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In-situ X-ray absorption spectroscopy (XAS) was used to elucidate the structural variation of a-MoOs3 electrode
upon discharge/charge reaction in a lithium ion battery. According to the XAS analysis, hexavalent Mo atoms in
a-MoOj3; framework are reduced as the amount of intercalated lithium ions increases. As lithium de-intercalation
proceeds, most of pre-edge peaks are restored again. However, according to the Fourier transforms of the extended
X-ray absorption fine structure (EXAFS) spectra, lithium de-intercalation reaction is partially irreversible upon the
charge reaction, which is one of the main reasons why the capacity of a-MoOs electrode decreases upon successive

discharge/charge cycles.
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Introduction

MoO; has been extensively investigated as a key material for
not only fundamental research but also technological applica-
tions in optical devices, smart windows, catalysts, sensors, lubri-
cants, and electrochemical energy storage.”™ Within its many
distinctive properties, two-dimensional layered structure of
orthorhombic MoOs (a-MoOs) presents open channels for rich
intercalation chemistry, especially for the potential application
as lithium secondary batteries.’

In rechargeable Li ion batteries (LIB), Li ions can be inter-
calated and de-intercalated from the host materials during
charge/discharge reaction. A good electrode should have high
reversibility toward Li intercalation/de-intercalation. Because
such a reversibility of an electrode is deeply correlated with
the structural variation upon charge/discharge reaction, it is
quite important to investigate the relationship between a local
structure and an electrochemical property during cycling in
LIB. Since X-ray absorption spectroscopy (XAS) is a powerful
tool to probe the electronic and local structure of electrodes,
XAS can be effectively used for the local structural refinement
during electrochemical reaction of electrodes in LIB.” For ex-
ample, an oxidation state of an active material in an electrode
can be quantitatively determined by X-ray absorption near edge
structure (XANES) analysis, and structural parameters such as
interatomic distances, coordination numbers, and Debye-Waller
factors can be also explored by the extended X-ray absorption
fine structure (EXAFS).

In this study, the structural investigation on a-MoQOjs electrode
has been carried out by in situ XAS. The layered MoOs has very
large discharge capacity, which makes this compound attractive
as an electrode in LIB. However, the reversibility of a-MoO;
is not so good upon the successive cycling.8 The reason for poor
cyclability will be discussed, based on the structural information
obtained by in situ XAS experiments.

Experimental Section

The layered molybdenum oxide (a-MoQ3, Aldrich) was heat-
treated at 250 °C for 1 h to remove moisture on the surface, and
ground to fine powder. According to the scanning electron mi-
croscope (SEM) image, the particle size of a-MoOs is in the
range around several micrometers (Supplementary Materials).
Electrochemical measurements were performed using a pouch-
type cell with the aid of a computer-controlled potentiostat/
galvanostat system. The pouch-type cell for charge/discharge
was constructed, in which the electrode was made by intimately
mixing 70% MoOs, 25% Ketjenblack, and 5% poly(tetrafluo-
roethylene). This electrode was dried under vacuum at 80 °C
for 3 h, and introduced into an argon-filled glovebox without
any exposure to air. The electrolyte was 1M LiPFsina 1:1 (v/v)
mixture of ethylene carbonate and dimethyl carbonate, and a
lithium foil was used as a reference electrode and anode, res-
pectively. For discharge/charge experiments, a constant current
was applied between 1.4 and 4.3 V (vs Li'/Li) with a current den-
sity of 10 mA/g.

XAS experiments at the Mo K-edge were performed with the
X-ray absorption fine structure (XAFS) facility installed at
beamline 7C in Pohang Accelerator Laboratory (PAL), Korea.
In situ XAS data were collected at room temperature in a trans-
mission mode, during which a constant current density of 10
mA/g was used for charge/discharge with a potential window
between 1.4 and 4.3 V. All the present spectra were calibrated by
measuring the spectra of Mo metal foil simultaneously with
those of the samples. A Si(111) double crystal monochromator
(DCM) was employed to monochromatize the X-ray photon
energy. A step size was 0.2 eV in the XANES region in order
to accurately collect the XANES spectra. Data analysis using
UWZXAFS 2.0 code was carried out by the standard procedure
as reported previously.9’10 Briefly, the inherent background was
removed by fitting a polynomial to the pre-edge region and
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extrapolating it over the entire spectrum. The resulting EXAFS
spectra after background removal and normalization were
k3—weignted, and then, Fourier-transformed in the range from
29t0132A7

Results and Discussion

Figure 1(a) shows the crystal structure of layered MoOs that
is used for electrode in this study. In a-MoQ3, [MoOg] octahedra
share their edges along the a-direction and are interlinked with
their corners along the c-direction to form a sheet in the ac-plane.
The weak van der Waals interactions along the b-direction allow
Li ions to be intercalated between layers. On the other hand, the
charge/discharge curves of MoQs are shown in Figure 1(b). The
discharge curve (Li intercalation) exhibits two plateaus, the first
one at about 2.8 V and the second one at the potential range
from 2.4 t0 2.0 V. According to the previous report on the in situ
XRD analysis, the first plateau is related with an increase of
van der Waals gap along the crystallographic b-direction, which
is due to the intercalation of solvated Li ions.' The second pla-
teau can be indexed to the further intercalation of Li ions, which
induces further distortion of [MoOg] octahedra.

To probe the structural variation upon discharge/charge, in
situ Mo K-edge XANES analysis during the first discharge/
charge cycle was conducted. The layered MoOs shows a pre-
edge feature around 20000 eV, which is assigned as the transi-
tion from the core 1s level to the unoccupied 4d state.'”" The
existence of pre-edge peak is related with the local symmetry
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Figure 1. (a) The crystal structure of layered MoO:s. (b) charge/discharge
curves for layered MoOs during the first cycle.
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around Mo atoms. In the starting layered MoQOj3, distortion from
an ideal octahedral symmetry removes the inversion center
and induces hybridization between p and d orbitals, leading to
the well-distinct pre-edge peak. As the amount of the intercalat-
ed Li ions increases upon discharge, the pre-edge peak disap-
pears and the main absorption edge shifts to the lower energy.
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Figure 2. (A) In situ Mo K-edge XANES spectra for 0-MoOj; during the
first discharge/charge cycle. (B) The first discharge and (C) charge
curves. Each XANES spectrum was obtained at the given point as indi-
cated in discharge/charge curves (from a to r).
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Figure 3. Spectral variation of FT magnitudes for Mo K-edge EXAFS
spectra during (A) the discharge and (B) the charge in the first cycle.
Each EXAFS spectrum for FT was obtained simultaneously with
XANES spectrum. Open circles represent the EXAFS fitting result for
spectrum i.

Such a change suggests that the average oxidation state of the
molybdenum ions in the a-MoOj3 decreases during discharge
reaction. Similar results are found in the previous literatures, in
which reduced MoOs resulted in decreased pre-edge peaks. 1416
As seen in Figure 2A (from spectrum a to i), the pre-edge featur-
es gradually disappear as the discharge reaction proceeds. The
complete disappearance of pre-edge feature after full discharge
(Figure 2A, spectrum i) clearly shows that hexavalent Mo ions
are reduced to the tetravalent and pentavalent ones, suggesting
that the a-MoOs was transformed into LixMo0Oj3 phase during
the galvanostatic discharge reaction. Li/MoOs batteries with
liquid electrolytes are known to have about 1.5 electrons/mol
of MoO:s, corresponding to the composition of Li; sMoOs at the
fully charge state. On the other hand, as the charge reaction (Li
de-intercalation) proceeds, from spectrum i to r, the characteri-
stic pre-edge peak is gradually restored. Most of characteristic
pre-edges are clearly shown especially in the spectra from p to
r. However, according to closer inspection of XANES spectra,
an intensity of the pre-edge peak after first cycle (spectrumr) is
slightly smaller than that of the pristine MoOs (spectrum a), im-
plying that some of reduced molybdenum ions are not fully
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Table 1. Results of nonlinear Least-Squares curve-fitting analysis for
the Mo K-Edge EXAFS spectrum of the fully charge electrode

Compound Shell N ‘R(A) ‘6P (A)
. Mo-O 6 2.008
LLMoOs o Mo 2 2.580

(reference)

Mo 2 3.180

Mo-O 6 2.088 0.0074

Li;sMoO;3 Mo-Mo 2 2.628 0.0092

Mo 2 3.228 0.0122

“The crystallographic data for the Li,MoQO; was obtained from the reference
17. "Coordination numbers. “Bond distances. “Debye-Waller factors. Errors
in o” are 15%, and those in R are 0.02 A.

oxidized during the first charge process. Such irreversible chan-
ges in the oxidation states of molybdenum ions of a-MoO; could
be one of reasons for the capacity fading in the MoOs-based LIB.

The Fourier transforms (FTs) are obtained from the K-wei ght-
ed Mo K-edge EXAFS spectra of MoO; during the first dis-
charge/charge reaction (Figure 3A and 3B). In the pristine MoOs
before electrochemical lithium storage (spectrum a in Figure
3A), two FT peaks below 2 A (non-phase-shift-corrected) can be
indexed to Mo-O bonds ranged from 1.67 to 2.34 A, and the FT
peaks from 3 to 4 A are due to the Mo-Mo neighboring atoms
ranged from 3.44 to 3.96 A. As shown in Figure 3a, the first
electrochemical Li uptakes induce considerable structural
change. As seen in Figure 3A, two FT peaks from Mo-O bonds
are gradually merged into a broad peak during the reduction.
The spectrum i for the composition of Li; sM0O3, which is ob-
tained after full discharge, FT spectrum shows only one peak
for neighboring oxygen atoms. Such a large structural variation
indicates that the first neighboring oxygen atoms ranged from
1.67 to 2.34 A are rearranged to singlet-like Mo-O shell. Further-
more, the spectrum i after the full discharge, shorter Mo-Mo
distances at ~2.2 and ~2.8 A (non-phase-shift-corrected) are
observed in the second and third shells of fully discharged
electrode, which is due to the considerable rearrangement of
molybdenum atoms during charge reaction by the deep Li inter-
calation. Such shorter Mo-Mo bonds for LixMoOs3 could be ob-
served in the reduced lithium molybdenum oxide compounds
such as LixMoQs, which has Mo-Mo distances at ~2.6 and ~3.2 A
(phase-shift-corrected). 17

For the precise determination of bond distances at the fully
discharged state, the nonlinear least-squares curve fitting an-
alysis for EXAFS spectrum i was conducted in the range R <3.2
A, in which the coordination numbers are fixed. The fitting
results are shown in Figure 3A and Table 1. Li,MoOs was used
as a model for EXAFS fitting. The bond distance for the first
shell of Mo-O in Li; sMoO; was determined to be 2.083 A, which
is slightly larger in comparison with that in the reference Li»-
MoO;. Also, the curve fitting yields two Mo-Mo bond distances
of 2.62g and 3.225 A. Though the Debye-Waller factors for each
shell are relatively larger, overall fitting could successfully re-
produce the FT spectrum of fully charged state, highlighting that
the local structure of Li; sMoOs3 resembles that of Li,MoOs.

Meanwhile, as the lithium de-intercalation reaction proceeds
during the charge (Figure 3B), the merged Mo-O bonds are di-
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vided into two FT peaks, which means that most of a-MoO3
frameworks are restored upon the charge. However, FT ampli-
tude for the spectrum rin Figure 3B is quite smaller than that
of the pristine MoOs3, showing that the lithium insertion and
extraction cause the structural deformation. Furthermore, the
shortened Mo-Mo bonds are still discernible around 2.2 A in
the spectrum r (non-phase-shift-corrected), which is due to
the bond distance of ~2.6 A. This result reveals that some of
the shorten Mo-Mo bonds upon the reduction are not converted
into the longer Mo-Mo bonds in a-MoOs. The present study
clearly shows that one of important reasons for poor cyclability
of 0-MoOs in LIB could be such an irreversible phase trans-
formation during the discharge/charge reaction.

Conclusion

The structural change of layered molybdenum oxide during
the first cycle was probed by XAS analysis. Electrochemical
discharge/charge reaction between Li and MoOs led to the noti-
ceable rearrangement of molybdenum and oxygen atoms, which
might cause the capacity fading upon the successive cycling.
We are under progress in developing new hybrid materials to
overcome the capacity fading.
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