials. Li2MnO3 forms in a
monoclinic geometry with a space group of ‘‘C2/
m:b1’’.3 In this geometry, lithium and manganese
atoms occupy the octahedral sites. Due to the atomic
configurations in the geometry, no more ‘‘Li’’ atom

addition to this structure is possible and Mn5+ can
not be oxidized further.4 However, Pasero and his
colleagues reported a reversible oxygen loss in
Li2MnO3 by heating above 600�C and the stoichiom-
etry around 1100�C was determined as Li2MnO2.97

with 1% of the oxygen lost.5 Oxygen activity in the
Li2MnO3 was also treated as a trigger that activates
the Mn sites as the redox center in the lithium
extraction process.6,7

In this study, cathode materials containing both
transition metal (TM) and rare-earth (RE) elements
are of interest via the general formula Li2Mnx

(RE)1�xO3, where the REs used are cerium, neody-
mium or ytterbium. Interactions between TM and
RE elements are subjects of recent scientific
research due to an unusual phenomena yielding
desired optical, electrical, electronic and/or mag-
netic properties. Strong electronic correlations
between 3d and 4f level electrons are subject to many
studies and seems a disputed candidate for future
studies.8–11 The electronic response of the Mn 3d
levels to the unoccupied Ce, Nd and Yb 4f levels were
chosen as the center of interest. In Li-ion batteries,
efficiency of the batteries is related to Li ion transfer
capabilities during charge/discharge activities,
which is mainly controlled by other cathode
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materials. Thus, the work to improve cathode mate-
rials depends on studying the materials in every
aspect; physical or chemical. RE-substituted cathode
materials are investigated in this study as new
candidate cathode materials, and this study is aimed
to probe their crystal and electronic properties.

Experimental

The RE-substituted samples with the general
formula Li2Mnx(RE)1�xO3, where x has a value of
0.2, 0.5 and 0.8, were synthesized from the stoichio-
metric mixtures of Li2O3, MnO2, Nd2O3, CeO2 and
Yb2O3 powder compounds as starting materials
with high purity (>99.99%) by the solid-state
reaction method. The mixed powders were milled
in a Retsch rm200 mortar grinder with an agate ball
for 30 min at 100 rpm speed and annealed in air at
550�C for 4 h. After annealing, secondary milling
was applied to the powders for 30 min and they
were again annealed in air at 950�C for 48 h.

The properties of the materials mostly depend on
their crystal structure properties and their mor-
phology. To support the x-ray diffraction (XRD)
patterns, scanning electron microscope (SEM)
images were also taken at the Advanced Materials
Research Center of Mersin University (MEITAM)
with a Zeiss Supra55 field emission SEM (FE-SEM)
imaging machine. From the images, it is clear that
the change in both the substituted atom and
substitution ratios of the sample cause different
sample morphology that is highly related to their
electrical properties. Estimated average grain sizes
for the samples are given in Fig. 1.

The electronic transportation in the materials are
related to the media that electrons can hop. The
grain size and porous structures of the materials
have a great influence on the materials’ electrical
conductivity and they are related to the crystal
texture properties of the samples. Several studies
reported the direct relation of the grain sizes and
porosity on the electrical conductivity of the

materials.12 The morphology of the samples can be
best addressed by the crystallite sizes formed in the
crystals. Average crystallite sizes of the substituted
samples are calculated by using the taken XRD
patterns data via Scherrer’s formula 13 given as:

A ¼ Kk= b Coshð Þ ð1Þ

where A is the average crystallite size, k is the
wavelength of the used x-ray beam (0.154056 nm),
K is the Scherrer constant (0.94), h is the Bragg
angle and b is the full width half maximum
(FWHM) of the diffraction. According to the for-
mula, the calculated average crystallite sizes for
Nd-, Ce- and Yb-substituted materials are 50 nm,
38 nm and 27 nm, respectively. The smallest crys-
tallites sizes were estimated for Yb-substituted
samples. Crystal structure properties of the samples
were studied by XRD patterns taken at the
MEITAM laboratories of Mersin University with a
Rigaku Smartlab model using Cu-a light. Crystal
structure analysis were performed by the MAUD
software which is for material analysis using
diffraction (MAUD) patterns. It is a diffraction/
reflectivity analysis code, mainly based on the
Rietveld method.14 XRD patterns of all samples of
the analysis are given in Table I for each sample.

Through the crystal structure analysis, electronic
structure properties of the samples were studied
accordingly. The electronic properties of the samples
were studied with the collected x-ray absorption near-
edge (XANES) data by performing measurements at
the MAX-Lab synchrotron radiation facility of Lund
University in Lund, Sweden. Mn L3,2-edge and O K-
edge XANES data were collected at Beamline I1011 on
MAX-Lab in total electron yield (TEY) mode at room
temperature and under ultra-high vacuum (UHV;
�10�10 Torr) conditions. The Beamline I1011 is
located on the ring MAX-II with an elliptically polar-
izing undulator and provides soft x-rays with a
variable polarization state.15 This interesting techni-
que in the current study provides rich data collection
for investigations on the electronic structure of the
interested materials. Besides, the analysis on the
influence of RE materials were studied with the help
of collected XAS data at BL8:XAS beamline of the
SIAM photon laboratory in Nakhon Ratchasima,
Thailand. The XANES region of an absorption spectra
lies between an energy range of approximately 30 eV
below and 50 eV above the main absorption edge of the
elements. Collected XANES data can provide infor-
mation about the bonding properties and electronic
structure of the interested atom with its local atomic
arrangements in the materials.15–17

RESULTS AND DISCUSSION

Sample Analysis

Li2MnO3

The sample Li2MnO3 has the parent formula and
is the most studied among the substituted samples.Fig. 1. Estimated grain sizes for the samples.
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The XRD pattern of the sample is given in Fig. 2 and
results of the XRD pattern analysis are given in
Table I. According to the analysis, Li2MnO3 was
determined forming in a monoclinic geometry with a
‘‘C2/m:b1’’ space group. The determined lattice param-
eters are as: a: 5.02, b: 8.49, c: 5.01 Å and b: 109.61�.
Low noise of the sample emphasizes the one-type
crystal structure in the entire bulk, however, low
intensitiesof the reflectionpeaks address low quantum
symmetry in the crystal geometry: i.e., monoclinic.

A SEM image taken from the sample is given in
Fig. 3. The sample has a large grain size with a low
porosity. The average crystallite size for Li2MnO3 is
estimated as 65 nm and has the biggest crystallites
among other samples. For further analysis to obtain
the background information of the crystal and
electronic properties, the XAS measurements were
performed. In Fig. 4, XANES spectra are given for
the Mn L3,2-edge of the Li2MnO3 sample.

The Mn L3-edge spectra of the Li2MnO3 sample
begin to rise at 635.9 eV. The L3-edge absorption
spectra are due to the 2p3/2 electron transitions to
the unoccupied states at the valence levels of the
excited Mn atoms, while L2-edge absorption is due
to the 2p1/2 electrons’ transitions. The XANES
region of a spectra can be studied in two regimes;
pre-edge and main edge. The pre-edge structure lies
just below the main absorption edge, highlighting
the forbidden transitions, crystal disorders, asym-
metries etc.; in other words, it gives a picture of the
irregularities in a structure.

Beyond the rise energy of the spectra, a shoulder-
like weak peak, which is assigned as ‘‘A’’, appears at
637 eV and a sharper peak at 638.5 eV, assigned as
‘‘B’’, appears just above this edge; they are the pre-
edge peaks. Transitions from 2p core levels to 3d

Table I. Crystal structure analysis of the Li2Mnx(RE)12xO3 samples

Substitution Crystal a b c a b c Geometry SG %

Li2MnxNd1�xO3

X = 1.0 Li2MnO3 90 109.65 90 5.026 8.515 5.054 Monoclinic C2/m:b1 100
X = 0.8 Li3Mn3Nd2O9 90 101.09 90 9.318 12.226 3.072 Monoclinic P21/c:b2 100
X = 0.5 Li3Mn3Nd2O9 90 101.15 90 8.432 15.396 5.325 Monoclinic P21/c:b2 100
X = 0.2 Li8Mn5Nd18O39 90 90 90 12.144 12.144 12.144 Cubic Pm-3n 100

Li2MnxYb1�xO3

X = 0.8 Li3Mn3Yb2O9 90 103.36 90 8.814 14.486 5.745 Monoclinic P21/c:b2 100
X = 0.5 Li8Mn5Yb18O39 90 90 90 11.936 11.936 11.936 Cubic Pm-3n 48

Li2 Mn3Yb O8 90 90 90 8.202 8.202 8.202 Cubic P213 52
X = 0.2 Li8Mn5Yb18O39 90 90 90 10.440 10.440 10.440 Cubic Pm-3n 100

Li2MnxCe1�xO3

X = 0.8 Li Mn2CeO5 90 90 90 5.526 5.526 12.301 Tetragonal P-4b2 100
X = 0.5 Li Mn2CeO5 90 90 90 5.080 5.080 10.383 Tetragonal P-4b2 100
X = 0.2 Li2Mn3CeO8 90 90 90 9.296 9.296 9.296 Cubic P4332 65

Li3Mn3Ce2O9 90 98.748 90 9.594 11.999 5.721 Monoclinic P21/c:b2 35

Fig. 2. The XRD pattern of sample Li2MnO3.

Fig. 3. SEM image of the sample Li2MnO3.
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valence levels obey the quantum selection rules (i.e.,
Dl = ±1); in other words, no forbidden transitions.
So, why do these pre-edge features appear? The only
answer is the asymmetries in crystal geometries
and possible defects causing different molecular
band formations between neighboring atoms. In the
monoclinic geometry, as in the literature, the
absorption edge energy of the Mn L3-edge is around
638 eV. However, an approximately 2-eV photon
energy shift to the lower energy side was observed
for our sample. The energy shift implies the ionic
state of Mn atoms due to oxidation with an electron
gain during bonding interactions. Mn atoms are
surrounded by neighboring oxygen and lithium
atoms which are the only members to form a
geometry around it. Ionic properties of the atoms
force them to get closer to each other in shorter
distances that may cause a high overlap between
outer shell electrons if their potential energies are

close enough. In such a case, they can build up
larger and stronger molecular bands with low (t2g)
and high (eg) energy levels. Five-fold degeneracy of
the transition metals (Mn) supports stronger molec-
ular formations and, due to these properties, TMs
are the elements of most popular interest in mate-
rials researches. The intensities of the absorption
edges are also related to the unoccupied states as a
final state for the excited electrons at the valence
level. The sharper peak and higher intensity of the
main edge ‘‘C’’ has a maximum at 640.8 eV,
addressing more levels available for transitions
over the Fermi level as a final state; the 4p level
of Mn atom. The absorption peak is a result of 2p3/2

electrons transitioning to a empty 4p level.
In all samples, oxygen is the common member

among other elements. To achieve better analysis
results, O K-edge spectra in the sample can provide a
better view to understand the bonding mechanisms.
In Fig. 5, O K-edge spectra of the sample are given.
The K-edge absorption spectra of O correspond to 1s
core electrons’ transition to the unoccupied2pvalence
levels as a final state. The multiple peak structure on
the spectra confirms five-folded 3d contributions of
the Mn atoms on the built molecular bonds located at
different angles. The spectra begin to rise at 525 eV
and a sharp pre-edge structure appeared with a
maximum at 527.7 eV. The sharp pre-edge ‘‘A’’ con-
firms the availability of unoccupied states, the rich
site symmetry and the strength of the overlapped
bonds of 3d–2p hybridization with low t2g energy
levels. Beyond the sharp pre-edge, another peak ‘‘B’’
at 539.7 eV appeared. This peak presents higher
energy levels (eg) on the hybridized molecular band
and it is a result of different orientation of Mn atoms
in the geometry. Beyond the pre-edge part, the main
K-edge absorption spectra raise with the same char-
acteristics, denote the asymmetry in the bulk and
yield four different peaks at (C) 536 eV, (D) 538.4 eV,
(E) 540.65 eV and (F) 547.18 eV, respectively. The
main edge corresponds to the transition of the core 1s
electrons to 2p valence levels as a final state.

Li2MnxNd1�xO3

This sample was prepared by Nd substitution into
the Li2MnO3 structure with the changing x values
as 0.8, 0.5 and 0.2, respectively. Neodymium has the
electronic configuration of [Xe] 6s24f4 and f-elec-
trons may contribute to the molecular band forma-
tions with their rich quantum symmetry. Influence
of the Nd substitution on the Li2MnO3 sample can
be seen from the SEM pictures in Fig. 6a–c.

According to the SEM images, surface morphol-
ogy addresses the similar textures for x = 0.8 and
0.5 samples where smaller grain sizes attracts
attention (Fig. 6a and b). Tiny grains in the image
highlight lower symmetry in the crystal geometry.
However, in Fig. 6c, larger grains confirm a more
stable geometry in the crystal. In Fig. 7, the XRD
pattern of each substituted sample is given in

Fig. 5. Oxygen K-edge XANES spectra of the Li2MnO3 sample.

Fig. 4. XANES spectra are given for the Mn L3,2-edge of the
Li2MnO3 sample.
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comparison. Varying intensities of the patterns are
consistent with the substitution rate and also make
Nd and Mn atomic reflections apparent. With the
analysis results of the XRD patterns, the samples
with x = 0.8 and 0.5 were determined to form in a
monoclinic geometry with a space group of
‘‘P21c:b2’’ in a Li3Mn3Nd2O9 crystal structure.
However, increasing Nd substitution seems to gov-
ern the crystal formations and constructs a more
stable geometry than others with bigger grain sizes.
The sample for x = 0.2, i,e., 80% Nd substitution,
were determined to form in a cubic Li8Mn5Nd18O39

structure with a ‘‘Pm–3n’’ space group according to
the XRD analysis. The background information
causing such a high change in crystal geometry
and symmetry can be identified by the XANES
study. In Fig. 8, Mn L3,2-edge XANES spectra of the
Nd-substituted sample is given.

The Mn L3-edge spectra of the Li2MnxNd1�xO3

samples have similar edge shapes and all are in
symmetry. The decays in the edge intensities are

consistent with the presented amount of the Mn
atoms in the samples. No energy shifts at the peak
symmetries in the spectra, despite different crystal
symmetry in samples, reveals stable Mn coordina-
tions preserving the same links during molecular
bonding and also conserving ionization potentials.
Mn L3-edge spectra in all samples begin to rise at
636.4 eV. As in the Li2MnO3 sample, a shoulder-like
weak peak disappeared and the sharp peak below
the main edge became sharper in the spectra at
638.5 eV. The peak became more intense with the
decrease in Mn concentration, addressing 4f-sup-
ported structural asymmetries in the crystal. Heavy
Nd atoms present a seven-folded f-symmetry and
support larger molecular band formations in the
samples. A larger molecular band is a result of
strongly overlapped interactions between outer
shell electrons of the neighboring atoms. The main
absorption edges of the samples have a maximum at
640.8 eV and it is also a result of 2p3/2 electron
transitions to an empty 4p level as a final state.

Fig. 6. SEM images of the Nd-substituted samples. (a) LiMn0.8Nd0.2O3, (b) LiMn0.5Nd0.5O3, (c) LiMn0.2Nd0.8O3.

Fig. 7. XRD patterns of all Nd-substituted samples, in comparison. Fig. 8. Mn L3,2-edge XANES spectra of the Nd-substituted sample.
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Like the sharp edge below the main edge of Mn
L3-edge, a pre-edge also appears on the L2-edge
spectra at 649.6 eV below the main edge. The edge
feature also became sharper for 20% concentration
of Mn. The maximum of the L2 main edge is at
651.2 eV. The influence of the RE Nd is clearer in O
K-edge spectra of the samples given in Fig. 9. Due to
Mn 3d levels, the O K-edge presented pre-edge
peaks due to 2p–3d hybridization, like in Li2MnO3.
With the increase in Nd concentrations, the pre-
edge peaks became sharper and were determined as
stable. The number of the peaks on the main edge
increased and reflects the 4f contributions on the
molecular band. A large main edge feature also
highlights a broad molecular band.

Li2MnxCe1�xO3

As the second step of this study, the samples were
prepared by Ce substitutions into the Li2MnO3

structure with changing x values as 0.8, 0.5 and 0.2,
respectively. The electronic configuration of cerium
is [Xe] 6s25d14f1 and its valence state is rich in
quantum symmetries like Nd. Influence of the Ce
substitution in the Li2MnO3 sample were also
studied by XRD patterns and XANES spectroscopy.
The textures of the sample surfaces are given by the
SEM images in Fig. 10a–c.

In the SEM images, according to the XRD pattern
analysis results which are given in Table I, tetrag-
onal geometry formations are clear on sample
surfaces for 20% of the Ce-substituted samples in
Fig. 10a. For 50% Ce substitution (Fig. 10b), the
grain sizes become smaller but grain shapes are also
clear. However, the samples with 80% Ce substitu-
tion (Fig. 10c) have a non-porous structure with
smaller grains separately formed on the surface.
The smaller grains on the surface confirm the two
different crystal geometries (cubic and monoclinic),
as reported in Table I. The XRD pattern of the

Ce-substituted samples can give a better view to
realize the crystal symmetries in the samples by
comparison. XRD patterns for Ce-substituted sam-
ples are given in the same window in Fig. 11.

In the figure, common reflections for the samples
are not sensitive to the changes in Mn and Ce
concentrations. However, Mn reflections have
decays while Ce reflections have increases with
the decrease in Mn concentrations. The noisy
pattern of the sample for 80% Ce confirms a
polycrystalline crystal structure and monoclinic
reflections appeared at different 2h values with
weak peak features. According to the XRD analysis,
the Ce-substituted samples formed in different
crystal structures with different geometries. The
sample for 20% Ce substitution were formed in a
tetragonal LiMn2CeO5 crystal geometry like the
50% Ce-substituted sample. However, the sample
for 80% Ce formed as a polycrystalline structure in
two different geometries: cubic Li2Mn3CeO8 and
monoclinic Li3Mn3Ce2O9, respectively.

To investigate the electronic interactions causing
the construction of the determined crystal struc-
tures in Ce-substituted samples, a Li2Mn0.5Ce0.5O3

sample (50% Ce) was selected for the study. The
findings of this sample can help us to understand
the basic electronic interactions constructing a
specified crystal structures. Mn L3,2-edge XANES
spectra of the Ce-substituted samples are given in
Fig. 12.

It is clear from the figure that, Mn L3-edge
spectra of the Li2Mn0.8Ce0.2O3 and Li2Mn0.5Ce0.5O3

samples have spectra similar with Li2MnO3 and Nd-
substituted samples. Mn L3-edge spectra of Ce-
substituted samples are all in symmetry. However,
there is a big challenge in the sample for 80% Ce
substitution. The higher unoccupied state capacity
of the 4f level highly dominates the electronic
interactions and supports the d-levels of Mn. The
decay in the sharp pre-edge intensity at 638.1 eV
with the increasing Ce concentration confirms the f-
dominant symmetry on the low energy levels of the
f–d hybridized molecular band. Rich f symmetry on
a pre-edge structure lowers the edge energy due to
band broadening. The pre-edge peak energy was
determined as 637.8 eV which means 0.3 eV energy
broadened (not shifted). Besides, polycrystalline
structure in the sample affects Mn site symmetries
and bond them to the neighboring atoms with a
different angle revealed by a tiny peak on the main
edge at 639.1 eV. The main edge peak energy was
determined as 640.8 eV. The band broadening is
also obvious on the Mn L2-edge. The position of the
edge maximum of the L2-edge is determined at
651.4 eV. As mentioned previously, O K-edge
absorption spectra of Ce-substituted samples can
address a better view on the electronic structure of
the samples. O K-edge spectra of the Ce-substituted
samples are given in Fig. 13.

As in the Mn L-edge spectra for the samples, the
band broadening is also obvious for the 80%

Fig. 9. Oxygen K-edge XANES spectra of the Nd-substituted
Li2MnO3 samples.
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Ce-substituted sample with pre-edge peaks associ-
ated with the main peak. Influence of the f-level on
the O K-edge absorption spectra is weak due to

quantum selection rules. However, via the hybri-
dized d–f levels, O 2p levels welcome more excited
electrons for the final state. Increasing main edge
intensity with the increasing Ce concentration
reflects richer quantum symmetries of hybridized
p–d–f bands with a high amount of unoccupied
states for excited 1s electrons. Due to d and f
symmetry presence in the low energy levels, excited
1s electrons tend to make transitions, mainly to the
pure 2p levels of oxygens at higher energies.

Li2MnxYb1�xO3

In the third step of the study, Yb atoms were
substituted into the Li2MnO3 structure with chang-
ing x values as 0.8, 0.5 and 0.2, respectively. The RE
Yb was also expected to be involved in the electronic
interaction with its outer shells, but with weaker 4f
level contribution than Ce and Nd. Because the 4f
level of Yb is fully occupied naturally ([Xe]4f146s2), in
atomic interactions, however, the 4f level is the only
one that can be actively involved in the mechanisms.

Fig. 10. SEM images of the Ce-substituted samples. (a) LiMn0.8Ce0.2O3, (b) LiMn0.5Ce0.5O3, (c) LiMn0.2Ce0.8O3.

Fig. 11. XRD patterns of all Ce-substituted samples, in comparison.

Fig. 12. Mn L3,2-edge XANES spectra of the Ce-substituted sample.

Fig. 13. Oxygen K-edge XANES spectra of the Ce-substituted
Li2MnO3 samples.
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Yb-substituted samples are also studied by their
inital crystal properties. The texture of the sample
surfaces are given by the SEM images in Fig. 14a–c.

Varying grain sizes with non-uniform shapes
addresses the low symmetry in the crystal geometry
in the sample. According to the XRD patterns (Table I),
the sample xith 20% Yb substitution formed in a
Li3Mn3Yb2O9 structure with a monoclinic crystal
geometry and a ‘‘P21/c:b2’’ space group. However, both
50% and 80% Yb-substituted samples were formed in
cubic geometries. The crystal structure of the sample
Li2Mn0.5Yb0.5O3 was formed as: Li8Mn5Yb18O39 with a
‘‘Pm–3n’’ space group (48% of the sample) and
Li2Mn3YbO8 with a ‘‘P213’’ space group (52% of the
sample). The sample Li2Mn0.2Yb0.8O3 was also formed
in a cubic Li8Mn5Yb18O39 crystal structure with a
‘‘Pm-3n’’ space group. The XRD patterns for the
samples are given in Fig. 15.

In the figure, varying atomic concentrations show
their reflections with parallel movements in their
special reflection intensities, while common reflec-
tions for all crystal structures are stable. Due to

possessing the same geometry in the crystal, XRD
patterns for the 50% and 80% Yb samples have a
high agreement on the peak positions. But, mono-
clinic geometry of the 20% Yb substitution show its
low symmetry with a noisy pattern with private
reflections on the 2h scale.

In Fig. 16, Mn L3,2-edge XANES spectra of the
Yb-substituted samples are given for comparison.
Like both Nd- and Ce-substituted samples, 50% and
80% Yb substitutions (Li2Mn0.8Yb0.2O3 and Li2
Mn0.5Yb0.5O3 samples, respectively) absorption
spectra have high agreement in the structures. 20%
Yb-substituted samples have similar edge features
in the spectra; however, the sample has a shift to
higher energy values. Also, despite the occupied 4f
level of Yb, it seems to dominate the electronic
interactions. According to the figure, the sharp pre-
edge peak appeared at 638.1 eV for both 50% and
80% Yb-substituted samples, and the 20% Yb-sub-
stituted sample appeared at 638.5 eV with an
0.4 eV energy shift to a higher energy side. The
shift to a higher energy side of the Mn L-edge
spectra implies extra ionization via electron loss of
Yb; Yb3+. The ionization means an emptied 6s level
and an unoccupied state at the 4f level, i.e.,
4f135s25p6. The low energy difference between the
Mn L-edge spectra of the samples means that 50%
and 80% Yb substitutions contain Yb2+ ions,
because Yb and Mn are the two elements which
can influence their electronic states with varying
ionizations. Here, the sharp pre-edge also highlights
the presence of the f–d hybridization in the molec-
ular band formations. The clue is the non-disap-
pearing sharp pre-edge intensity even in 100%-
formed cubic geometries in the samples. The
L3-edge main absorption edge energies for 20%-,
50%- and 80%-substituted samples are estimated as
640.56 eV, 640.56 eV and 640.96 eV, respectively.
Mn L2-edge spectra have the same characteristics
with the L3-edge spectra: a prominent pre-edge
below the main edge with a 0.4-eV energy shift at
the edge positions.

Fig. 14. SEM images of the Ce-substituted samples. (a) LiMn0.8Yb0.2O3, (b) LiMn0.5Yb0.5O3, (c) LiMn0.2Yb0.8O3.

Fig. 15. XRD patterns of all Yb-substituted samples, in comparison.
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The ionized Yb atoms gave extra unoccupied
states to the excited electrons in the crystal. As a
result of the Yb3+ state, oxygen 2p electrons gain
extra symmetries via hybridization with hybrid 3d–
4f bands of Mn–Yb bonds. The contribution is clear
on the compared O K-edge spectra of the substituted
samples given in Fig. 17.

Like the Mn L-edge spectra, high agreement in
the O K-edge spectra for 50% and 80% Yb-substi-
tuted samples is also obvious. Two sharp pre-edge
features at 527.2 eV and 531.5 eV are due to the d-
symmetry-rich hybrid 2p levels of O. 4f levels
contribution in the O bonds appeared with a 0.4-eV
shift at the first pre-edge peak position and an
extra pre-edge feature at 529.6 eV. As f-levels are
forbidden for 1s electrons as a final state, the
strong influence of 4f contribution on the O bond
weakens the pre-edge feature while direct

transitions to 2p levels increased the main edge
intensity.

CONCLUSIONS

In this study, cathode materials with RE Nd, Ce
and Yb substitutions into the Li2MnO3 structure via
the general formula Li2Mnx(Nd, Ce, Yb)1�xO3were
investigated based upon their crystal and electronic
properties. The crystal structure properties of the
samples were studied by XRD patterns and SEM
images. New crystal geometries for Mn–RE complexes
were determined with the varying ‘‘x’’ concentrations.
The results of the XRD patterns were studied in
coordination with the electronic structure properties
via a XANES technique. In the sample structures, RE
elements were determined to govern the electronic
processes with their rich f-levels. Among the substi-
tuted samples, the sample for Ce 80% was determined
to be the most interesting sample, showing band
broadening with the strongest overlapped electronic
levels that built larger molecular bands.
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15. I.A. Kowalik, G. Öhrwall, B.N. Jensen, R. Sankari, E. Wallen, U.
Johansson,O.Karis,andD.Arvanitis,J.Phys.211,012030(2010).

16. A.L. Ankudinov, B. Ravel, J.J. Rehr, and S.D. Conradson,
Phys. Rev. B 56, R1712 (1997).

17. B. Ravel, J. Synchrotron Radiat. 8, 314 (2001).

Yuzer and Ozkendir998


	Influence of Rare-Earth Substitution on the Crystal and Electronic Properties of a Li2MnO3 Battery Cathode
	Abstract
	Introduction
	Experimental

	Results and Discussion
	Sample Analysis
	Li2MnO3
	Li2MnxNd1minusxO3
	Li2MnxCe1minusxO3
	Li2MnxYb1minusxO3


	Conclusions
	Acknowledgement
	References




