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Electron density plays an important role in determining the properties of functional materials. Revealing the electron
density distribution experimentally in real space can help to tune the properties of materials. Spinel LiMn;Oy is one of the
most promising cathode candidates because of its high voltage, low cost, and non-toxicity, but suffers severe capacity fading
during electrochemical cycling due to the Mn dissolution. Real-space measurement of electron distribution of LiMnyOy4
experimentally can provide direct evaluation on the strength of Mn—O bond and give an explanation of the structure stability.
Here, through high energy synchrotron powder x-ray diffraction (SPXRD), accurate electron density distribution in spinel
LiMn,;0O4 has been investigated based on the multipole model. The electron accumulation between Mn and O atoms in
deformation density map indicates the shared interaction of Mn—O bond. The quantitative topological analysis at bond
critical points shows that the Mn—O bond is relatively weak covalent interaction due to the oxygen loss. These findings
suggest that oxygen stoichiometry is the key factor for preventing the Mn dissolution and capacity fading.

Keywords: lithium-ion batteries, LiMn; Oy, electron density distribution
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1. Introduction

Lithium ion batteries (LIBs) with high energy density,
low self-discharge, and long cycle life have become the
most popular energy storage devices in portable electronics
and electric vehicles.!'3] Among cathode materials, spinel
LiMn;O4 has the advantages of inexpensive, nontoxicity, and
good safety.[*>] However, the commercial application of this
cathode is limited by the severe capacity fading during electro-
chemical cycling due to the Mn dissolution.®”] Many strate-
gies have been proposed to improve the structure stability
and cycling performance, such as doping!®-19 and design of
nanostructures. !l Real-space measurement of electron distri-
bution of LiMn, 04 experimentally can provide direct evalua-
tion on the strength of Mn—O bond and understand the intrinsic
mechanism of capacity fading.

Considerable progress has been made on electron density
measurement and related properties of materials through x-
ray diffraction (XRD),['>15] such as inter-icosahedral bond-
ing in boron polymorphs,!'%! additional charge concentra-
tion perpendicular to the bond path in Sc37TMCy4 (TM = Fe,
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Co, Ni),[1" etc.

ory of atoms in molecules developed by Bader provides a

Besides, the density-based quantum the-

powerful tool for interpreting the x-ray determined charge

[18-201 This allows for the characterization of the na-

densities.
ture of chemical interactions between bonded atoms in molec-
ular rather than simple connection of atoms. Kasai et al. found
the van der Waals interactions between interlayer S-S in TiS;
through quantitative topological analysis of measured electron
density, which cannot be calculated by density functional the-
ory (DFT).[21]

Compared with single-crystal XRD, powder diffraction
has the advantages of reduced systematic errors with the neg-
ligible absorption and extinction effects, as well as the same
scale factor.['32223] However, some shortages to be noticed
are the peaks overlapping at high scattering-angle part and the
difficulty of treatment on background. Benefiting from sta-
ble third-generation synchrotron x-ray sources, >4 the high-
quality diffraction data allow more precise determination on
electron density. In this work, we investigated the electron
density distribution of cathode material LiMn,O4 using high
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energy SPXRD and multipole model. Through the topologi-
cal analysis of the chemical interaction of Mn—O bond based
on the measured electron density, a relatively weak covalency
of Mn-O bond is characterized. Also, the relationship be-
tween the electron density and electrochemical properties is
discussed.

2. Experimental details

The polycrystalline powder LiMn;O4 was brought from
Alfa with metals basis of 99.5%. SEM image showed that the
particle size is about 2-5 um. The electrochemical curve of
LiMn;O4 cell with Li metal as a negative electrode was op-
erated in voltage of 3.09—4.46 V. The atomic structures of the
LiMn,04 were characterized using an ARM-200CF (JEOL,
Tokyo, Japan) transmission electron microscope operated at
200 kV and equipped with double spherical aberration (Cs)
correctors. High-angle angular dark-field (HAADF) and an-
gular bright-field (ABF) images were acquired at acceptance
angles of 90-370 mrad and 12-24 mrad, respectively.

Before collecting the synchrotron XRD data, the lab
XRD with Cu K, radiation was done to determine the crys-
tallinity and structure of the sample. Polycrystalline samples
of LiMn, 04 were sealed in a 0.3 mm internal diameter Linde-
man glass capillary. Synchrotron powder x-ray profiles were
measured at the SPring-8 BL19B2 beamline. A large Debye—
Sherrer camera with an imaging plate (IP) detector was used
for data collection. The data were collected at room tempera-

(b) 1N

ture to avoid the phase transition below 280 K. The wavelength
of the incident x-rays was 0.413269 A by calibration with a
National Institute of Standards and Technology (NIST) CeO,
standard sample. Data were collected with 260 from 2.1° to
78.165° and step width of 0.005° which guarantee the enough
resolution for refinement. To subtract the contribution of glass
capillary on the background intensity, diffraction data of an
empty Lindeman glass capillary was also collected under the
same condition.

3. Results and discussion

Figure 1 shows the atomic structure and electrochemical
performance of the spinel LiMn,O4. The structure projected
along [100] zone axis exbibits the typical spinel atomic ar-
rangement as shown in Fig. 1(a), where Li ions occupy the
8a sites with tetrahedral coordination, Mn ions being in the
16d sites with octahedral coordination, and the O ions in the
32e sites. The [MnOg] octahedra share faces with the [LiOg4]
tetrahedra. The uniform morphology and particle size be-
tween 2—5 wm can also be visualized in Fig. 1(b). To examine
the structure and crystallinity of LiMn,Oy, laboratory XRD
with Cu Ky has been performed as illustrated in Fig. 1(c).
Through Rietveld refinement the space group is defined by Fd-
3m. Also, the good R factors prove that no impurity phase
HAADF- and ABF-STEM images along the [110]
zone axis exhibited in Figs. 1(e)—1(f) show the homogeneous

exists.

atomic structure of spinel LiMn,Oj.
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Fig. 1. Structural characterization and electrochemical performance of the spinel LiMn,O4 cathode. (a) Structure model of spinel LiMn,Oy4
projected along [110] zone axis. (b) Low-magnification SEM image of polycrystalline LiMn,Oy4 grains. (c) Refined XRD pattern acquired
in lab facility. (d)-(e) HAADF and ABF images along [110] direction, where the structural models of LiMn,O4 are overlayered. Scale bar:
0.5 nm. (f) Capacity-voltage curve of LiMn,Oy4 cathode with Li metal as a negative electrode in the first charge/discharge cycle.

To further confirm the performance of LiMn; Oy, the first
electrochemical charge/discharge cycling was carried out as
shown in Fig. 1(f). The severe capacity fading after initial
charging is partially from the high cut-off charge voltage up to

4.46 V. The chemical composition analysis was characterized

by inductively coupled plasma-mass spectrometry (ICP-MS)
and the weight percent (wt%) of the three elements Li, Mn,
and O can be seen in Table 1. The result shows that the content
of oxygen is slightly lower than stoichiometry. This may cause

the capacity fading because the oxygen deficiency can lead
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to the increasing of Mn* dissolution.?”! The small oxygen
deficiencies have little influence on the structure framework
of pristine LiMn,O4 as shown in HAADF and ABF images.
Thus, it assumes that the arrangement of oxygen deficiencies
is homogeneous and disordered.

Table 1. Chemical composition obtained by inductively coupled plasma
of Lian 04 .

Element wt% Stoichiometric ratio
Li 3.9 1
Mn 62.8 2.034
(6] 33.6 3.737

Table 2. Refined results of LiMn,Oy.

Parameter Refinement results
R(F?) (%) 4.95
WR(F?) (%) 5.71
Cell parameter 8.24198(3)
z2(0) 0.2656(5)
Uy (Li) (A?) 0.0182(19)

Ui, Unz, Uiz,
Ut123(Mn) (A%)
U1, Uriz, Upp3(0) (A?)

0.00077(9) 0.00011(3) 0.00023(3) 0.00000(4)
0.00023(3) 0.00011(3) 0.00077(9)
0.0009(8) 0.0014(3) 0.0004(7)

K, k' (Mn) 1.10(5) 0.93(7)
K, k' (0) 0.93(2) 0.78(6)
Pv (Mn) 5.68(17)
Pv (O) 6.66(8)
| o o observed
calculated
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Fig. 2. Synchrotron powder XRD data and Rietveld refinement results
for LiMnyOy4. The inset is the magnified image from the orange box.
Black cross is observed data. Red line is the corresponding calculated
one. Green line is the difference between experimentally observed and
calculated data. Blue vertical bar is the Bragg peak position.

The synchrotron powder x-ray diffraction was collected
with sin@/Amax = 1.52 A~! that is enough for multipole
refinement according to the condition that sin@/Ama,x >
1.0 A=1.181 To reduce the systematic error caused by unapt
modeling of background, a combination linear interpolation
and 20 terms of Legendre polynomial expansion were used.
The linear interpolation between 16 points was manually se-
lected and adjusted to make sure that it did not inappropriately
describe data features. As the diffraction data was collected
at room temperature, the contribution of atomic displacement
parameter (ADP) on diffraction intensity cannot be neglected.
After testing different orders of ADP, the best refinement of

ADPs for different atoms is anisotropic 2-order for Li, 3-order
for O, and 4-order for Mn. It should be noted that two con-
strains for Li were imposed during multipole refinement: the
valence population fixed to be 0, and the deformation valence
electron was not refined. The refinement parameters exhibited
in Table 2 after multipole refinement show the acceptable re-
sults according to the R factors. Figure 2 plots the multipole
model and experimental data after multipole refinement. Ta-

s.[28] The refined valence

ble 2 lists some refinement parameter:
populations of Mn and O are 5.68 and 6.66, respectively, in
which the number of transferred electrons is lower than that of
the classical valence state, indicating the covalence of Mn—-O

bond.

(@

)

e e b
Fig. 3. Deformation charge density distribution and residual density maps of
LiMn,0O4. (a) and (b) are the static multipole deformation density and the
corresponding residual density maps in the (010) plane. (c) and (d) are the
static multipole deformation density and the corresponding residual density
maps in the (110) plane. The contour interval is 0.1 e-A~3, with positive and
negative contours drawn as solid red and dotted blue lines, respectively.
Figure 3 shows the static multipole deformation density
and residual density of (010) and (110) planes containing Mn—
O bonding of [MnOg] octahedron. The residual density map
obtained from the difference between multipole model and ex-
periment reflects the quality of the refinement. There is ac-
cumulation of residual density at and near the nuclei, but no
obvious features of valence electrons which can be seen from
Figs. 3(b) and 3(d). This indicates the good quality of model-
ing the electron density of Mn and O. The deformation density
is the difference between non-spherical multipole model and
spherical independent atom model which can clearly reveal the
valence electron distribution of bonding atoms. Figures 3(a)
and 3(c) show the Mn—-O4 and Mn-O; plane in [MnOg] oc-
tahedron. The overlap electrons between bonded Mn and O
indicate the shared shell interaction, i.e., the covalent interac-
tion of Mn—O bond. Quantum topological analysis of the to-
tal charge density can give the quantitative atomic interactions
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based on the features of electrons at the bond critical points
(BCPs), i.e., the maximum of electron density. According to
the criterion in terms of the sign of V2p (r.), the Mn—O bond
is shared covalent interaction, as the V2p (r.) between Mn and
O is —0.74609, the negative Laplacian corresponding to the co-
valent bonding interaction.!'®! However, the ratio of Hessian
eigenvalues between the perpendicular and parallel directions
in respect to the bond path |A; /43| is 0.6025 which is smaller
than 1. This indicates that the covalency of Mn—O bond is rel-
atively weak.[?! The covalency of the Mn—O bond is strongly
correlated with Mn dissolution;*?! with increasing covalency
of Mn—O bond, the dissolution of Mn can be reduced and the
formation of John-Teller active Mn>* can also be suppressed.
In this work, the weak of covalency can be explained by the
decrease of the oxygen content. Since the oxygen deficiency
leads to the increasing amount of Mn3*, with which the Mn—
O bond is ionic. The decreasing covalent character of Mn—-O
interaction is strongly related to the capacity decay as shown
in Fig. 1(f).

In summary, the electron accumulation between Mn and
O atoms in deformation charge density map as well as the neg-
ative Laplacian and small |A; /43| at the BCP of Mn-O bond
indicates a weak covalent interaction. This may relate with
the oxygen deficiency of LiMn,O4 and correlate with the se-
vere capacity fading from the initial charge/discharge process.
A strategy on maintaining oxygen stoichiometry or increas-
ing the valence state of Mn would be valid for preventing the
Mn dissolution and capacity fading. As the x-ray electron
density can be correlated with structure, future development
of electron density on functional materials can be focused on
the response on external field, i.e., temperature, strain, electric
and magnetic fields, which can induce and control physical
properties such as thermoelectricity, piezoelectricity, colossal
magnetoresistance, etc. The ability to experimentally reveal
the changes of electron redistribution and bonding interaction
should have a great influence on the design of functional ma-
terials.
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