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Fig. 2 (Color online) (a) Molecular structure of [PMo;,O4013~.

(b) Charge/discharge curves for PMol2/Li molecular

cluster batteries (MCBs) at a constant current of 1.0 mA in

the voltage range of 1.5-4.2 V. Reprinted with permission

from Ref. 13. Copyright 2012 American Chemical Society.
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Fig. 1 (Color online) A schematic diagram of the molecular cluster batteries (MCBs).
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Fig. 3 (Color online) (a) A schematic diagram of the operando electrochemical cell. The cell with a diameter of 10 cm is
formed in between a steel and a polypropylene plate. These outside plates have an X-ray window in the center,
which is made of a Kapton film. The sample space, shielded by O-rings, includes a cathode and an anode, separat-
ed by a polyolefin film. This operando electrochemical cell is re-usable and portable and the O-ring sealing allows
the experiments to run for several days without significant degradation of the electrodes. (b) A photograph of the
cell that was used for the operando XAFS measurements. (c) The setup of the operando XAFS measurements at
NWI10A beamline, Photon Factory Advanced Ring. The solid circle in the center is the cell. Reprinted with per-
mission from Ref. 13. Copyright 2012 American Chemical Society.
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Fig. 4 (a) Normalized operando Mo K-edge XANES spectra for the PMo12 molecular cluster batteries (MCBs) during
a discharge process. (b) Averaged Mo valence change of PMo12 in the PMo12 MCBs as a function of the cell vol-
tage. Reprinted with permission from Ref. 13. Copyright 2012 American Chemical Society.
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Fig. 5 Evolution of the Fourier transforms of the Mo K-edge EX-
AFS spectra in the first discharge process. Reprinted with
permission from Ref. 13. Copyright 2012 American Chemi-
cal Society.
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Fig. 6 (Color online) Schematic diagrams of the local structures
(Ieft side) and molecular structure (right side) (a) in initial
and charged states, [PMo0,04]3 and (b) in discharged
state, [PMo0,,04]%"~. Reprinted with permission from Ref.
13. Copyright 2012 American Chemical Society.
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Fig. 7 (Color online) (a) A schematic diagram of the Mn—-MOF with Mn; secondary building units (SBUs) from view-
ing toward the plane (123). Here, the orange polyhedrons represent the coordination sphere of the manganese ca-
tions, and each SBU was connected to eight neighbors, six of which were pairs of 2,7-anthraquinone dicarboxyl-
ics (AQDC) with antiparallel alignment and another two of which were single 2,6-AQDC ligands. (b) Charge/
discharge curves for the lithium ion batteries (LIBs) with the Mn—MOF cathode electrode at the operation current
of 1.0 mA in the voltage range of 1.3—4.5 V. Reprinted with permission from Ref. 30. Copyright 2016 American

Chemical Society.

(a) PILATUS J00K Detector

Fig. 8

BL5S2, AichiSR

(Color online) (a) The beamline setup of the operando PXRD measurements with PILATUS 100 K Detector in

BL5S2, AichiSR. (b) The battery cell that was used for the operando PXRD measurements. (c) The installation
view of the battery, the enlarged version of the red frame in (a). Reprinted with permission from Ref. 30.

Copyright 2016 American Chemical Society.
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(Color online) Operando powder synchrotron X-ray diffrac-
tion patterns of the Mn—-MOF-based battery during the
charging process from 3.7 V through 4.35 V. Reprinted with
permission from Ref. 30. Copyright 2016 American Chemi-
cal Society.
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(Color online) (a) A schematic diagram of the (010) planes and the 1-D empty channels. The intensity of the

(010) planes was mainly due to the ordered alignment of the guest solvent molecules in the channels because the
(010) planes were nearly perpendicular to the 1-D empty channels. The solvent molecules were replaced by the
randomly positioned PF¢ anions with the anion insertion, which reduced the diffraction intensity. (b) A
schematic diagram of the expansion of the distance between (100) planes which was caused by the PFg intercala-
tion. (¢) A schematic diagram of the interplanar distance increase and framework distortion depending on the
number of anion intercalations. The interplanar distance was increased when there was a small number of anion
intercalations, while a greater number of anion intercalations distorted the framework and resulted in structural
disorder, leading to the peak shift and intensity change. Reprinted with permission from Ref. 30. Copyright 2016

American Chemical Society.
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' ' ; ; ; @ Anion
Li Anode Li Anode Li Anode
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Electrolyte
=110 _|=| MOF
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Discharge, -PFg”
Mn'"';L;(PFe);

Charge, +PFg

Mn'L;

Discharge, + Li*
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Charge, - Li*

Fig. 11 (Color online) (a) A schematic diagram of the dual ion exchange mechanism. The microporous MOF is in a neu-
tral state in the as-prepared battery (middle one). The anions will be intercalated into the pores of MOF while the
battery is charged and the MOF is oxidized (left side). The anions are then released in the first step of the dis-
charge process and the MOF is also reduced to the initial neutral state, followed by a further reduction and lithia-
tion of the MOF (right side). (b) Dula ion exchange mechanism. Here, L means anthraquinone dicarboxylates
(AQDC) and coordinated N,N-dimethylacetamide (DMA) molecules were omitted for clarity. Reprinted with
permission from Ref. 30. Copyright 2016 American Chemical Society.
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Fig. 12 (Color online) (a) A schematic diagram of the DS—-Cu-MOF crystal structure. (b) Charge/discharge curves of
the lithium ion batteries (LIBs) with the DS-Cu-MOF cathode electrode for the second charge/discharge
processes at the current density of 50 mA/g in the voltage range of 2.4-4.1 V.
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Fig. 13 S K-edge XANES spectra of (a) DS—-Cu-MOF and (b)
4dpds ligand cathodes, and (c) Electrochemically dynamic
disulfide covalent bonds in MOF.
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Solid-state electrochemical reactions of coordina-
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Department of Chemical Engineering, Massachusetts Institute of Tech-
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Abstract

Development of high-performance rechargeable batteries, which can store and supply the electri-
cal energy, toward sustainable society is still an important research topic in terms of a large capac-
ity and a quick charge/discharge. We have focused on ‘‘coordination compounds’’, which are
formed by coordination bonds between metal ions and organic ligands, as cathode active materi-
als because they enable development of high-performance rechargeable batteries. Herein, battery
performances of polyoxometalates (POMs) and metal-organic frameworks (MOFs), which are
representative coordination compounds, are described in details. Then, we describe what hap-
pens in their battery reactions, where their solid-state electrochemical mechanisms are revealed
by synchrotron radiation analyses. As a result, it is found that different phenomenon from the
electrochemical reaction in the solution was observed in the solid-state electrochemical reactions,
and it is exhibited how important synchrotron radiation analysis is as a strong tool in the develop-
ment of new electrode materials.
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