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ABSTRACT: We carried out in operando Mo K-edge X-ray
absorption fine structure measurements on the rechargeable
molecular cluster batteries (MCBs) of polyoxometalates
(POMs), in which a Keggin-type POM, [PMo,,0,,]%", is
utilized as a cathode active material with a lithium metal anode.
The POM-MCBs exhibit a large capacity of ca. 270 (A h)/kg
in a voltage range between V = 4.0 V and V = 1.5 V. X-ray
absorption near-edge structure analyses demonstrate that all
12 Mo®" ions in [PMo;,04)%" are reduced to Mo*" in the
discharging process. This means the formation of a super-
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reduced state of the POM, namely, [PMo;,0,0]*’~, which stores 24 electrons, and this electron number can explain the large
capacity of the POM-MCBs. Furthermore, extended X-ray absorption fine structure analyses reveal the molecular structure of
[PMo,,0,0]*"", which is slightly reduced in size compared to the original [PMo,,0,0]*~ and involves Mo*" metal—metal-bonded
triangles. Density functional theory calculations suggest that these triangles are formed because of the large number of additional

electrons in the super-reduced state.

B INTRODUCTION

Development of high-performance rechargeable batteries is one
of the most important global issues to resolve the increasing
environmental and energy concerns."” At present, lithium ion
batteries (LIBs) are widely used for various portable electronic
devices, such as mobile phones and laptop computers, due to
their high energy densities.” However, the practical battery
capacity of the LIBs is limited to less than ca. 50% of the
theoretically possible value of the cathode active material,
LiCoO,, due to structural instabilities after the removal of Li*
ions. In addition, the charging/discharging rate of the LIBs is
slow, since this process includes the deintercalation/intercala-
tion of lithium ions from/into the interlayer of C002.4 These
drawbacks have motivated us to develop alternative cathode
active materials for next-generation rechargeable batteries with
high capacity and a rapid charging/discharging rate.">™®
Recently, we have proposed molecular cluster batteries
(MCBs),”™"* in which the cathode comprises polynuclear metal
complexes (molecular clusters) and the anode is lithium metal.
It is expected that MCBs would show a high capacity and a
rapid charging/discharging due to multielectron redox reactions
of the molecular clusters' and quick lithium ion diffusion,
respectively.'> In 2007, we prepared an MCB using an Mn,,
cluster ([Mn,,0,,(CH,C0O0),,(H,0),]),> which is well-
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known as a single-molecule magnet,14 and found an extremely
high discharging capacity of over 200 (A h)/kg, which was
larger than those of the LIBs (ca. 148 (A h)/kg)."?
Furthermore, we carried out in situ Mn K-edge X-ray
absorption fine structure (XAFS) analyses of the cathode
materials in the Mn;,-MCBs to elucidate the solid-state
electrochemical reactions in these batteries, because this
spectroscopy is a powerful technique to determine the time
evolution of both the local environment and valence of the
metal ions.">'® This work revealed a super-reduction from
[Mn;,]° to [Mn,]* in the discharging process,''" which
contributed to the high capacity.

Polyoxometalates (POMs) have attracted much attention
due to their various properties, such as photoluminescence,
catalytic activity, and single-molecule magnetism.'” Their
molecular structures can be regarded as nanoscale metal oxides
from both structural and electronic points of view.'® They are
also reported to operate as a cathode active material of high-
capacity lithium batteries," though the valence and structural
changes of the POMs in the battery reaction have not yet been
investigated. In the present study, we performed in operando
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Mo K-edge XAFS measurements on the MCBs of a
representative Keggin-type POM, TBA;[PMo,,0,4] (TBA =
[N(CH,CH,CH,CHj,),]"; see the inset of Figure 1) and found
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Figure 1. Charging and discharging curves of PMo,/Li MCBs during
XAFS measurements for first charging (black), first discharging (red),
second charging (green), and second discharging (blue). O, 1C, 1D,
2C, and 2D indicate the characteristic samples in the first two cycles of
the battery reaction. Inset: molecular structure of [PMo,,]*".

a 24-electron reduction in the discharging processes, which
resulted in a high capacity of the POM-MCBs. Herein, we will
describe the evolution of the redox states of the POM during
charging/discharging and the possible molecular structure of
the super-reduced species, [PMo,,0,,]*"", in the fully dis-
charged state.

B EXPERIMENTAL SECTION

Battery Analyses of POM-MCBs. TBA,;[PMo,,0,] with a
Keggin-type structure (see the inset of Figure 1) was synthesized
according to the method described in the literature.”® The cathode was
prepared as follows: TBA;[PMo,,0,], carbon black (Tokai Carbon),
and poly(vinylidene fluoride) (Aldrich) were mixed at a weight ratio of
10:70:20, and then the slurry mixture was spread evenly with a
thickness of 0.5 mm onto a polypropylene sheet and dried. The anode
material was a lithium metal foil with a thickness of 0.2 mm. The
cathode, anode, and separator (polyolefin film) were placed in a coin-
shaped cell with an electrolyte, 1 M LiPF4, in a mixed solution of
ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1, v/v) in an
inert atmosphere. For in operando XAFS measurements, the battery
was fabricated in a similar way using a special battery cell with an X-ray
window in the center, which we developed previously (see Figure SI,
Supporting Information)."" The charging/discharging tests of the
fabricated PMo,,/Li batteries were carried out at a constant current of
1.0 mA on a Hokuto HJ1001-SM8A charging/discharging device. The
specific charging/discharging capacities were calculated on the basis of
the weight of TBA;[PMo,0,,], which was 10% of the weight of the
cathode.
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In Operando XAFS Measurements. In operando Mo K-edge
XAFS spectra were recorded in the energy range from 194989 to
20003.9 eV in transmission mode at room temperature using the
beamline BL-NW10A of the Photon Factory Advanced Ring (PF-AR)
at KEK, Tsukuba, Japan. The in situ battery cell was placed between
two transmission ion chambers. A Si(311) monochromator was used
to select a specific X-ray energy. The intensities of the incident (I;)
and transmitted (I,) X-rays were measured with ionization chambers
filled with Ar and Kr, respectively. During in operando XAFS
measurements, the area of the cathode subjected to the X-ray was ca. 1
mm? To avoid chemical decomposition of the POMs by X-ray, a quick
XAFS (QXAFS) method was adapted, by which one spectrum was
obtained within 60 s. During the charging/discharging reactions, we
performed the measurements with an interval of 60 s. We also
measured the QXAFS of the reference materials, Mo metal, and
TBA;[PMo,,0,0], M0oO,, and Li,Mo0O,, which were diluted with
boron nitride, using the same measurement conditions.

XAFS Data Analyses. X-ray absorption near-edge structure
(XANES) spectra were obtained by pre-edge background subtraction
with Victoreen-like functions and subsequent normalization using the
software REX2000 (Rigaku Corp.).*" Extended X-ray absorption fine
structure (EXAFS) analyses were carried out by standard procedures
using the analysis program EXAFSH written by Yokoyama et al.>* The
EXAFS oscillation function k*%(k) (k being the photoelectron
wavenumber) was obtained by pre-edge baseline subtraction, postedge
background estimation using cubic spline functions, and normalization
with the atomic absorption coefficients. The employed k ranges in the
Fourier transforms were approximately 2—12 A™! for the Mo K-edge.
Curve-fitting of in situ EXAFS data was performed by using the
backscattering amplitudes and the phase shifts for appropriate Mo—O
and Mo—Mo shells, which were calculated from the crystal structure of
MoQ,** using the ab initio multiple-scattering code FEFF 8.4°* or
were obtained from the experimental EXAFS spectra of the reference
materials, TBA;[PMo,,0,0] and Li,MoO,. Subsequently, the struc-
tural parameters, such as the coordination numbers (the number of
neighboring atoms) and interatomic distances, were determined for
Mo—0 and Mo—Mo in the [PMo,,0,0]*~ molecule during charging/
discharging.

B RESULTS AND DISCUSSION

Battery Performances of POM-MCBs. Although the
battery performance of a [PMo;,O,0]*” salt is reported in ref
19, we re-examined it to confirm its high capacity, making a
coin cell battery of TBA;[PMo,04], in which the weight
percentage of TBA;[PMo,,0,] in the cathode was 10. Figure
S2a (Supporting Information) shows the charge/discharge
curves, measured at a constant load current of 1.0 mA in the
voltage range of 1.5—4.2 V. In the first charging process (black
curve), the voltage quickly increases from the initial value (ca.
3.4 V) to 4.2 V. It is likely that this pristine battery was nearly in
a fully charged state. The first discharging (red curve) indicates
a gradual voltage decrease and a high battery capacity of ca. 260
(A h)/kg at 1.5 V. This value is similar to the previously
reported value for the POMs."” The second charging process
(green) exhibits a gradual voltage increase to ca. 4.2 V,
indicating a capacity of 250 (A h)/kg, which is nearly the same
as that of the discharging process. The second discharging
curve (blue) is very similar to the first one (red), and there is
little decrease in capacity. Figure S2b shows the cycle
performance of this POM-MCB up to the tenth run. There is
no significant decrease in capacity; the value is maintained at ca.
210 (A h)/kg even in the last cycle, indicating that POMs are
stable in the battery reactions.

In Operando XANES Analyses of POM-MCBs. We have
developed a battery reaction cell for in operando XAFS studies,
modifying a cell previously reported in the literature.” Figure 1
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shows the charging/discharging curves of [PMo;,0,0]%"
measured with this battery cell. A large capacity of ca. 270 (A
h)/kg is obtained in the first discharging, as is found in the
experiments with the coin cell.

The Mo K-edge XANES spectra were recorded during the
battery reactions from the first charging to the second
discharging (see Figure 1). The results are shown in Figure
2, in which the data are normalized to an edge step in the
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Figure 2. Normalized in operando Mo K-edge XANES spectra for first
charging (black), first discharging (red), second charging (green), and
second discharging (blue) of PMo,, MCBs during the first two cycles.
See Figure 1 for a description of O and 2D.

XANES energy region. The time trajectory indicates a
systematic and reproducible change. Figure 3 shows the
XANES spectra for the first discharging and second charging
processes. There is a low-energy shift of the absorption curves
during the discharging, while the curve returns to the original
position after the charging. It is notable that these spectra
indicate a shoulder around 20010 eV in the pre-edge region,
which appears/disappears in the charging/discharging pro-
cesses, respectively. This structure is well-known as a formally
dipole forbidden excitation from 1s to 4d antibonding orbitals
directed principally along the Mo=0 bond.*® Therefore, the
appearance and disappearance of this structure in the battery
reaction indicate the formation and elimination of the Mo=0
bonds, respectively.

Mo K-edge XANES absorption edge energies have been
utilized to determine the valence of molybdenum.”” Figure S3
(Supporting Information) shows a linear relationship between
the Mo oxidation state and the X-ray absorption edge energy
for the reference materials, metal Mo, MoO,, and
TBA;[PMo;,0,,]. As previously reported for XANES analyses
of the other Mo materials,”’ the edge energy is defined as that
at which the intensity reaches 60% of the absorption peak top.
By using this relation, the averaged valence, Nv, of the Mo ions
in the POM was calculated as shown in Figure 4, where the
values of Nv are plotted as a function of the battery voltage V'
(see Figure 1). The lack of data in the second discharging is
caused by an interruption of the incident X-ray due to a beam
injection in PF-AR. The initial value of Nv before the first
charging is ca. 6, which agrees with the fact that [PMo,,0,4,]*"
consists of 12 Mo®" ions. This value exhibits no change during
the first charging, which confirms that the as-prepared battery is
in the charged state. In the first discharging, Nv exhibits a slight
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Figure 3. Mo K-edge XANES spectra for PMo;, MCBs in the first
discharging and second charging. See Figure 1 for a description of 1C,
1D, and 2C.
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Figure 4. Averaged Mo valence of PMo,, in the PMo,;, MCBs as a
function of the cell voltage (V).

decrease from the initial value in the range of 4.0—3.0 V, which
is consistent with the small capacity in this voltage range (see
Figure 1). In the range of 3.0—1.5 V, however, Nv shows a
quick decrease to 4.0. This voltage range of the valence change
roughly agrees with the theoretical battery voltages (3.5—2.0 V)
calculated from the redox potentials of [PMo,,04]°".>* The
second charging increases the value of Nv from 4.0 to 5.7, and
the second discharging decreases it reversibly. The change in
Nv by 2.0 during the discharging processes indicates that all 12
Mo®" ions in the POM are reduced to Mo**; namely, one
[PMo,,04,]>~ molecule can store 24 electrons. This value
agrees with the observed battery capacity of ca. 270 (A h)/kg
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(see Figure 1). Unlike in the usual LIBs, in which only half of
the Co ions in LiCoO, are reduced, all the Mo ions can
contribute to the battery capacity in the POM-MCBs.

The XANES analysis indicates that the reduction from Mo®*
to Mo*" takes place at the 12 Mo®" sites in one molecule in the
range of 3.0—1.5 V, forming the super-reduced species,
[PMo,,0,,]*"", after the 24-electron reduction. In contrast, it
is known that the usual solution electrochemistry can produce
only two- or three-electron reduction species of [PMo;,0,4]*"
in the typical electrochemical windows of solvents.”® The solid-
state electrochemistry of the POMs seems very different from
the solution electrochemistry; e.g., the reduction of one Mo®*
site does not affect the other sites in the former. This is
probably caused by the close contacts between the reduced
sites and the counter cations (Li*) and by a stabilization of the
super-reduced species in a dielectric field of the solid.*’
[PMo0,,0,4]°>” can be regarded as a molecular “electron
sponge,” although this term has been used for the cobalt
telluride clusters which exhibited only a two- or three-electron
reduction.*® Note that the formation of the super-reduced state
is probably characteristic of the solid-state electrochemistry of
molecular clusters, as an eight-electron reduction occurred for
the Mn,, clusters in the Mn,,-MCBs."" Molecular clusters are
promising cathode active materials for high-performance
rechargeable batteries.

In Operando EXAFS Analyses of POM-MCBs. EXAFS
analyses were performed for the POMs during charging and
discharging to obtain structural information on this molecule.
The k’y(k) functions for the experimentally obtained Mo
absorption spectra are depicted in Figure S4 (Supporting
Information). Figure S shows the Fourier transform (FT)
spectra of the k*-weighted data (the k range is around 2.0—12.0
A7) for the samples denoted by O, 1C, 1D, 2C, and 2D in
Figure 1. These spectra indicate the radial atomic distribution
around Mo. The as-prepared sample O exhibits four main peaks
at 1.1, 1.6, 2.3, and 3.2 A, as indicated by the arrows. They have
been assigned to a Mo=0 double bond (1.7 A), two kinds of
Mo—O single bonds (1.9 and 2.4 A), and a Mo—Mo distance
(34 A), respectively.”’ These distances are denoted in the
molecular structure of [PMo,;,04]*" (see Figures 1 and 6a).>
The curve of 1C is nearly the same as that of O. After the first
discharging, however, 1D exhibits a different spectrum; the
peaks at 1.1 and 3.2 A become very small, and those at 1.6 and
2.3 A are significantly enhanced. After the second charging,
sample 2C exhibits the initial four peaks, though the peak at 3.2
A becomes smaller in intensity and the peak at 1.6 A becomes
narrower in width, compared with those in 1C. After the
second discharging, the curve of 2D is nearly the same as that
of 1D. This indicates a nearly reversible structural change of the
POM molecule during the charging and discharging processes.

Figure 7 shows the evolution of the FT spectra in the first
discharging (reduction) process from 1C to 1D. It is clear that
the peaks at 1.1 and 3.2 A swap intensities with those at 1.6 and
2.3 A as the voltage V decreases from 4.0 V. The intensity
decrease of the peak at 1.1 A and the increase at 1.6 A are
ascribed to the transformation from a Mo=0O double bond to a
Mo—O single bond, as also indicated by the XANES spectra for
the discharging process (see Figure 2). The other intensity
swapping between the peaks at 3.2 and 2.3 A is probably caused
by a shortening of the Mo—Mo distance, as described later.

We carried out curve-fitting for the in operando EXAFS
spectra using the parameters of the backscattering amplitudes
and the phase shifts of the appropriate Mo—O and Mo—Mo
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Figure S. Experimental Fourier transforms of the Mo K-edge EXAFS
spectra for O, 1C, 1D, 2C, and 2D. The arrows in O indicate the peaks
used in EXAFS analyses. See Figure 1 for a description of O, 1C, 1D,
2C, and 2D.

shells, which were obtained from the reference materials, MoO,
and TBA;[PMo,,0,,]. The Mo—O peak at 1.6 A was analyzed
by using two Mo—O shells with distances of 1.9 and 2.0 A (see
Table S1, Supporting Information), while the other peaks were
analyzed by the one-shell model. The coordination numbers
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Figure 6. Local structures of (a) [PMo;,]*>” and (b) [PMo,,]*".
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Figure 7. Evolution of the Fourier transforms of the Mo K-edge
EXAFS spectra in the first discharge.

and interatomic distances were obtained as fitting variables for
all the shells used in the curve-fittings, while the Debye—Waller
factors and the energy shifts E were fixed. The results are
shown in Table S1 for O, 1C, 1D, 2C, and 2D. Figure S5
(Supporting Information) shows the evolution of all the
interatomic distances obtained by this curve-fitting. These
interatomic distances exhibit no significant changes. Figure S6
(Supporting Information) shows the evolution of the
coordination numbers for the shells in the first discharging
and second charging. The data are rather scattered, presumably
because the cathode becomes inhomogeneous during the
charging/discharging, but the obtained coordination number
can be a good indicator for the number of neighboring atoms.
Actually, the summation of the coordination numbers for all the
M=O0 and M—O shells in O and 1C becomes ca. 6, which is
consistent with six-coordinated Mo (see Table S1). As shown
in Figure S6a,b, the summation of the coordination numbers
for the Mo—O shells (1.9 and 2.0 A) slightly increases during
the discharging, while those for Mo=0 (1.7 A) and Mo—O
(2.4 A) approach 0. These tendencies imply that all the Mo—O
interatomic distances become ca. 2.0 A, accompanied by the
disappearance of Mo=0. Figure S6c¢ indicates the evolution of
the coordination numbers for two kinds of Mo—Mo distances.
In the discharging process, the coordination number for the
Mo—Mo distance of 3.4 A decreases, while that for 2.6 A
increases. These results suggest that the Mo—Mo distance
shortens from 3.4 to 2.6 A; that is, the Mo(IV)—Mo(IV) bond
is formed in the reduction species of the POM during battery
discharging.

Model Structure of the 24-Electron-Reduced POM.
The EXAFS analysis suggested that the distances of Mo—O and
Mo—Mo become ca. 2.0 and 2.6 A, respectively, after
discharging. By taking into account these changes from the
original [PMo,,0,,]*” structure (see Figure 8a), we estimated
the local structure of the 24-electron-reduced POM molecule,
[PMo0,,0,,]*”", on the basis of density functional theory
(DFT) calculations, as detailed in the Supporting Information
and as shown in Figure 6b. In this structure, all the Mo—O
distances are set to be 1.9—2.0 A, and the nearest Mo—Mo
distance is fixed at 2.6 A to make a metal—metal single bond.
Assuming that the [PMo;,04]*"~ molecule has the highest
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Figure 8. (a) Molecular structure of [PMo;,]*” and (b) model
molecular structure of [PMo,,]*"".

symmetry, we constructed a model structure by assembling the
local structure in Figure 6b, as shown in Figure 8b. This
structure is slightly reduced in size from the original one; the
maximum dimension of the [PMo,,0,,]*” decreases from 10.5
to 10.0 A (see Figure 8). In addition, this structure involves a
characteristic triangular structure formed by Mo*" metal—metal
bonding, which corresponds to the frontier molecular orbitals
found in the DFT calculations. These results suggest that these
triangles are formed due to the large number of additional
electrons in the super-reduced state. The structural feature of
[PMo,,04]*"" is similar to a gartial structure of MoQO,
including a Mo—Mo single bond.>> Herein, using the expected
structure of [PMo,,0,,]*"", we simulated the EXAFS spectra of
this molecule by using the backscattering amplitudes and the
phase shifts for appropriate Mo—O and Mo—Mo shells. They
are calculated from the model structure in Fi§ure 8 using the ab
initio multiple-scattering code FEFF 8.4.”* The simulated
EXAFS spectrum is shown in Figure 9 with the experimental
spectrum for the fully discharged state (1D). The simulation
can reproduce the features of the experimental spectrum very
well. It is thus highly probable that the model structure explains
the structure of [PMo;,0,]*"". Theoretical studies are in
progress to elucidate the stability of this structure.

Bl CONCLUSIONS

In operando Mo K-edge XAFS measurements on POM-MCBs
revealed the evolution of the oxidation state and the local
structure of Mo ions of the [PMo;;,04]>" molecule in the

dx.doi.org/10.1021/ja2117206 | J. Am. Chem. Soc. 2012, 134, 4918—4924
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Figure 9. Experimental Mo K-edge EXAFS spectra for 1D and
simulated Mo K-edge EXAFS spectra for the [PMoy,]*"” model
structure.

battery reaction. [PMo;,0,]°" exhibited a reversible 24-
electron redox during charging/discharging, which resulted in
a large capacity, and the structure of [PMo;,04]*"~ was
proposed by a slight shrinkage in molecular size from
[PMo0,,04)°". These results suggest that the solid-state
electrochemistry of the battery reactions enables the formation
of the highly reduced species. This electron sponge behavior is
a newly revealed characteristic of POMs and indicates that they
are promising cathode active materials for high-performance
rechargeable batteries.
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