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Extracting the Redox Orbitals in Li Battery Materials with High-Resolution X-Ray
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We present an incisive spectroscopic technique for directly probing redox orbitals based on bulk electron
momentum density measurements via high-resolution x-ray Compton scattering. Application of our
method to spinel Li,Mn, Oy, a lithium ion battery cathode material, is discussed. The orbital involved in the
lithium insertion and extraction process is shown to mainly be the oxygen 2p orbital. Moreover, the
manganese 3d states are shown to experience spatial delocalization involving 0.16 £ 0.05 electrons per Mn
site during the battery operation. Our analysis provides a clear understanding of the fundamental redox
process involved in the working of a lithium ion battery.
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The doping of oxide electronics is in some ways similar
to conventional doping of semiconductors but yields much
greater functionality through electronic control of redox
phenomena [1] with possible applications to superconduc-
tors, spintronics devices, batteries, and solar and fuel cells.
This redox paradigm is invoked, for example, when holes
are introduced in an oxide. In this case, one can consider the
concept of metal-oxygen hybridization for understanding
the role of oxygen participation in the redox orbital.
This hybridization can be interpreted as an indicator of
the electropositive character of the metal with respect to
oxygen. A prominent example involves the high T, super-
conductors where Cu** can be visualized as Cu?* with a
hole on the oxygen ligand sites [2]. Curiously, here the
copper ions become more electronegative than oxygen.
Similar effects may occur in lithium ion batteries [3-6].
In fact, significance of holes with strong O 2 p character was
indicated by soft x-ray absorption spectroscopy of Li,CoO,.
Mizokawa et al. concluded that the holes play an essential
role in the electron conductivity of the Co’*/Co** mixed
valence CoO, layer [7]. However, the complexity added by
electron correlation effects in transition metals modifies the
redox mechanism in other battery cathode materials [8].

One of the most interesting cathode materials is the spinel
Li,Mn,O, because of its low cost and a good record of
safety due to the thermodynamic stability of LiMn,O, [9].
Like magnetite [10], stoichiometric LiMn,0O, undergoes a
Verwey transition from the cubic phase to a distorted
structure below 290 K, which is attributed to the localization
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of some manganese 3d electrons and the associated lattice
distortions [11,12]. Unfortunately, this phase transition
induces volume changes, leading to the fracture of the
electrode and degradation of battery performance with
repeated lithium insertion and extraction cycles. In fact,
the manganese ions in LiMn,0O, are reported to have a
mixed valence state between Mn3™ and Mn** [13-15] with
high spin configurations favoring distortions associated with
the Verwey transition. Concerning the orbitals involved in
the redox process in Li,Mn,0,, current interpretations of
electronic structure calculations lead to contradictory pic-
tures. Some studies conclude charge transfer from lithium
to oxygen ions upon lithium insertion [16,17], while others
claim that charge transfer takes place from lithium to
manganese 3d states [18,19].

In this Letter, we clearly demonstrate the existence of the
0%~ /0O~ redox process in Li,Mn,0, with x-ray Compton
scattering by showing that variation of the hole concentration
mostly affects the 2p character of oxygen ligand sites. We
support this scenario via robust first-principles calculations
in which we include subtle disorder effects [20] due to
lithium doping and 3d electron magnetic moments.

Extracting the character of redox orbitals from inelastic
x-ray scattering data is a considerable challenge because it
involves delicate differences in spectra taken at different
lithium concentrations. Therefore, highly accurate data are
required to enable zooming in on weak changes in electron
occupancy resulting from lithium insertion or extraction,
and to thus identify footprints of redox orbitals therein.
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Moreover, one needs to measure an observable connected
to the one-body reduced density matrix operator, such as
the Compton profile J(p,), obtained from x-ray Compton
scattering experiments. Within the impulse approximation
[21,22] J(p,) is given by

1) = [[ oo)dp.a, (1)

where p = (py, py. p;) is the electron momentum and
p(p) is the electron momentum density. The natural orbitals
VU;(r) and their occupation numbers 7n; can be used to
express p(p) in term of one-particle states [23,24],

p(p) = Z”/’

In this way, the Compton profile directly probes one-
particle wave functions. A major advantage of x-ray
Compton scattering over other spectroscopies is that it
allows a bulk-sensitive measurement of a disordered system
under sample conditions of temperature, magnetic field,
and pressure. It can also probe a sample inside a metal
container, which can be penetrated by high-energy x-rays,
while other spectroscopies involving incoming or outgoing
charged particles (e.g., photoemission) cannot be used.
Moreover, the observed electron momentum density is a
ground-state property, which allows us to interpret the
experimental spectra relatively straightforwardly through
first-principles electronic structure calculations without the
complications associated with matrix element effects in
photoemission [25], positron-annihilation [26], scanning
tunneling [27], and other highly resolved spectroscopies.
In fact, x-ray Compton scattering has been used as a robust
technique for investigating wave-function characters
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FIG. 1 (color online).

[2,28,29] and Fermi surfaces [30-32] in wide classes of
materials. Compton scattering has also been applied to
study charge transfers in metal alloys [33—36] and also in Li
battery cathode materials [37]. Moreover, the determination
of the Mulliken analysis has been very successful to explain
the behavior of the Compton profile in Si clathrates [38].
Therefore, these investigations demonstrate how exqui-
sitely sensitive Compton scattering is to charge transfer.
Here, we show how this spectroscopy reveals the anion
character of the redox orbital which may play a crucial role
for the capacity of the Li batteries.

The present measurements were performed at room
temperature using the x-ray spectrometer for Compton
scattering at the BLOSW beam line of SPring-8. The
incident x-ray energy was 115 keV and the scattering
angle was 165 degrees. The energy spectrum of Compton
scattered x-rays was converted to the Compton profile [21],
which was then normalized to the total number of valence
electrons after the core electron contribution was sub-
tracted. Each profile was corrected to address absorption
contributions, analyzer and detector efficiencies, multiple
scattering contributions, and x-ray backgrounds. Here, we
employ the relativistic cross section for x-ray Compton
scattering [39]. The overall momentum resolution was 0.10
atomic units (a.u.). The valence Compton profiles from
Li,Mn, 0, for three different Li concentrations are given in
the Supplemental Material [40].

Polycrystalline samples of Li,Mn,0O, (x = 0.496, 1.079,
and 1.233) were prepared by chemical lithium extraction.
The compositions were determined by inductively coupled
plasma (ICP) measurements. X-ray powder diffraction
analyses confirmed a single spinel phase with Fd3m space
group with the lattice constants of the three samples
following Vegard’s law. Pellets of these samples, 10 mm

(b) o5 T T r ; r

— Atomic O 2p
—— Atomic Mn 3d

04} 4

0.3

0.2]

J(p,) [a.u.7]

0.1

p,la.u]

Electron momentum density distributions of the redox orbitals in Li,Mn,Oy,. (a) Difference of Compton profiles

for two different values of x, given by solid black dots for x = 1.079 and x = 0.496. AJ(p.), allows zooming in on the electron
momentum density distribution of the redox orbitals. Error bars give standard deviation with respect to x-ray photon counts at momenta
p,. Experimental distribution is reproduced by the theoretical difference Compton profile (solid red line). Inset: difference profile
between x = 1.233 and x = 1.079, together with the corresponding theoretical results. Individual experimental profiles for different x
values are given in Supplemental Materials [40]. (b) Electron momentum density distributions (Compton profiles) of atomic O 2p and
Mn 3d orbitals, showing that O 2p orbital is substantially narrower than Mn 3d. a.u. denotes atomic units.
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FIG. 2 (color online). Theoretically derived characteristics of
the redox orbitals. (a) Number of valence electrons on O sites, Mn
sites, and the interstitial region as a function of Li concentration x.
Number of electrons in interstitials (N;,, green squares, right-
hand scale) increases as Li x increases, although the number at
Mn sites (N, red filled circles, left-hand scale) is almost
constant. The number of electrons at O sites (N, blue triangles,
right-hand scale) increases slightly as x increases. (b) Density of
states (DOS) for LiMn,O,. Partial DOS contributed by muffin-tin
spheres (magenta curve) and total DOS (black curve) differ
mostly in the energy region below 0.4 Ry, where O 2p dominates.
(c) Effective Mn magnetic moment m as a function of x. We see that
m increases monotonically as x increases, as a result of electron
transfer in the Mn 3d shell from down-spin to up-spin electrons.

in diameter and 2 mm in thickness, were produced with a
cold isostatic press.

In order to extract the redox orbitals, we consider the
difference in the Compton profiles (AJ(p.)) between two
samples with different lithium concentrations as shown in
Fig. 1(a). This subtraction enables us to zoom in on changes
in electron occupancy near the Fermi level associated with
lithium insertion or extraction by eliminating contributions
of the core as well as the irrelevant valence electrons
far away from the Fermi level [2]. As Eq. (2) shows, the
electron momentum density is given by the squared
modulus of the occupied momentum-space wave functions
(connected to the position-space wave functions through a
Fourier transform). Note that, in general, each atomic
orbital yields its own distinct radial dependence in the
electron momentum density determined by the related
spherical Bessel function, which behaves as p! at small
momenta p, where [ is the orbital quantum number [43].
Therefore, an oxygen 2p orbital contributes to the electron
momentum density at low momenta, whereas the contri-
bution of manganese 3d orbitals extends to high momenta.
This implies that the Compton profile is narrow for oxygen
2p states while it is broad for manganese 3d states as

illustrated in Fig. 1(b). This tendency carries over to a
molecular state [44] and applies also to the solid state [45].
We now focus on the identification of redox orbitals
whose properties are changed by lithium insertion and
extraction. Electronic structure of the spinel Li Mn,0; is
mainly determined by the MnOg octahedron with electronic
states primarily of oxygen 2p and manganese 3d character.
The strong bonding between the oxygen 2 p and manganese
3d states produces a host structure for inserting or
extracting lithium ions reversibly without a substantial
modification of the host structure [17,18]. Lithium 2s
electrons are transferred to or removed back from redox
states located near the Fermi level. It is natural therefore to
compare the experimental spectra with calculated Compton
profiles for atomic oxygen and manganese orbitals. As
shown in Fig. 1(b), the manganese 3d orbital possesses a
much broader profile than oxygen 2p, and the oxygen 2p
profile shows a much better agreement with the experiment
with respect to momenta below p, ~ 1 a.u. [Fig. 1(a)].

A model of electronic states originating in oxygen 2p
orbitals captures the nature of redox orbitals in spinel
Li,Mn,0,. This simple atomic picture describes the main
features, even if this scheme does not include the itinerant
behavior of the solid state. The Bloch character of the one-
particle states is of course properly described in band
structure calculations. Accordingly, for a more realistic
interpretation of the spectra, we have calculated Compton
profiles for Li,Mn,O, for x = 0.0, 0.25, 0.5, 0.75, 1.0, 1.2,
and 1.5, based on first-principles Korringa-Kohn-Rostoker
coherent-potential-approximation (KKR CPA) computa-
tions within the framework of the local spin density
approximation [46,47]. In these calculations, we treat the
spinel structure of Li,Mn,O, in which lithium and empty
sites are randomly occupied by lithium atoms and vacan-
cies [48] with appropriate probabilities. Our results for
pristine LiMn,O, are in excellent agreement with the full
potential calculations obtained within the WIEN2K code
[49], demonstrating the high quality of our basis set. The
orientation of spin at each atomic site has also been treated
randomly to simulate a spin-glass-like behavior produced by
the geometrical frustration of the antiferromagnetic ordering
in the pyrochlore network in the spinel structure, combined
with the substitution disorder related to lithium doping.

As shown in Fig. 1(a), the theoretical difference
Compton profile between x = 0.5 and x = 1.0, x =1.0
and x = 1.2 shows an excellent agreement with experi-
ment, indicating that the present calculations capture
correctly the key features of the electronic structure and
the associated electron momentum density distribution.
These electronic structure calculations thus provide a
reliable tool for identifying the redox orbitals.

Figure 2(a) shows clearly that the number of electrons in
the interstitial region increases as the lithium concentration
increases, while the number of electrons at the manganese
sites is almost constant. The number of electrons within the
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oxygen muffin-tin radius is also constant, but some of the
extra charge in the interstitial region belongs to the oxygens
since the oxygen ionic radius is larger than the muffin-tin
radius. This can be confirmed through an analysis of partial
densities of states (partial DOS) associated with just the
muffin-tin spheres compared to the total contribution from
all the electrons (total DOS), including those in the
interstitial region [Fig. 2(b)]. These comparisons mostly
differ in the region where the oxygen 2p dominates. We
also carried out a Mulliken population analysis using the
CRYSTALO9 code [50,51], which shows clearly that 0.96
electrons of lithium 2s go to oxygen 2p orbitals when the
lithium concentration goes from 0 to 1.

Interestingly, our analysis shows that, for Li,Mn,0, with
0 < x < 1, the redox orbitals display a large delocalized
oxygen 2 p character, indicating high anionic redox activity.
The delocalization of redox orbitals makes electron trans-
port possible in the cathode. Therefore, this effect is an
important condition for facile redox reactions inside the
cathode materials. The importance of oxygen character
has also been noted by Mizokawa et al. in a soft x-ray
absorption study of Li,CoO, [7], and opens a possible
pathway for developing higher capacity cathode materials
[52,53]. The present approach combining x-ray Compton
scattering measurements with first-principles modeling
provides a unique method for quantitatively extracting
and monitoring anionic character in redox orbitals.

Although oxygen 2p states play a dominant role in the
redox process, the manganese 3d states control the
magnetic properties. KKR CPA calculations in Fig. 2(c)
predict that the effective magnetic moment of manganese
atoms increases as the lithium concentration increases
if the system is described by a spin-glass-like behavior
with randomly oriented manganese effective moments.
Strengthening of the manganese effective magnetic
moment with lithium insertion is consistent with muon
spin rotation experiments [54] but contradicts other
electronic structure calculations performed for ferromag-
netic or antiferromagnetic spin configurations [19].

Interestingly, the observed negative part between 1 a.u.
and 2 a.u. in the difference Compton profile [see Fig. 1(a)]
can be accounted for if some d electrons are transferred
from localized to less localized d states as shown in
Fig. 3(a). We can estimate that the number of electrons
in the negative part of the difference Compton profile is
0.16 £ 0.05 per lithium atom, indicating that if one electron
goes from the valence of lithium to a delocalized O 2p
orbital, this transfer induces a wave-function modification
of about 0.16 electrons in the manganese 3d shell. The
small uncertainty of about 0.05 electrons demonstrates that
the negative excursion is a robust feature in momentum
space. A similar error analysis has been used to analyze
wave-function localization properties in manganites from
Compton profiles [29]. Nevertheless, the manganese 3d
partial DOS in Fig. 3(b) shows that the total number of d
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FIG. 3 (color online). Effect of Mn 3d localization on electron
momentum density distribution. (a) Upper panel:hydrogenlike
atomic orbital calculations simulate the effect of Mn 3d locali-
zation on electron momentum density distribution (Compton
profile), where the effective charge (Z.) is 7 for Li,Mn,O, (red
curve) and 7.5 for Mn,O, (blue curve). Lower panel: the
difference between Li,Mn,0, and Mn,0O, reproduces the neg-
ative part between p, = 1.5 a.u. and p, =4 a.u. observed in
experiment [Fig. 1(a)]. (b) Mn 3d partial DOS for Mn,0,4 and
LiMn,0, from KKR CPA calculations. The peaks of the Mn 3d
partial DOS become more atomiclike as the Li concentration
increases. (c) Radial wave function of the Mn 3d orbital. Insertion
of Li induces a delocalization of the d electrons in real space.

electrons does not change much at the manganese site,
suggesting that a strict definition of ionic d states is not
very meaningful in the present case. Moreover, when
x > 1, the negative part of the Compton profile difference
(x = 1.233) — (x = 1.079) disappears since the number of
electrons in this region is estimated to be zero within the
present error bars. In fact, according to the KKR CPA
calculations corresponding to the Compton profile differ-
ence (x =12)— (x=1.0), the negative excursion is
absent as shown in the inset of Fig. 1(a). Therefore, in this
regime, the behavior of the Mn 3d wave functions no longer
follows the delocalization pattern depicted in Fig. 3(c).

In conclusion, our study demonstrates the suitability of
high-resolution x-ray Compton scattering as a direct and
bulk-sensitive probe of the active orbitals in the Li,Mn, O,
redox process. The x-ray Compton spectra provide a robust
signature (insensitive to defects, surfaces, and impurities)
and an image (in momentum space) of the electronic
ground state. Although we have discussed the lithiation
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of Li,Mn,0O, in the present study, our approach is appli-
cable to other battery materials such as LiCoO, [7] and
LiFePO, [8]. Thus, our quantum mechanical approach
paves the way for an advanced characterization of lithium
ion batteries, in which the redox orbital becomes the focus
of the materials design and engineering.
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