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Rechargeable batteries using LiMn,0O, cathodes are commercially attractive, if the problem
of excessive capacity fading can be overcome. The cycling properties of these systems can be
improved by partial metal substitution for the Mn. To understand the correlation between
electrode performance and composition, Mn, Co, and Ni L-edge XAS and XES spectra of a
series of LiMn,-yMe,O4 samples (Me = Co, Ni, Li) were recorded. Cobalt is shown to substitute
into the spinel system as Co(lll) and nickel as Ni(ll). A positive correlation between the
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cycling stability of the electrode and the covalency of the Mn is observed.

Introduction

Rechargeable batteries based on LiMn,O, cathodes
have been suggested as a commercially viable alterna-
tive to the current nickel- and cobalt-based systems due
to their relatively high specific energy, low toxicity, and
low cost.! The useful cycling range of these systems is
3.0—4.4 V (vs Li/Li'), with the electrode cycling between
LiMn,0O,4 and a delithiated form, LiyMn;0O4 (0.05 < x <
0.20).27* The electrochemically delithiated LixMn,Oy is
structurally similar to the chemically prepared spinel,
A-MnO,.4 Both LiMn,0,4 and the delithiated LixMn;04
possess a spinel structure (A[B2]O4) where the Li atoms
occupy the “A” or tetrahedral sites and the Mn atoms
occupy “B” or octahedral sites. The Mn** atoms in
LiMn,0O,4 possess cubic symmetry whereas the Mn3+
atoms undergo a Jahn—Teller distortion>® that causes
an expansion of the spinel lattice. Successive expansion
and contraction of the lattice during cycling of the
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electrode can cause structural breakdown. This is
thought to be a major contributor to the capacity fading
observed upon repeated cycling” which prevents these
systems from being successfully commercialized.
Partial substitution of metal cations for the Mn can
significantly improve the cycling of these electrode
materials,”11 but at the expense of a decrease in initial
capacity within the useful voltage window (i.e., below
4.5 V). It has been suggested that the lowered initial
capacity in LiMny-yMe,O, electrodes (Me = metal) is
due to the increase of Mn*™ and corresponding decrease
of Mn3* in the substituted systems, as compared to
LiMn,04.212 Less Mn3* should lead to less tetragonal
distortion and result in a reduced probability of struc-
tural breakdown and enhanced cycling performance.”
Many studies have shown substitution to enhance the
cycling stability of LiMn,O4-based electrodes; a few also
contrast the effect of different metal substituents over
a range of substitution levels.®1%13 (We note that
comparing data from different groups is exceedingly
difficult and can be very misleading due to the varia-
tions in cycling conditions employed.) The capacity
retention after 80 cycles of both Co and Ni substituted
electrodes, as found by Liu and co-workers,C is tabu-
lated and plotted in the Appendix. For a given nominal
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oxidation state of Mn, data from Liu et al. indicate that
electrodes that have been substituted with Co cycle
more stably than those that have been substituted with
Ni. However, the relationship between the type and
amount of metal substitution and the cycling enhance-
ment has not been adequately explained. It has been
suggested that the metal—oxygen bond strength may
play a role in the integrity of the spinel and thus the
electrode behavior although a clear correlation between
bond strength and cycling stability was not observed.®
In addition, a change in covalency resulting from
different metal substituents may affect the cycling
properties in partially substituted electrodes.*

Much effort has been devoted to using X-ray absorp-
tion spectroscopy (XAS) to study transition metal cata-
lytic systems, taking advantage of the element-specific
nature of this technique. Both “soft” (100—1200 eV) and
“hard” (1200—12000 eV) XAS have been used to inves-
tigate a variety of metal centers, although predomi-
nantly “hard” XAS, namely XANES and EXAFS, has
been applied to date in the study of LiMn,O4
batteries.>615-20 The benefit of using “soft” X-rays to
study 3d transition metals is the longer core hole
lifetime of the L-edge transitions which occur in this
region, compared to the corresponding K-edges in the
“hard” X-ray regime. This decrease in line width leads
to better-resolved features in the spectra. Ly ;;-edge
XAS of transition metals can be a sensitive probe of the
oxidation and spin state of transition metal sites, as has
been shown previously.21—26

In addition, L-edge X-ray emission spectroscopy (XES)
of transition metals is a highly sensitive probe of
covalency. Changes in the L-emission spectra as a
function of oxidation for first row transition metals were
first reported by Fischer using electron excitation.?” The
dependence of the L-XES on both the oxidation state
and the covalency of Cu compounds has been intensely
investigated.?8—31 The higher the degree of covalency,
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the larger the ratio of L, /Lg. This effect has also been
observed for Mn complexes using Bremsstrahlung from
a chromium X-ray tube for the excitation radiation.32
We have more recently probed similar systems using
monochromatic synchrotron radiation and have ob-
tained spectra with better statistics and resolution.33

To probe the covalency and to better understand the
correlation between electrode performance and electrode
composition, we have measured soft X-ray absorption
and emission spectra on a series of LiMny-yMeyO4
electrode materials (Me = Co, Ni, Liand 0 <y < 0.5).
This work constitutes, to our knowledge, the first
combined soft X-ray absorption and emission study of
LiMn,04-based electrode materials.

Experimental Section

Manganese L-absorption experiments were performed on
Beamline 6.3.2 at the Advanced Light Source (located at
Lawrence Berkeley National Laboratory). This is a bend
magnet beamline with a Hettrick—Underwood-type monochro-
mator capable of high-energy resolution.®* A 1200 lines/mm
grating with an exit slit of 13.5 um resulted in a resolving
power (E/AE) of better than 4800 at the Mn L,;-edge. The
monochromator position was calibrated as has been previously
described.3* The manganese absorption was recorded by using
a Galileo channeltron to monitor the electron yield from the
sample as a function of excitation energy. The incident
intensity (Im) of the X-ray beam was recorded as the current
from the refocusing mirror. To take into account any differ-
ences between |, and the incident intensity on the sample, a
spectrum was recorded which consisted of the incident beam
intensity measured with a pop-in photodiode just upstream
of the sample divided by the mirror current (lo/lm). The
absorption spectra were divided by the I, recorded simulta-
neously with the absorption from the sample and then by (lo/
Im). A linear background fit to the preedge region was
subtracted from the spectra which were then normalized to
unit intensity at the L -peak.

Cobalt and nickel L-absorption spectra were measured on
Beamline 8.0.1 at the Advanced Light Source. This is an
undulator beamline with a spherical grating monochromator,
as has been previously described.®® A 925 lines/mm grating
with entrance and exit slits of 25 um resulted in a resolving
power of ~4000. The transition metal L-absorption spectra
were measured by collecting the total sample current and
dividing by the incident intensity monitored by the current
from a gold mesh in the beampath. The background and
normalization procedure was the same as that described for
the Mn data. Spectra were energy calibrated by comparison
to data recorded previously on Beamline 6.3.2.

Manganese, cobalt, and nickel emission measurements were
recorded using the University of Tennessee soft X-ray fluo-
rescence endstation located on Beamline 8.0.1 at the Advanced
Light Source. A 925 lines/mm grating was used to monochro-
matize the above threshold excitation energy for the emission
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measurements (Mn, =670 eV; Co, =825 eV; Ni, = 900 eV). The
soft X-ray fluorescence endstation®® consists of a Rowland
circle-type emission spectrometer with a fixed entrance slit
and a 1500 lines/mm grating mounted on a 10-m Rowland
circle. The X-ray fluorescence is refocused onto a multichannel
plate area detector, enabling the entire emission spectrum to
be obtained without scanning the detector. With an entrance
slit of 50 um, the resolution of this detector corresponds to ~1.1
eV in the Mn fluorescence region and 1.6 and 2.0 eV in the Co
and Ni fluorescence regions, respectively. Mn emission spectra
were calibrated relative to the Lz emission of MnO;% Co and
Ni emission spectra were calibrated relative to the Lgg
emission of Co and Ni foils, respectively.®” All emission spectra
were set to zero intensity ~20 eV above the L,z emission,
normalized to unit intensity at the Lg peak, and smoothed over
a 13-point region using the commercially available program
Origin.

The LiMn,0O, and LiMn;-yMe,O4 (y < 0.25 and Me = Co,
Ni, Li) samples were prepared by grinding together stoichio-
metric amounts of MnO, (CMD, Japan Metals and Chemicals),
LiOH-H,0O (Spectrum Chemical), and NiCO3 (Alfa-Aesar) or
CoCO3 (JT Baker) in n-hexane. The mixtures were twice
heated in air at 20 °C/min to 750 °C for 40 h on a precondi-
tioned alumina boat, cooled at 0.8 °C/min, and reground in
n-hexane. Highly substituted spinels (y > 0.25) were synthe-
sized using all carbonate precursors (Li.CO; and MnCOg3 from
JT Baker). The synthesis conditions were identical to those
mentioned above except for dwell times of 36 h for LiMn;s-
C00504 and 120h for LiMnysNios04. Further details concerning
the synthesis of the Mn-substituted compounds can be found
elsewhere.?® NiO and CoO were used as obtained from Aldrich
Chemical Co.; LiCoO; and LiNiO, were used as obtained from
Merck/EM Science.

The structures of all LiMn;O4 and LiMn;-yMe,O, samples
were confirmed by X-ray powder diffraction measurements.
The LiMn1.75Nio 2504 and LiMn1sNiosO4 may have contained
a small amount (<2 wt %) of a Li;—«NixO impurity phase as
discussed elsewhere.®® However, the lattice parameters of these
compounds agreed with those published for pure LiMny 7s-
Nio 2504 and LiMn;sNigsO, samples.®® For the series of
LiMn,-yMe,O, electrode materials (Me = Co, Ni, Li) used in
this study, a linear correlation between the relative percentage
of Mn®* and the initial capacity was obtained (r? = 0.988).

Samples run in the fluorescence endstation were finely
powdered, either pressed into pellets or layered on Si wafers,
and mounted in the chamber at a grazing angle of ~22° with
respect to the incoming beam. Pellets for Mn absorption
experiments were affixed to a sample slide that was placed
perpendicular to the incoming X-ray beam.

Results and Discussion

The Co and Ni L-absorption data from a series of
LiMn,-yMe,O4 electrode materials (Me = Co, Ni) and
model compounds are shown in Figure 1. There are two
main peaks in the spectra which are due to electronic
transitions to the 3d levels from the 2p%2 and 2p2 levels
and are denoted Ly, and Ly, respectively.

For the electrode materials, the Co L, peak occurs
at 780.5 eV and the Ly, is at 794.8 eV (Figure 1, left).
Within the signal-to-noise of the data, the LiCoyMn,—yO4
spectra are virtually unchanged with increasing amounts
of cobalt substitution. The sharp peaks with high-energy
shoulders in both the L;;; and L, regions and a low
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Figure 1. Co and Ni L-absorption spectra of LiMn,_,Me,O,
electrode materials (Me = Co, Ni): (left) Co L-absorption
spectra from Co(l1)O, three samples with different amounts
of Co substitution (y = 0.10, 0.25, 0.50), and LiCo(l11)O, and
(right) Ni L-absorption spectra from LiNi(I11)O, three samples
with different amounts of Ni substitution (y = 0.10, 0.175,
0.50), and Ni(I1)O.
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energy shoulder in the Ly, region strongly resemble the
experimental spectrum of LiCo(l11)O,. Co(ll) spectra, as
demonstrated by the spectrum of Co(11)O, have multiple
features in the Ly, region which cover a larger energy
range and also exhibit a broader L, peak than Co(lll)
spectra. This contrast in Co(ll) versus Co(lll) spectral
features has been observed previously and can be
simulated with atomic multiplet calculations.?®24 We
therefore conclude that the cobalt substitutes for man-
ganese in LiMn,-yMeyO, electrode materials as Co(ll1)
and remains unchanged upon higher levels of cobalt
substitution. Our results confirm an earlier electron
energy loss study by Suzuki et al.?> that suggested an
oxidation state of Co(lll) in LiMnCo0O4. To our knowl-
edge, spectroscopic determination of the cobalt oxidation
state in LiMn3-,Co0,04 (0 < y < 0.5) electrode materials
has not been previously demonstrated in the literature.

The two main peaks in the Ly, and Ly, regions of the
Ni L-absorption spectra occur at 853.4 and 871.0 eV,
respectively (Figure 1 right), for the electrode materials.
The spectra are again virtually unchanged with increas-
ing amounts of substitution, within the signal-to-noise
of the data. The sharp L, peak with a resolved high-
energy shoulder and the L, region split into two
partially resolved peaks with intensity only slightly
higher for the low-energy feature are practically identi-
cal to the features observed for the experimental
spectrum of Ni(l11)O and very different from the broader
features expected in both the L, and L,, regions of Ni-
(I111) spectra, represented here by the spectrum of LiNi-
(1NO,. This dependence of the shape of Ni spectra on
oxidation state has been demonstrated earlier and
simulated with atomic multiplet calculations.?® The Ni
L-edges confirm the results of a photoemission study,!!
which suggested that the nickel is present as Ni(ll) in
LiMn35Nips04. Our results also indicate that the nickel
oxidation state is independent of the degree of metal
substitution. In addition, we mention that the L-edge
technique is a precise way to probe oxidation state
changes that is also applicable to in situ measurements
of LiMn,-yMeyO4 electrode materials.

By using the oxidation state values of +1 for Li, +2
for Ni, and +3 for Co, the nominal Mn oxidation state
can be calculated for the LiMn,-yMeyO, electrode ma-
terials (Me = Li, Co, Ni and 0 = y < 0.5) used in this
study. Mn L-absorption data from two series of these
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Figure 2. Mn L-absorption spectra of LiMn,-,Me,O, electrode
materials (Me = Co, Ni, Li): (left) three different amounts of
Ni-substitution resulting in nominal oxidation states for Mn
of 3.50 (y = 0.00), 3.64 (y = 0.175), 3.71 (y = 0.25) and (right)
three different types of metal substitution (Me = Co, Ni, Li)
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samples are presented in Figure 2. The nominal Mn
oxidation state is shown to the left of each spectrum,
increasing from 3.50 to 3.71 for different amounts of Ni
substitution (Figure 2, left). The two main peaks in the
spectra, Ly;; and L, occur at approximately 643.4 and
653.8 eV, respectively. There are several resolved
features observable in the Ly region which are presum-
ably the result of multiplet splittings. Although atomic
multiplet calculations have been successfully applied to
Mn(11) compounds,?224 charge transfer (covalency) and
lower symmetry become more important for Mn(111) and
Mn(1V) and theoretical simulations have to date not
been successful.

The main difference between the three nickel-substi-
tuted spectra presented here is the shoulder marked
with an arrow which arises from the convolution of 50%
Mn(l111) and 50% Mn(IV) in LiMn,O4 and decreases as
the system comes closer to containing pure Mn(1V). In
addition, the main L, peak shifts to slightly higher
energy upon increasing the oxidation state of the Mn.
The energy shifts are roughly 0.1 eV for each increase
in nominal manganese oxidation state of ~0.1. The
magnitude of this shift is small, as expected—for oxida-
tion from pure Mn(I11) to Mn(1V), an edge shift on the
order of 1 eV is typically obtained. We note that an
earlier study'® misinterpreted Mn XAS data of LiMn,Oy,
concluding from Mn L- and K-edge data that all of the
manganese was present as Mn(lV). This has been shown
to be an incorrect interpretation from K-edge simula-
tions'” and Mn Kz emission results.® In addition, it does
not agree with other published Mn(1V) and mixed-valent
Mn(11IMn(1V) L-edge spectra.2.22

The right panel of Figure 2 shows three spectra from
substituted electrode materials with approximately the
same nominal oxidation state, 3.57 £+ 0.01, but with
varying amounts of Co, Ni, or Li substitution. The
energy of the main Ly peak remains constant for the
three spectra. In addition, there are no significant
changes in the shape of the spectra. This indicates that
the manganese in all three systems have the same
oxidation and spin states and that no major geometric
rearrangement occurs dependent on the type of metal
substituent.

Figure 3 presents the manganese L-edge XES spectra
from the same series of Ni-substituted LiMn,04 elec-
trodes as shown in the left panel of Figure 2. The 2p32
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Figure 3. Mn L-emission spectra of LiMn,-yNiyO, electrode
materials: (left) three different amounts of Ni-substitution (y
=0.00, 0.175, 0.25) and (right) a typical simulation (solid line)
of the data (circles) and the component Lorentzians (dotted
lines) of the simulation.

and 2pY2 core holes created by the absorption process
can be filled by 3d electrons, giving rise to the L, (637.5
eV) and Lg (648.5 eV) emission, respectively. Upon
increasing the nominal Mn oxidation state by a higher
level of Ni substitution, the intensity of the L, peak
(with respect to the intensity of the L peak) increases,
indicating a greater degree of covalency. Although Mn-
(I1) resonant XES spectra have been simulated by
atomic multiplet calculations,?® this method has not
been successfully applied to higher valent Mn com-
pounds. Moreover, quantitative simulation of transition
metal XES excited above threshold has remained elu-
sive, at least partially due to the initial state having a
core hole that is not well defined. However, a qualitative
understanding of the spectra is possible and can be
informative, as discussed in the following paragraphs.

The Mn valence band contains contributions from
both the transition metal and the ligands. States with
predominantly O 2p character but containing some Mn
3d character can also contribute to the L,g emission.
These states will be more tightly bound and therefore
the emission will be observed at lower energy than
emission from states with predominantly Mn 3d char-
acter. An increase in covalency will result in a larger
occupancy of the mixed O 2p—Mn 3d part of the band
and thus an increase in the intensity of the lower energy
side of the L region will be observed (see Figure 3, left
panel). This effect has been previously discussed in
relation to Mn L-XES.3240 A similar rationale has been
used together with configuration interaction theory*!
and with electronic density of states LMTO calcula-
tions*® to simulate the XPS of MnO.

We note that the L/Lg ratio of Cu compounds has
been shown to be affected by changes in concentration
(self-absorption).?® Due to the proximity of the Cu Lg
emission to the Cu L, absorption threshold, self-
absorption of the Lg emission can occur. In this process,
a 2p'?2 core hole is filled and the resulting Ls photon
creates a 2p%2 core hole that can then be filled by a 3d
electron, leading to L, fluorescence. The Lg photon can
also be absorbed by other Cu atoms and thus an
increase in the concentration of Cu in alloys enhances
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this effect. However, we did not see any evidence for
concentration dependence of the L,/Lg ratio in the Mn
powders we have previously examined.3® Additionally,
increasing the Ni substitution would result in a decrease
in the Mn concentration and thus a decrease in self-
absorption would be expected (smaller L./Lg ratio).
However, the dominant effect (see Figure 3) upon
increased Ni substitution is an increase in the L/Lg
ratio.

In addition, Cu compounds have been shown to have
L./Ls ratios which decrease with an increase in oxida-
tion state?*—in contrast to the increase in L/Ls ratio
we see with Mn(I1) through Mn(1V) compounds. As Cu
is oxidized, this change is accompanied by an increase
in the band gap from Cu metal (0 eV band gap) to Cu(l)
(semiconductors) to Cu(ll) (semiconductors or insula-
tors). Increasing the band gap will decrease the rate of
L, — LgV Coster—Kronig decay. A 2p32 core hole is again
generated at the expense of a 2pY/2 core hole but, in this
case, a valence band electron is promoted to the conduc-
tion band. The smaller the band gap, the more likely
the possibility of Coster—Kronig decay, the larger the
number of 2p¥2 core holes and chance of L, fluorescence,
and thus the inverse correlation of the L,/Lg ratio with
oxidation state in Cu compounds.?® This also explains
why Mn metal has a much larger L, /L ratio than
oxidized Mn compounds which are typically classified
as insulators. We therefore do not expect L, — L3V
Coster—Kronig decay to play a significant role in the
dependence of the L,/Lg ratio on the oxidation state of
the Mn compounds measured in this study.

The correlation of the increase in Ly/Ls ratio with
increase in covalency is thought to play the predominant
role in the oxidation state dependence of the L./Lg ratio
for Mn(I1) through Mn(IV) compounds.3? To quantify
this correlation of increased covalency with higher Mn
oxidation states, the Mn L-XES spectra from a series
of LiMn,-yMe,O, electrode materials (Me = Co, Ni, Li)
with nominal Mn oxidation states within the range of
3.5—3.7 were simulated with a series of Lorentzians.
The L/Ls ratio is then obtained by adding the inte-
grated areas of the Lorentzian components of the L,
peak and dividing this quantity by the sum of the
integrated areas of the Lg Lorentzian components. The
minimum number of Lorentzians needed was found to
be four and a typical simulation is shown in the right
panel of Figure 3. Because of experimental broadening,
the Lg region can include a contribution from the elastic
scatter, even with excitation well above the absorption
threshold. In the case of slightly different excitation
energies, varying amounts of the low-energy “tails” of
the elastic peak contribute to the Lg region. To compen-
sate for this effect, the L,/Lg ratios were divided by the
Lo/Ls of a sample of LiMn,04 that was recorded under
the same experimental conditions. We will hereafter
refer to this quantity as the relative covalence. To
confirm the validity of this arbitrary normalization
procedure, the L,/Lg ratios from two different electrode
materials were plotted versus several above-threshold
excitation energies (data not shown). Both sets of data
were found to have the same slope.

The dependence of the relative covalence on partial
metal substitution of LiMn,O4 by Co, Ni, and Li is
shown in Figure 4 and Table 1. As the manganese
oxidation state is increased by increased substitution
with Co, the covalency of the Mn is increased. A similar
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Figure 4. Dependence of the relative covalence of
LiMn;-yMeyO, electrode materials on the nominal Mn oxida-
tion state. Me = Li (circle), Co (triangles), Ni (squares).

Table 1. Parameters of LiMn,04-Based Electrode

Materials
av Mn Lo/Lp
sample LiMnz-yMeyO4 oxidation state ratio
y=0 3.500 1.000
Me = Co,y =0.10 3.526 1.033
Me = Co,y =0.25 3.571 1.081
Me = Co, y = 0.50 3.667 1.152
Me = Ni, y=0.10 3.579 1.068
Me = Ni,y =0.15 3.622 1.093
Me = Ni, y = 0.175 3.644 1.107
Me = Ni,y =0.25 3.714 1.131
Me = Li,y =1.05 3.564 1.045

trend is observed for Ni substitution. In addition, for a
given average nominal Mn oxidation state, a sample
substituted with Co is more covalent than one substi-
tuted with Ni which is in turn more covalent than a
sample with Li substitution. (Again, the observed trend
is the opposite of what would be expected if the
concentration of Mn in these spinels was playing a
dominant role in the L./Ls ratio.) We have correlated
the calculated percent covalency for MnOg octahedra*?
with our previously published Mn L-emission data33 for
different oxidation states of Mn. We estimate that a 1%
increase in the Mn Ld/Ls ratio corresponds to an
increase in covalency of ~1.6%. Thus, at a nominal
manganese oxidation state of 3.56, the Co-substituted
sample is ~3% more covalent than the Ni-substituted
sample which is in turn ~2% more covalent than the
Li-substituted sample. Increasing the nominal Mn
oxidation state increases the divergence of the relative
covalence curves. At a nominal Mn oxidation state of
3.64, the difference in the Mn covalency between Co-
and Ni-substituted samples becomes ~5%.

Figure 5 shows the Co and Ni L-emission spectra of
several of the substituted LiMn;-yMeyO, electrode
materials (y = 0.10, 0.50). The main peaks of the Co
Lo emission occur at approximately 777.3 and 791.7
eV and the Ni L, at 851.8 and 868.9 eV. Both the Co
and the Ni emission spectra show little change with
increased levels of substitution. Only a very slight
narrowing of the L, peak is observed when the substitu-
tion level is raised to y = 0.50 from y = 0.10. (Contrast
with Figure 3 where y varies from 0 to 0.25 in Ni-
substituted LiMn;-yMeyO, electrode materials.) This
suggests that the electronic structure of the Ni or Co
substituent is relatively unaffected by increased sub-

(42) Sherman, D. M. Am. Mineralog. 1984, 69, 788.
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Figure 5. Co and Ni L-emission spectra of LiMn,-yMeyO4
electrode materials (Me = Co, Ni): (left) Co L-emission spectra
from two samples with different amounts of Co-substitution
(y = 0.10, 0.50) and (right) Ni L-emission spectra from two
samples with different amounts of Ni-substitution (y = 0.10,
0.50).

stitution, at least up to the levels of substitution
presented here.

Conclusions

By using Co and Ni L;;;;-edge XAS as a fingerprint
technique, we have shown that cobalt substitutes
for manganese as Co(lll) and nickel as Ni(ll) in
LiMn;-yMeyO, electrode materials (y < 0.5). The oxida-
tion state of the metal substituent is invariant with
respect to the level of substitution in the LiMn;-yMeyO4
electrode materials (y < 0.5) studied here.

The Mn L-absorption spectra of LiMn,-y,Me,O4 elec-
trode materials (Me = Co, Ni, Li) reflect the nominal
average Mn oxidation state of the LiMn,O4-based
electrode materials. In addition, the electronic structure
surrounding the substituent (Co or Ni), as probed by
both XAS and XES at the Co and Ni L-edges is relatively
unaffected by increased levels of substitution. These
results clearly do not explain the differences in sub-
stituent-dependent cycling behavior as seen by research-
ers such as W. Liu et al.10

In contrast, by using the technique of Mn L-emission
to probe the covalency of LiMny-yMeyO,4 electrode
materials (Me = Co, Ni, Li), we have shown that for a
given nominal Mn oxidation state, the manganese
covalency of Co-substituted electrode materials is greater
than that with Me = Ni which is greater than that for
Me = Li. This increase in covalency of LiMn,-yMe,O4
electrode materials with Me = Co as compared to Me =
Ni mirrors the increase in capacity retention as seen
by W. Liu et al.’0 Greater covalency is expected to be
beneficial to electrode performance. The more covalent
the Mn—0O bond, the stronger the bond, making the
spinel structure more resistant to the destructive ex-
pansion and contraction observed in LiMn,O, electrodes.

As the capacity retention and manganese covalency
increase, the crystal radius of the substituent is de-
creasing (effective crystal radius: Litox = 0.90 A,
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Figure 6.

Ni2* ot = 0.83 A, Co3* ot = 0.69 A%3) while the oxidation
state of the substituent is increasing (LiT™ < Ni2t <
Co®"). Further experiments with different types of metal
substitutions will help to determine the driving force
for the observed differences in manganese covalency to
allow further feedback for battery development.

We have shown that integrated intensity ratios of Mn
L. and Lg emission can be used to determine the relative
covalency of potential electrode active materials. The
positive correlation observed between manganese cova-
lency and capacity retention provides an explanation of
improved cycling properties as a function of metal
substitution. This knowledge provides important feed-
back for the engineering of higher performing recharge-
able battery materials.
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Appendix

Capacity Retention of LiMn,04-Based Electrode Ma-
terials (data taken from Liu and co-workers??), shown
both in figure (Figure 6, Co (triangles), Ni (squares))
and table (Table 2) format.

Table 2

av Mn capacity retention

sample LiMn,-yMe,O4  oxidation state  after 80 cycles (%)
y=0 3.50 71.2
Me = Ni, y = 0.04 3.53 83.0
Me = Ni, y =0.20 3.67 93.1
Me = Co, y = 0.04 3.51 84.3
Me = Co, y = 0.20 3.56 92.4

CM990366E

(43) Shannon, R. D. Acta Crystallogr. 1976, 32, 751.



