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Abstract

In my PhD. thesis, the electrochemical and related properties of
bis(diimino)metal coordination nanosheets were studied, aiming at energy storage appli-

cations using those nanosheets as electrode materials.

In chapter 1, the importance of metal organic frameworks and their applications
including electrochemical energy storages are described. As a state of the art class of

MOFs, electronically conductive coordination nanosheets are also introduced.

In chapter 2, synthesis, characterization and electrochemistry-related properties
of bis(diimino)nickel coordination nanosheets are described. Electrochemical measure-
ments of the material revealed its promising energy storage function based on unique
multielectron transfer reactions. Mechanisms of the electrochemical behavior were fur-

ther studied using experimental and theoretical techniques.

In chapter 3, bis(diimino)cobalt coordination nanosheet and bis(diimino)copper
coordination nanosheet were synthesized, and their electrochemical properties associated
with the metal species were investigated. While the former material was redox-inactive,
the latter exhibited significantly high capacity owing to metal-ligand cooperating redox

reactions.

In chapter 4, I have developed heterometal bis(diimino)cobalt-nickel coordina-
tion nanosheets, and effects of the heterometal structures on their electrochemical prop-
erties were studied. Increasing the content amount of Ni, the material was gradually re-

dox-activated and showed enhanced energy storage functions at the specific condition.

Finally in chapter 5, the conclusions throughout this work were described.



Table of Contents

Abstract

Chapter 1 Introduction

1.1 Metal organic framework 8

1.2 Metal organic framework for energy storage applications 11
1.3 Electronically conductive coordination nanosheets 18
1.4 The aim of this work 21
1.5 References 22

Chapter 2 Synthesis of bis(diimino)nickel coordination nanosheet (NiDI) and investiga-

tion of its electrochemical properties as an electrode material in a secondary battery

2.1. Introduction 26
2.2. Results and discussion 30
2.2.1 Synthesis and characterization 30
2.2.2 Fundamental electrochemical properties 35
2.2.3 Energy storage properties as a cathode material 39
2.2.4 Mechanism of the electrochemical behavior 41
2.2.5 Redox state-dependent electronic conductivity 46
2.3. Experimental 50
2.3.1 General 50
2.3.2 Synthesis 52
2.3.3 Fabrication of the NiDI electrodes and the batteries 55
2.3.4 Sample preparations for the respective characterizations 56
2.3.5 X-ray photoelectron spectra of the charged NiDlIs 57
2.3.6 Device fabrication of the organic electrochemical transistor 61
2.4. Summary 62
2.5. References 63



Chapter 5 Concluding remarks

Acknowledgement

List of publications

66

70
72



Chapter 1

Introduction



1.1 Metal organic frameworks

Among various types of metal-containing materials, metal organic frameworks,
(MOFs), or sometimes referred to as porous coordination polymers, are exceptional in
degree of tunability on their structure designs and resulting diverse physical/chemical
properties.! MOFs are the materials built from metal cations as “nodes” and organic lig-
ands as “linkers”, which form structures with crystalline ordering. Owing to the almost
unlimited combination numbers of the “nodes” and “linkers”, numerous types of MOFs
have been synthesized and their properties were investigated, aiming at emergence of

targeted properties for practical applications'%? (Figure 1.1.1).

Separation Sensing

Gas Storage

Imaging and Therapy Magnetism

Figure 1.1.1. Numberless types of MOFs with respective functionalities have been developed towards
diverse applications. Adapted with permission from reference 2a. Copyright © 2018 Elsevier B.V. All

rights reserved.

Upon development of MOFs, one of the major interests for researchers is pre-
cisely defined shapes and sizes of porous cavities, which allows us to obtain large surface
area and other functionalities.!® The early compounds in a class of MOFs were synthe-

sized in the last century using relatively small organic linkers such as nitrile or bipyridine
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to form extended crystal structures.’ However, in those studies, permanent porosity of the
compounds were not well demonstrated. The first study proving the permanent porosity
was reported with the layered zinc terephthalate MOF,* being followed by the pioneering
study of MOF-5 which had stable and highly porous structures, achieving Brunauer-Em-
mett-Teller (BET) surface area of 2320 cm?/g (Figure 1.1.2).° Rationally designed topol-
ogy and sizes of pores by changing metal cations and organic linkers provided further

increase of BET surface area® that is higher than 7000 cm?/g for some compounds.®®
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Figure 1.1.2. (a) Simplified structure of MOF-5 framework shown along the a-axis (C; gray and O;
green) and (b) nitrogen gas sorption isotherm of MOF-5 at 78 K. (c) BET surface areas of MOFs and
typical porous materials determined by gas sorption measurements. Adapted with permission from

reference 5. Copyright © 1999, Springer Nature.
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Figure 1.1.3. (A) Crystal structure of MOF-74 (C; gray, O; red, Mg or Zn; blue). H atoms are omitted
for clarity. (B) Chemical structures of the organic linkers used for synthesis of MOFs with extended
pore apertures. Adapted with permission from reference 7a. Copyright © 2012, American Association

for the Advancement of Science.

Besides increase of surface area, synthesis of MOFs possessing large pore vol-
ume was intensively tried for the purpose of accommodation of large molecules including
proteins, leading to extended applications of MOFs.” In order to achieve creation of such
large pores, one of the most effective way is to introduce secondary building units (SBUs)
having infinitely long rod-shape, which are connected by linkers along perpendicular di-

mension of those rods.” As an example employing this strategy, MOF-74 was synthesized
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from the Mg-contained SBU rod and several types of phenylene-based linkers.”® The pore
aperture was depending on length of the linkers, and the largest pore (9.8 nm) was ob-
tained with the linker having 11 phenylene units (Figure 1.1.3). This exceptionally large
pore aperture was confirmed by electron microscopic techniques, and it was certainly

beneficial for accommodation of proteins.

In addition to precisely controlled cavity sizes and surface areas, metal cation
sites in frameworks sometimes show chemical interactions with guest molecules.?>®
These characteristics allows us to apply MOFs for gas separations by principles of either
molecular size or chemical interaction-based sieves.” As a representative example using
the latter principle, Long et al. reported hydrocarbon separation at 318 K with Fez(dobdc)
(dobdc* = 2,5-dioxido-1,4-benzenedicarboxylate).”® In this work, open Fe(Il) coordina-
tion sites were found to interact with several hydrocarbon molecules in respectively dif-
ferent strength, being demonstrated by experimental and theoretical methods (Figure
1.1.4). The other type of Fe-based MOFs, Fe»(BDP); (BDP? = 1,4-benzenedipyrazolate),
was also found to be applicable to hexane isomers separation, being reported by the same
authors.”® The mechanism of the isomers separation was confirmed by Configurational-
bias Monte Carlo simulations, which revealed that the separation ability was originated

from interactions between the hexane molecules and walls of the framework, rather than

metal sites.
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Figure 1.1.4. (a) Chemical structure of Fex(dobdc)*2C,Ds4 (C; gray, O; red, Fe; orange, and D; blue).
(b) Hydrocarbon sorption isotherms of Fex(dobdc). Adapted with permission from reference 9a. Cop-

yright © 2012, American Association for the Advancement of Science.
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Another accessible application of MOFs is catalysis,'>!? as the other notable po-
rous inorganic materials such as zeolites.!! By taking advantages of well-defined reaction
spaces in cavities and plenty of active sites including metal nodes, to date, the enormous
number of challenges have been done on catalysis with MOFs. The earliest study of the
catalysis was reported by Fujita e al. in 1994, in which cyanosilylation of aldehydes was
catalyzed by Cd(II) ions in Cd(4,4’-bpy)2(NOs3)2 (Scheme 1.1.1).1% In this reaction, they
observed selectivity on sizes and shapes of the substrates, and thus the reaction in the
framework was confirmed. [Cus(btc)2(H20)s], also known as HKUST-1,!2 is another type
of representative MOFs showing catalytic activity on its metal nodes. Kaskel et al. first
demonstrated that HKUST-1 could catalyze the cyanosilylation of benzaldehyde or ace-
tone,'® being followed by the study of catalytic reactions by anhydrous HKUST-1 that
was reported by Alaerts et al. Through those studies, the authors confirmed the function

of the material as a Lewis acid catalyst.

Scheme 1.1.1. Cyanosilylation of benzaldehyde with a MOF as a heterogenous catalyst.
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1.2 Metal organic frameworks for energy storage applications

Redox-active MOFs are of great interest for researchers in fundamental science
as well as in practical application fields.! The origin of the redox reactions of such MOFs
is often oxidation state transitions of metal nodes, the reaction principle of which is sim-
ilar to redox-active inorganic compounds exemplified by metal oxides,'* metal hydrox-
ides'*>!5 or metal polyanion compounds.'® Needless to mention, those inorganic com-
pounds are practically used classes in electrochemical energy storage applications includ-

415,16 and thus redox-active MOFs would also be can-

ing batteries and supercapacitors,
didates for energy storage materials (Figure 1.2.1).!” Additionally, the MOFs have other
two advantages for the application: porosity of the frameworks offers diffusion path for
electrolytes, and more importantly, their countlessly varying structures enable us to tailor

their electrochemical properties.
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Figure 1.2.1. MOFs, MOF composites and MOF-derived materials for energy storage applications.

Adapted with permission from reference 17. Copyright © 2018 Elsevier Inc.

Challenges of employing MOFs in energy storage systems are not limited to an

electroactive material in a specific battery. Utilization of MOFs in lithium ion batteries is
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the greatest interest for researchers because of their significant importance in the current
society.!® As energy storage systems in the next generation, sodium ion batteries,!® lithium
sulfur batteries?® or lithium air batteries?! with MOFs have also attracted attentions. In
those cases, rolls of MOFs are varying from electroactive materials'®!° to ion conductors
as solid electrolyte?? and host materials of other redox species.?®?! In this thesis, MOF-
based electrodes in lithium ion batteries, the most advanced this field are highlighted in

the following.
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Figure 1.2.2. (a) Charge-discharge profile and (b) >’Fe Mdssbauer spectra at 77 K of MIL-53. Adapted
with permission from reference 18b. Copyright © 2007 WILEY - VCH Verlag GmbH & Co. KGaA,

Weinheim.

Since the pioneering works of MOF-177 by Li et al.'3 and of MIL-53 by Férey
et al.'®®, redox-active MOFs have been extensively studied as electrode materials in lith-
ium ion batteries. The former work demonstrated energy storage performance of MOF-
177 as an anode material, but irreversibility upon cycling was significantly large and they
concluded that MOF-177 was not suitable for an anode.'® On the other hand, MIL-53

was employed as a cathode material, and it showed relatively stable cycling but with
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moderate specific capacity (75 mAh/g, or 0.6 Li atoms per formula unit).'3® In addition
to a voltage profile during cycles, further detailed investigation revealed that the origin
of the energy storage function was redox couple of Fe**/Fe**, being accompanied by the
crystal phase transitions (Figure 1.2.2).

As the above work of MIL-53, MOF-based cathode materials were mostly fo-
cused on a redox couple of Fe?'/Fe3*.!%f For instance, MIL-68 was found to accommo-
date 0.35 Li per Fe atom, or specific capacity of up to 40 mAh/g, which was slightly lower
than those of MIL-53. MIL-101, a framework possessing larger pores, is also applicable
to a cathode material, showing discharge specific capacity of up to 110 mAh/g with rea-
sonable cyclability (Figure 1.2.3).'3¢ Not only preliminary studies, but also examination
of detailed electrochemical mechanisms was carried out with MIL-53 using X-ray ab-
sorption fine structure (XAFS), extended XAFS (EXAFS)'® and theoretical calculation
techniques.'8" Those studies confirmed stable crystal phases with mixed valence states of
Fe owing to the flexible framework of MIL-53, but also found that 0.6 Li is the upper
limit of its storage and further insertion destabilize the material. Another major class of
MOFs for cathodes in lithium ion batteries is Prussian blue and its analogues.'®¢™ The
simplicity of the structures of those materials (metal cations are bridged with cyanide),
variety of metal compositions are available. However, in general, their capacity and cycle

performance were moderate in cathodes of the batteries.
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Figure 1.2.3. (a) Structure of MIL-101 and (b) its charge-discharge profile. Adapted with permission
from reference 18d. Copyright © Royal Society of Chemistry.

14



Compared with studies of MOF-based cathode materials, a wider variety of
MOFs were investigated as anode materials.”> The representative examples are
Co2(OH):BDC (BDC = 1,4-benzenedicarboxylate),”* Mn-1,4-BDC@200 (Figure
1.2.4),® Cu3(BTC)2 (BTC = 1,3,5-benzenetricarboxylate),?** and Co-TFBDC (TFBDC
= 2,3,5,6-tetrafluoroterephthalic).?*® The reversible insertion/desertion of Li* ions
into/from those frameworks takes place based on the ligand-centered redox reactions

without contribution from redox couples of metal cations.
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Figure 1.2.4. (a) Structures of Mn-1,4-DBC and DMF-removed Mn-1,4-DBC@200. The charge-dis-
charge profiles of (b) Mn-1,4-DBC and (¢) Mn-1,4-DBC@200. Adapted with permission from refer-
ence 23b. Copyright © Royal Society of Chemistry.

Several studies have demonstrated that MOFs are promising candidates for en-
ergy storage materials, yet some challenging issues remain.!? At first, electronically insu-
lating nature of typical MOFs causes low rate capability and faster degradation of the
materials. In order to access this issue, a lot of efforts have been made by developing

composites of MOFs and electronically conductive materials such as graphene.?* In recent
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years, electronically conductive MOFs have been reported as well, a part of which is in-
troduced in the next section. Second, as prepared MOFs often have solvents in pore cav-
ities, and extraction or replacement of them leads to destruction of the frameworks.!? Or-
igins of the degradation is not limited only to removal of the solvents, but essential redox
processes are also related in many cases. For example, in the case of MOF-based anodes,
the materials with ligand-based intercalation often lose crystallinity during cycling, re-
sulting in capacity fading.?® In spite of the above drawbacks, MOFs are still a promising
class of energy storage materials because their properties could essentially be improved

by designing appropriate structures.
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1.3. Electrically conductive coordination nanosheets

While MOFs are typically insulating, in the last decade, researchers have devel-
oped MOFs possessing electronically semi-conductive, or sometimes metallic proper-
ties.?> Thanks to the characteristics, those materials are considered to be promising for
various applications that requires charge transport such as electronics, electrocatalysis or
electrochemical energy storages. On designing the electronically conductive MOFs, pos-
sible strategies are categorized into two ways, through-space and through-bond charge
transport.?> Those strategies succeeded to some extent, and several types of conductive
MOFs with three dimensionality have been reported. However, most of them were semi-

conductors, and thus another approach to improve electronic conductivity was desired.
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Figure 1.3.1. Structure of electronically conductive coordination nanosheets along the axis vertical to

two-dimensional planes.

In 2010s, a novel class of conductive MOFs, which is sometimes termed “coor-
dination nanosheets”, has been of great interests because of its unique characteristics.?¢-
29 Unlike conventional three-dimensional MOFs, coordination nanosheets have an anal-
ogous structure of graphene or graphite with two-dimensional anisotropy (Figure 1.3.1).
Additionally, organic ligands in the nanosheets have aromatic moieties, the n-conjuga-

tions of which are extended to overall structures across metal and ligating groups. Both
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the experimental and theoretical studies have revealed that this extended conjugation of-
ten offers exceptionally high electronic conductivity.?6-2® All the reported materials in this
class have benzene or triphenylene core skeletons with ligating groups of O, N or S.

The earliest study of the highly conductive coordination nanosheet was reported
by Kambe ef al., in which Ni(I) ions and 1,2,3,4,5,6-benzenehexathiol (BHT) were used
to synthesize the nanosheet, NiDT (Figure 1.3.2).272 A two-probe electronic conductivity
measurement of the as-prepared material displayed conductivity of 0.15 S/cm at 298 K.
Furthermore, the following study by the same authors revealed that NiDI increased its
conductivity to 1.6x10? S/cm via chemical oxidation.?’® A theoretical calculation found
that the electronic band structure of the nanosheet had a metallic feature, which is unusual
for MOFs. Huang et al. reported that the BHT-based nanosheet with Cu(II) ions (CuBHT)
exhibited further higher conductivity of up to 1,580 S/cm at room temperature (Figure
1.3.3).27¢ To the best of my knowledge, to date, this value is the highest among reported
MOFs. Additionally, Cu-BHT with improved crystallinity was found to show supercon-
ductivity at a temperature below 250 mK.?’¢ As the other BHT-based nanosheets, the ma-

terials with heavier d® metals, Pd and Pt,27¢f

were also reported, although they did not
display conductivity as high as the above examples. Nanosheets with the derivative of
BHT, 2,3,6,7,10,11-triphenylenehexathiol (THT), have also been majorly targeted mate-
rials. For instance, the THT-based nanosheets with several first-low transition metals (Fe,
Co and Ni) were synthesized, respectively, and their catalytic or electronic properties

were examined.2’8™
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permission from reference 27a. Copyright © 2013, American Chemical Society.
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(a)

Figure 1.3.3. (a) Structure of CuBHT and (b) its amplified high-resolution TEM image. Differently
from NiDT, a S atom in CuBHT coordinates to two Cu atoms. Adapted with permission from
rerefence 27¢ for (a) and 27d for (b). Copyright © 2015, Springer Nature and © 2018 Wiley - VCH
Verlag GmbH & Co. KGaA, Weinheim.

Similarly to the sulfur-containing nanosheets, a family of the nitrogen-based
nanosheets were known to possess high electronic conductivity.?® The early work by She-
berla et al.,in which 2,3,6,7,10,11-hexaiminotriphenylene (HITP) and Ni(Il) ions were
incorporated into the framework, and they observed its electronic conductivity as high as
40 S/cm at room temperature.?®? The same authors also reported the nanosheet consisting
of HITP and Cu(Il) ions, which showed slightly lower conductivity but usability for
chemiresistive sensing of ammonia.?%® Bis(diimino)metal coordination nanosheets (MDIs,
M = metal), a series of other nitrogen-based nanosheets composed of hexaiminobenzene,
have been rapidly developed in these years.?®" The metal species of reported MDIs in-
clude Co, Ni, Cu, Fe, Mn and Fe/Mn (mixture), and each was demonstrated to be elec-
tronically conductive. A part of the previous studies related to those nanosheets are more
detailly described in the following chapters.

Finally, several types of nanosheets synthesized from the oxygen-based ligands,
1,2,3,4,5,6-hexahydroxybenzene or 2,3,6,7,10,11-hexahydroxytriphenylene, have been
reported with several transition metals.?® While these ligands tend to offer good crystal-
linity, and thus advantageous for unambiguous structure determination, their electronic

conductivities are not as high as the other types of nanosheets.
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1.4. The aim of this research

Thanks to high electronic conductivity, MDIs offer us an opportunity to employ
them for applications requiring charge transport.?® Furthermore, imine groups sharing ar-
omaticity in the ligand are well-known as redox-active species (Figure 1.4.1 a).’° Thus,
MDIs are expected to be promising candidates for electrochemical energy storage mate-
rials in batteries or supercapacitors. In my Ph.D. thesis, MDIs with several metal species
were synthesized and electrochemistry-related properties were investigated, aiming at en-
ergy storage applications (Figure 1.4.1 b). As metal species, Ni, Co, Cu and Co/Ni (mix-
ture) were adopted to reveal electrochemical properties with respective metals. Associat-
ing the chemical structures and emerging properties, the knowledge obtained in this thesis

will contribute to rational design of novel energy storage materials with desired functions.

(a)

Figure 1.4.1. (a) Redox reactions of 1,2-diiminobenzene. (b) The chemical structure of the targeted

material, MDI (M = Ni, Co, Cu or Co/Ni (mixture)).
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Chapter 2

Synthesis of bis(diimino)nickel coordination
nanosheet (N1DI) and its electrochemical properties

as an electrode material in a secondary battery
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2.1. Introduction

The nickel complexes synthesized from o-phenylene diamine or its derivatives ([Ni-
Nu] type complexes) are known to have unique electronic states (Figure 2.1.1a).! When those
ligands are embedded in complexes, they behave as non-innocent ligands: they are capable of
taking several redox states in addition to the metal centers (Figure 2.1.1b). Owing to the char-
acteristic, [Ni-N4] type complexes often show multi-step redox state transitions depending on
electrochemical potentials (Figure 2.1.1c,d). This unique property has attracted interests for
several decades, and a lot of studies have challenged to clarify the mechanisms of the electro-
chemical reactions by combination of electrochemical and other measurement techniques such
as UV-vis absorption spectroscopy or electron paramagnetic resonance spectroscopy. Further-
more, by modifying the structure of o-phenylene diamine, various [Ni-N4] type complexes have

been synthesized to investigate influence of the ligand structures on their electrochemical prop-
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Figure 2.1.1. (a) [Ni-N4] type complex synthesized from o-phenylene diamine. (b) Reaction scheme of the
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redox reactions of 1,2-bis(diimino)benzene. (c) Cyclic voltammogram of the compound shown in (d), being
measured in 0.1 M [N(n-Bu)4]BF4/acetonitrile at scan rates 50, 100, 200, 400 mV/s. Adapted with permission

from reference 1a for (b)-(d). Copyright © 2003 American Chemical Society.

In recent years, the two-dimensional coordination nanosheet consisting of Ni(II) ions

and 2,3,6,7,10,11-hexaiminotriphenylene was reported (Figure 2.1.2a).2 Thanks to the electron-
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delocalized structure of the [Ni-N4] complex and also the aromatic triphenylene moiety, elec-
tronic conductivity of the material reached up to 40 S/cm at room temperature (Figure 2.1.2b).?
In another study, the same authors reported that this material can be applicable as an electrode
material in a supercapacitor, in which it marked high areal capacitance and long lifecycles,
successfully demonstrating the advantages of the conductive nature and the porous structure

(Figure 2.1.2¢).°
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Figure 2.1.2. (a) Coordination nanosheet consisting of Ni(II) ions and 2,3,6,7,10,11-hexaiminotriphenylene.
(b) The temperature-dependent electronic conductivity of the material and (c) the cyclic voltammograms in
1 M TEA+BF4/acetonitrile at scan rate of 10 mV/s. Adapted with permission from reference 2a for (a) and
(b), and from reference 2b for (c). Copyright © 2014, American Chemical Society and © 2016, Springer

Nature.

As a series of the coordination nanosheet which have [Ni-N4] type complex skeletons,
more recently, the material consisting of hexaiminobenzene was reported from several groups.?
This bis(diimino)nickel coordination nanosheet (NiDI) are theoretically predicted to have me-
tallic nature on electronic conductivity owing to the delocalized electronic states on the two-
dimensional layers (Figure 2.1.3).3>¢ In fact, the experimentally obtained conductivity was ~ 6

S/cm,?® which was quite high as a family of metal-organic frameworks. Moreover, in an aque-
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ous supercapacitor, NiDI was found possess high volumetric and areal capacitance as an elec-
trode material.’ Based on the characteristics of [Ni-N4] type complexes exhibiting multi-step
redox reactions and the high electronic conductivity, NiDI is expected to be a promising elec-
trode material in a secondary battery which requires both charge-storage and charge-transport
functions. However, application of NiDI for secondary batteries has not been studied yet, and
its electrochemistry-related properties have not been well-understood.
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Figure 2.1.3. (a) Reaction scheme of the synthesis of NiDI. (b) The temperature-dependent electronic con-
ductivity of the material. Adapted with permission from reference 3b. Copyright © 2017, American Chemical

Society.
In this study, NiDI was synthesized and its electrochemical properties including an

energy storage function were investigated. The mechanisms of its electrochemical behaviors

were revealed by combination of electrochemical, spectroscopic and theoretical techniques.
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2.2. Results and discussion
2.2.1 Synthesis and characterization

NiDI was synthesized via the complexation of hexaaminobenzene tetrahydrochrolide
(HAB<3HCI) and nickel(II) acetate tetrahydrate, as shown in Scheme 2.2.1. HAB*3HCI was
prepared following the literatures.’® The reactions of the NiDI formation include mainly three
steps: deprotonation, oxidation of the ligand and the complexation with Ni(Il) ions that exists
as ammonia complexes in the solution. According to the literature, the first reaction is the co-
ordination of HCI free HAB with Ni(II) ions, and then successive deprotonation on the amino-
group and its oxidation subsequently take place.* Until now, by using the characteristic of the
reaction promoted by the ligand oxidation, two of the synthesis methods of NiDI have been

3b.d and the electro-

developed that are the synthesis using oxygen molecules in air as oxidants
chemical synthesis where the reaction occurs on an electrode.?? In this study, the former method
was employed as it allowed to easily prepare large amount of the product. The preparation pro-

cedure is depicted in Figure 2.2.1, which yielded the black powder product (~ 80%).

Scheme 2.2.1. Preparation of NiDI from HAB<3HCI and Ni(II) ions
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Figure 2.2.1. (a) Schematic illustration of the synthesis method of NiDI using oxygen molecules in air, and

(b) the photo of the resulting NiDI power.
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The microscopic characterization of the NiDI powder was carried out by high resolu-
tion transmission electron microscopy (HR-TEM). In the observation, a highly crystalline phase
was observed, and the diameter of each crystal domain size was about 30 nm (Figure 2.2.3).
Fast Fourier transform analysis of the selected area clearly showed the hexagonal pattern, sug-
gesting the honeycomb lattice of the material. The periodic pattern in the higher resolution im-

age matched well with the expected structure of NiDI.

(b)

Figure 2.2.3. (a) HR-TEM image of the NiDI powder. The inset is the image obtained by fast Fourier trans-
form analysis of the selected area indicated by the white lines. (b) The higher-resolution TEM image of NiDI,
on which the expected partial structure of NiDI is illustrated (N: blue, C: gray, H: white and Ni: green).
Copyright © 2018 Wiley - VCH Verlag GmbH & Co. KGaA, Weinheim.

The powder X-ray diffraction (PXRD) measurement conducted by synchrotron radia-
tion also showed the crystalline structure of NiDI. In order to determine the crystal structure of
NiDI, the experimentally obtained diffraction pattern was simulated with several model struc-
tures of NiDI. The experimental result was reasonably reproduced by the A A stacking (eclipsed)
structure rather than the other models such as an AB stacking (staggered) structure, which
agreed with the literatures (Figure 2.2.4).3¢4 The corresponding space group of the simulation
model was P6/mmm, and the experimentally obtained lattice parameters were a = 13.11 A and
¢ = 3.27 A. In addition to these simulations, when H,O molecules were placed in pores of the
AA stacking structure, the pattern simulated with the model showed better consistency with the

experimental pattern, indicating existence of solvents such as H>O or other species in the pores.
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stacking model, (c) the AB stacking model and (d) the AA stacking model with HoO molecules. The unit cell
of the simulation model is defined by the red dash lines. Copyright © 2018 Wiley - VCH Verlag GmbH &
Co. KGaA, Weinheim.

The chemical bonds in the material were characterized by infrared (IR) spectroscopy
and Raman spectroscopy (Figure 2.2.5). In the IR spectra, the signals appeared in two regions
that were over 3000 cm™ and 1700 cm!. At higher frequency region, the signals can be decon-
voluted into two broad peaks at 3430 cm™! and 3250 cm™!. The former peak was derived from
O-H stretching from water molecules and the latter was from N-H stretching from the ligand.
The peak of water did not disappear even after heating at 120°C under vacuum for 10 min. Thus,

those molecules were strongly absorbed thorough some chemical interaction with the NiDI
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framework, most possibly hydrogen bonding with imine function groups. On the other hand, in
the frequency region below 1700 cm™!, the peaks mainly derived from C-N and C-C stretching
vibrations were observed. Although explicit assignment of those peaks is difficult due to their
complexity, the vibration at 1630 cm™! could be assigned to vibration of C-N stretching followed
by the other vibration modes. In the Raman spectrum, the symmetric vibration of the chelate
rings was observed at 465 cm™! and 630 cm™!,* and the aromatic-centered vibration was detected
around 1500 cm™'. These characterizations clearly indicate the successful formation of the ex-

pected coordination networks.
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Figure 2.2.5. (a) IR and (b) Raman spectra of NiDI.

The electronic states of N, C and Ni atoms on NiDI were then investigated by X-ray
photoelectron spectroscopy (XPS) measurements. In N 1s region, the spectrum showed the peak
which was deconvoluted into three peaks (Figure 2.2.6a). The peaks at 398.1 eV (red) and 399.3
eV (yellow) were originated from —(C-NH)" —Ni and ~C=NH-Ni species, respectively.’ This
result suggests that the all imine groups in the ligand were not identical but they take charge-
localized states, unlike symmetric [Ni-N4] type complexes. A content ratio of the above species
was calculated to be almost 1 : 1, revealing that the pristine NiDI was at a non-charged state.
The peaks at higher binding energies (green and blue) were probably originated from the nitro-
gen species around the metal vacant sites, in which the peaks could be assigned to ammonium
cations, nitroso groups or further oxidized species (Figure 2.2.6b).° Analysis of the C 1s region
was more complicated due to the signals from adventitious carbon in addition to the NiDI sam-
ple. The deconvolution, with consideration of the adventitious carbon, gave four kinds of C
atoms, where the C atoms in -(C—NH) —Ni and -C=NH-Ni were observed respectively at 285.7

and 287.2 eV (Figure 2.2.6¢,d).> The content amount of those species were almost equal, which
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was reasonably consistent with the result of the N 1s spectrum. The spectrum of Ni 2p3/2 region
indicated the existence of mostly one Ni species at 855.0 eV and the slight amount of another
type of Ni atoms at 856.2 eV (Figure 2.2.6e,f), in which both of the peaks indicated divalent
states of the Ni atoms. While the former atoms were derived from the non-charged complex

units, the latter was possibly from the partially oxidized complexes.’
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Figure 2.2.6. X-ray photoelectron spectra of NiDI in (a) N1s, (¢) C 1s and (e) Ni 2p3/2 regions. The possible

atomic species represented by the respective deconvoluted peaks are shown in (b), (d) and (f), in which the

atoms were indicated by the corresponding colors of the respective peaks.
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2.2.2 Fundamental electrochemical properties

For investigation of the electrochemical properties of NiDI, NiDI-containing elec-
trodes were prepared first by mixing NiDI with multi-walled carbon nanotube (MWCNT) and
polyvinylidene difluoride (PVdF), which were pasted on aluminum foil. The fabricated elec-
trode was then used as a cathode in a lithium battery cell as shown in Figure 2.2.7. As the
electrolyte, 1 M LiPFs in mixture of ethylene carbonate and diethyl carbonate (3:7) was used,
which is a typical electrolyte used in lithium ion batteries. In this thesis, all potentials are dis-

cussed with V vs. Li*/Li unless otherwise noted.
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Figure 2.2.7. (a) Schematic image of cell configuration of the lithium battery used for the electrochemical
measurements. (b) The cathode containing NiDI, MWCNT and PVdF, which were placed on aluminum foil.
(c) The CVs of NiDI at 0.1 mV/s in several potential windows and (d-f) at several scan rates. Copyright ©
2018 Wiley - VCH Verlag GmbH & Co. KGaA, Weinheim.

35



The cyclic voltammograms (CVs) of the NiDI electrode are given in Figure 2.2.7. The
initial open circuit potential of NiDI was 3.15 V. Then during scan in the potential window of
3.0 ~ 4.5V, the CV exhibited a pair of redox peaks at the cathodic potential of 3.73 V and the
anodic potential of 3.56 V. Because those potentials were more positive than the initial open
circuit potential of non-charged NiDI, the redox peaks correspond to the electrochemical tran-
sition between non-charged and oxidized states of NiDI, being accompanied by insertion/de-
sertion of PF¢” counteranion.® When the negative limit of the potential window was extended to
2.5V, the CV showed broadly ranging anodic current below 3.0 V and a new cathodic peak at
3.21 V. These redox waves could be assigned to the redox state transition between the non-
charged and reduced states of NiDI with Li* ion insertion/desertion.® The current intensity of
these redox waves was further intensified in the more extended potential window (2.0 ~ 4.5 V).
In addition to those redox waves, all the CVs showed the irreversible cathodic current near 4.5
V, which was derived from decomposition of the electrolyte. The CVs at various scan rates in
Figure 2.2.7¢ showed that the hysteresis of each pair of redox waves increased at higher rates,

which was probably caused by the solid-state diffusion of the counter-ions.
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Figure 2.2.8. (a) Difference IR spectrum and (b) the difference Raman spectrum between the oxidized and
non-charged NiDIs. The vs vibration mode of PF¢” appeared in the IR spectrum at 868 cm™ whereas the same
frequency region of the Raman spectrum did not show obvious peaks. Copyright © 2018 Wiley - VCH Ver-
lag GmbH & Co. KGaA, Weinheim.

NiDI at the oxidized state was then investigated with Raman and IR spectroscopy to
characterize the PFs -inserted material (Figure 2.2.8). The IR spectrum showed the peak corre-
sponding to the vs vibration mode of a PF¢ ion with distorted symmetry while no peak was

observed in the same frequency region of the Raman spectrum.’ These results confirmed the
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successful insertion of PFs™ ion in the framework. This unique multielectron transfer behavior
associated with both cation and anion insertion are not commonly observed in solid-state elec-

trochemistry, and only a few examples have been reported for MOF-based materials.
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Figure 2.2.9. (a) The Nyquist plots of NiDI measured at 2.2 V (blue), 3.2 V (yellow) and 4.2 V (green). The
fitting plots were obtained by the simulation using the equivalent circuit in (b). (c) Charge transfer resistance
(R2) as a function of potential, in which the light blue and green plots were obtained respectively during
discharge or charge process. Each resistance was normalized by the R2 value at 2.2 V. Copyright © 2018
Wiley - VCH Verlag GmbH & Co. KGaA, Weinheim.

The ion diffusion behavior of NiDI during the electrochemical reactions were re-
searched by electrochemical impedance spectroscopy (EIS). Figure 2.2.9 shows the Nyquist
plots obtained at different potentials. The electrodes at those potentials were prepared by suc-
cessive application of constant current at 50 mA/g and relaxation rest for 30 min until the tar-
geted potentials were reached. At all potentials, the Nyquist plots exhibited the semicircles,
Warburg and linear regions which were the typical features of Faradaic reactions. The experi-
mental plots were then reproduced by the simulation using the equivalent circuit. Here R1 and
R2 are the electrolyte resistance and charge transfer resistance at the surface/bulk interface,
CPE1 and CPE2 correspond to the constant phase elements representing the surface/bulk inter-
face and inner-bulk capacitance, and W is the Warburg element for ion diffusion in the bulk.
The simulated plots matched well with the experimental data, validating the proposed equiva-
lent circuit model. When the charge-transfer resistance (R2) was plotted versus potential, it
showed the potential-dependent trend; the more negative the potential was, the higher value the
resistance showed. This trend was contrary to my prediction based on the size difference be-

tween PFs” and Li" ions. At the positive potentials, the redox reactions occur with insertion/de-
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sertion of PFs ions, where the diffusion of such large ion should have larger resistance, com-
pared with smaller Li* ion diffusion. This unexpected behavior could be explained by the
change of the electronic conductivity of NiDI by redox state transitions. In the previous works
of our group, the other types of coordination nanosheets were found to undergo decrease of
their electronic conductivity by chemical reduction.!! The behavior observed in this thesis was
possibly correlated to the redox-state dependent conductivity as well, which is described in

detail in Section 2.5.

As further study of the solid-state ion diffusion of the counter ions, the Warburg region
in the Nyquist plot was analyzed to calculate diffusion coefficients (D) of the ions in NiDI. The
D values were calculated using the following equations:'°

D=1t

7=2(Aw* Cint)?

Aw = AZr/Ar'?
where / is the characteristic diffusion length (average radius of NiDI particles), 7 is the diffusion
time, Cin is the differential intercalation capacitance and Ay is the Warburg slope. The charac-
teristic diffusion length was 120 nm that was obtained by field emission scanning electron mi-
croscopy (FE-SEM) observation of NiDI electrodes (Figure 2.2.10a). The 4w and Ciy were ob-
tained respectively from the impedance spectra of the Warburg region and the anodic current
in the CV at 0.1 mV/s. The diffusion coefficient showed two minimal values at 2.3 V and 3.3
V, where the electrochemical reactions with Li* and PF¢ insertion/desertion occurred, respec-
tively (Figure 2.2.10b). The D values at those potentials were close to or slightly larger than

those of representative layered compounds such as LiCoO; or graphite.!%!2

5 3 3.5 4
Potential (V vs. Li*/Li)

Figure 2.2.10. (a) FE-SEM image of the NiDI electrode. NiDI were observed as white particles that were
surrounded by MWCNT having fiber-like morphology. (b) The diffusion coefficient of NiDI at various po-
tentials. Copyright © 2018 Wiley - VCH Verlag GmbH & Co. KGaA, Weinheim.
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2.2.3 Energy storage function as a cathode material

NiDI, a material showing the unique electrochemical property of multielectron transfer
with anion/cation insertion, was then investigated as a cathode material in a lithium-based re-
chargeable battery to investigate its energy storage functions. Charge-discharge tests at several
current densities were firstly carried out to reveal specific capacity of NiDI. The potential win-
dow was set to 2.0 ~ 4.5 V to include the redox reactions with two kinds of counterion inser-
tion/desertion. The obtained curves at different current densities indicated large dependence of
the current density to the capacity of NiDI, and two plateaus were observed in all the curves
(Figure 2.2.11a). These plateaus correspond to the reactions with Li*/PFs insertion/desertion
as observed in the CVs in Figure 2.2.7c. The maximum specific capacity of 155 mAh/g was
achieved on the discharge curve at 10 mA/g. Cycle performance was investigated by repeating
charge-discharge cycles at 250 mA/g (Figure 2.2.11b). The result showed that the NiDI elec-
trode retained about 80% of the initial capacity, and the coulomb efficiency was mostly higher
than 99%. In the initial 50 cycles, the capacity of NiDI increased up to 121% followed by grad-
ual decay, which is considered to be an activation process (exposure of the surface to the elec-
trolyte) or formation of solid-liquid interface (SEI) by decomposition of the electrolyte. This
process also caused relatively low coulomb efficiency in those cycle numbers. Through the
above measurements, NiDI was found to possess excellent energy storage properties; it marked
quite high specific capacity and good cyclability as a MOF-based cathode material (Table
2.2.1),!3 and the capacity was comparable to commercially used cathode materials in lithium

ion batteries such as LiCoO» or LiFePQ4.!*
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Figure 2.2.11. (a) Charge-discharge curves of NiDI at current densities of 10 ~ 500 mA/g. (b) Capacity
retention and coulomb efficiency of NiDI for 300 cycles, being measured at 250 mA/g. Copyright © 2018

Wiley - VCH Verlag GmbH & Co. KGaA, Weinheim.

39



Table 2.2.1. Energy storage performances of the representative MOF-based cathode materials tested in lith-

ium-based rechargeable batteries. Copyright © 2018 Wiley - VCH Verlag GmbH & Co. KGaA, Weinheim.

Cathode material Specific capacity Rate Potential Tested Reference
(mAh/g) window cycle
(V vs. Li*/Li) number
NiDI (This work) 155 10 mA/g 20-45 300 -
MIL-53 75 0.025C 15-35 50 13a
MIL-132 50 10C 2.3-3.75 - 13b
Rbo.7Mn1.15[Fe(CN)e]-2.5H,0 <60 50 mA/g 2.0-43 100 13c
K2.5[(VO)2(HPO4)1.5(PO4)o.5(C204)] 66 40 mA/g 25-4.6 60 13d
K2Mn[Mn(CN)g] 197 30 mA/g 20-4.2 10 13e

The high specific capacity of NiDI was achieved by the redox reactions based on mul-

tielectron transfer with Li*/PFs transport, in which the contribution of each reaction to the

whole capacity was hard to estimate from the above charge-discharge curves. Thus, the CVs in

different potential windows (Figure 2.2.7¢) were further analyzed to breakdown the specific

capacity profile. The capacities calculated from those CVs indicated that the redox state transi-

tion of NiDI between non-charged and reduced states with Li* transport has higher contribution

to the other PF¢-related reaction. This is possibly due to limitation of the space in NiDI for

accommodating larger PFs ions, compared with the case of Li" ions.
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Figure 2.2.12. (a) Charge-discharge curves of NiDI at current densities of 10 ~ 500 mA/g. (b) Capacity

retention and coulomb efficiency of NiDI for 300 cycles, being measured at 250 mA/g. Copyright © 2018

Wiley - VCH Verlag GmbH & Co. KGaA, Weinheim.
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2.2.4 Mechanisms of the electrochemical behavior

The crystal structures of oxidized (charged) and reduced (discharged) states were ex-
amined by ex situ PXRD measurements of the respectively charged materials. The charged
samples were prepared by applying constant potential (2.0 and 4.2 V) for 3 days, being followed
by washing process with acetonitrile under an argon atmosphere. The diffraction patterns were
displayed in Figure 2.2.13, in which the patterns of the respectively charged samples were al-
most identical to the pattern of pristine NiDI, confirming that the samples were not decomposed
at the electrochemical processes. Additionally, the results indicate that the lattice expansion
along intralayer and interlayer did not occur even after the insertion of the counterions. There-
fore, the ion-insertion process was possibly unlike typical layered compounds such as graphite:
the counterions were inserted through the pores and accommodated in the space (Figure
2.2.13b), or the interlayer distance did not change even the ions exist between the layers. The
integrity of the electrochemically stable framework was further confirmed by IR and Raman
spectroscopies of oxidized/reduced NiDIs, in which they did not show obvious difference from

the pristine sample (Figure 2.2.13c¢,d).
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Figure 2.2.13. (a) PXRD patterns of the oxidized, pristine and reduced NiDIs. (b) Schematic image of the
porous structure of NiDI (C: gray, N: blue, H: white, Ni: green). (c) Raman and (d) IR spectra of the respec-
tively charged NiDIs. Copyright © 2018 Wiley - VCH Verlag GmbH & Co. KGaA, Weinheim.
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From the viewpoint of electronic structures, the mechanism of the electrochemical be-
havior of NiDI was researched using DFT calculations.!® Figure 2.2.14 shows the electronic
band structure of NiDI with AA stacking model after structure relaxation. As reported in the
literatures, NiDI did not have a band gap around the Fermi level, suggesting electronically me-
tallic conductivity. This metallic nature was also confirmed by projected density of states
(PDOS) of NiDI, which showed non-zero electronic states at the Fermi level. PDOS gives in-
formation about not only the conductivity but also the redox reactions of the material, because
oxidation/reduction reactions are essentially extraction/injection of electrons from/to the elec-
tronic states. The PDOS of NiDI was then compared with the experimental dQ/dV curve which
was obtained by converting the discharge curve at 10 mA/g in Figure 2.2.11a. As a result, the
PDOS was found to well-represent the feature of the dQ/dV curve especially around the Fermi
level, validating discussion of the electrochemical behavior with the theoretical calculations. In
the PDOS, the states of Ni, C and N atoms are crossing the Fermi level, and thus both the metal

center and the ligand were involved as the redox centers during the electrochemical reactions.
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Figure 2.2.14. (a) Theoretically calculated PDOS and (b) the experimentally obtained dQ/dV curve of NiDI.
Copyright © 2018 Wiley - VCH Verlag GmbH & Co. KGaA, Weinheim.

The electronic states of each atom was also studied by ex situ XPS of the respectively
charged NiDIs. In N Is region (Figure 2.2.15), the spectra of NiDI at 3.2 V and 2.0 V were
fitted with three or four peaks (398.3, 399.3 and 400.5 eV) respectively as described in Section
2.2.1. Figure 2.2.15b represents the partial chemical structures of NiDI with the colored circles,
the colors of which correspond to deconvoluted peaks in Figure 2.2.15a.

When NiDI was oxidized from 3.2 V to 4.2 V, the relative peak area of imine group (-
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C=NH-Ni) increased, which indicates oxidation of the ligand. The blue peak also became more
intense and broader, which was caused by the partial decomposition of NiDI with Ni removal,
or oxidation of non-coordinating N-containing groups. Additionally, unstable radical cationic
groups (-NH?") may have been formed (green peak at 402.3 V) when they were highly oxi-
dized.
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Figure 2.2.15. (a) N 1s region of the X-ray photoelectron spectra of the oxidized, non-charged and reduced
NiDIs. The oxidized and reduced NiDIs were prepared by applying the potentials of 4.2 V and 2.0 V, respec-
tively. The inset percentage ratios represent the relative content (area) ratios of each species. The colors of

the peaks correspond to the colors of the dashed circles on the respective N atoms in (b). (¢) The resonance

structures of the Ni-centered complex units in reduced NiDI.

On the other hand, the peak at higher BE (yellow) increased by reduction reaction,
unlike typical behavior of reduced materials. Then, the resonance structures of the Ni centered
motif (Figure 2.2.15¢) were considered to rationalize this trend. In the negatively charged motif,
there are mainly three resonance structures. In the left structure, the negative charge is localized
on a carbon atom, and the neighboring nitrogen (yellow) should show higher BE than the -NH"
-group. In addition, the sp? character of the C-N bond may be weakened, which also increases
BE. Therefore, this structure can reasonably explain the experimental result. On the other hand,

in the middle structure, the injected negative charge is localized on the amine groups, suggesting
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peak shift to lower BE. Finally, mono-valent Ni is usually unstable, so the right structure can
be excluded from the possible model. Based on these considerations, we can conclude that the

left structure is the most reasonable model for the reduced NiDI.

Figure 2.2.16 shows the C 1s spectra of NiDIs. The peak at 285.7 eV (yellow) corre-
spond to -(C-NH)™-Ni or -C-X, and the peak at 286.9 eV (green) represents -C=NH-Ni in NiDI.
The red peaks at 284.8 eV and the blue beaks at 288.3 eV were derived from contamination of
the surface (adventitious carbon), in which the latter may also include SEI carbon.!® Only the
spectrum at 4.2 V had another peak at 290.3 eV that could be assigned to highly oxidized carbon
in SEL. At 3.2V, the relative ratio of the carbon species of NiDI (yellow and green) were almost
equal. Then, after oxidizing NiDI, the peak intensity at higher BE (green) increased, while re-

duced NiDI showed its decrease. These trends are qualitatively in good agreement with the N

I's spectra.
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Figure 2.2.16. (a) C 1s region of the X-ray photoelectron spectra of the oxidized, non-charged and reduced
NiDIs. The inset percentage ratios represent the relative content (area) ratios of each species. The colors of

the peaks correspond to the colors of the dashed circles on the respective C atoms in (b).

The Ni 2p3/2 spectra were fitted with three or four peaks (Figure 2.2.17a). The Ni
2p3/2 peaks (red, 855.1 eV and yellow, 856.0 eV) were derived from Ni atoms in NiDI (Figure
2.2.17b). The green broad peaks are F KLL auger peaks from electrolyte residue (PFq") or SEL!7
Finally, the blue broad peaks are the satellites of Ni 3d to 4p transition. At 3.2 V, Ni ion were

basically divalent states, as indicated by absence of an intense satellite peak near 860 eV that
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appears when Ni has unpaired electrons.” Therefore, the Ni atom had low-spin d® electrons that
is typical for square planar nickel complexes. The red and yellow peaks were possibly origi-
nated from Ni(I) ions surrounded by the ligands with different oxidation states, respectively;
the higher BE of the yellow peak would be due to partial oxidation of the ligand. After oxidi-
zation or reduction of NiDI, the relative ratio of red and yellow peaks changed without further

peak splitting. Therefore, the divalent state of Ni ions were considered to be retained at each

potential.
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Figure 2.2.17. (a) Ni 2p3/2 region of the X-ray photoelectron spectra of the oxidized, non-charged and re-
duced NiDIs. The inset percentage ratios represent the relative content (area) ratios of each species. The

colors of the peaks correspond to the colors of the dashed circles on the respective Ni atoms in (b).
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2.3.5 Redox state-dependent electronic conductivity of NiDI

In the previous studies of the electronically conductive coordination nanosheets, some
of the materials were found to change their electronic conductivity depending of their redox
states.!! For instance, NiDT, the nanosheet synthesized from a nickel(Il) ion and benzenehex-
athiol, increased its conductivity by several magnitude of orders by chemical oxidation of its
motifs.!'® Given those studies, NiDI may have a potential to exhibit redox state-dependent con-
ductivity. The EIS measurements in Section 2.2.2 in fact suggested the possibility of conduc-
tivity change at different electrochemical potentials. The conductivity of NiDI was then inves-
tigated using organic electrochemical transistors. Figure 2.2.18a shows the schematic image of
the device configuration, in which the NiDI film was placed on the gold wire-patterned sub-
strate. As an electrolyte, LiPF¢ saturated ionic liquid, 1-butyl-3-methylimidazolium bis(trifluo-
romethylsulfonyl)imide (BMIM<TFSI), was used. LiPFs salt was added to ensure insertion/de-
sertion of ions because the sizes of the cation and anion of BMIM<TFSI were relatively large,

which may cause difficulty in insertion into the NiDI framework.
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Figure 2.2.18. (a) Schematic illustration of the device configuration of the organic electrochemical transistor.
(b) The schematic image of the synthesis method of a NiDI film. (c¢) The optical spectroscopic image of the
NiDI film on the side-gate FET device. The films around the measurement active area was patterned by hand-
scratching. (d) The output curve of NiDI that was obtained from the current between the source and drain

electrodes in the device shown in (c).
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Firstly, the NiDI film was synthesized'® and transferred on to the substrate as illustrated
in Figure 2.2.18b. The appearance of the film was quite uniform under optical microscopy ob-
servation (Figure 2.2.18c), and the average thickness was about 100 nm. The electronic con-
ductivity of the device was measured before addition of the electrolyte, finding that the film
showed ohmic behavior (Figure 2.2.18d). The conductivity was calculated to be 3.0 x 102 S/cm,

which is comparable to the value in the previous study of our group.'d

After confirmation of successful transfer of the NiDI film, LiPFs-saturated
BMIM-TFSI was added on the active measurement area of the device under a nitrogen atmos-
phere. However, after a while, NiDI absorbed the electrolyte, swelled, formed winkles, and
caused electric disconnection between the film and the gold electrodes (Figure 2.2.19a). There-
fore, the source and drain electrode areas were protected by pasting the inert polymer (CY-

TOP®) on the NiDI film (Figure 2.2.19b).

(@)

LiPF¢/BMIM-TFSI

CYTOP®

Figure 2.2.19. Optical microscopic images of (a) the organic electrochemical transistor device after addition
of LiPF¢/BMIM*TFSI and (b) the device with CYTOP® for protection of the source and drain electrodes. In
(a) the NiDI film absorbed the electrolyte and formed small wrinkles on the entire area, which is seen as the

pattern in the image.

When the electronic conductivity measurements on different gate voltages were car-
ried out by the typical method (applying each voltage for relatively short time), the output cur-
rent included large contribution of ion transport in the ionic liquid layer. Then, in order to eval-
uate the current originated only from electron transport in the film, the stress measurement
method was employed. In this method, each voltage was kept constant for 15 min, in which
current derived from the ion transport decayed as a function of time while that from the electron

transport was constant (Figure 2.2.20a). Therefore, at the end of the measurement time, the
47



current should include the contribution mostly from the electron transport. Moreover, the po-
tentials on the gate and drain electrodes were fixed to be equal while the source electrode was
grounded, so that the gate current leakage could be removed from the drain current. Thus, the

drain current was used to evaluate the electronic conductivity of NiDI (Figure 2.2.20b).
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Figure 2.1.1. Schematic image of the stress measurement method representing (a) current behavior depend-

ing on measurement time, and (b) potentials and expected current flows on the device.

Figure 2.2.21a represents the accumulated charge on the NiDI film at respective gate
voltages, which was calculated by time-integration of the gate current. When the gate voltage
was positively scanned, the NiDI showed the reduction reaction as indicated by the downwardly
convex peak at 1 V. The film became the non-charged state again at 0 V, being followed by the
redox state transition between the non-charged and oxidized states in the positive voltage region,
where the quasi-reversible peaks were observed. These results suggest that the redox states of
the NiDI film were successively controlled on the device. The current intensity on each elec-
trode at different voltages were then obtained by extracting the current intensity at the last points
of the stress curves (at £ = 15 min, ¢ is a measurement time). In Figure 2.2.21b, the source and
drain current intensities were enough higher than the gate current intensity, suggesting that the
contribution of ion transport was negligible. Because these plots were obtained at several
source-drain voltages (that was equal to gate voltages), the respective current intensities were
divided by the corresponding voltages to calculate conductance of the film. The resulting plots
in Figure 2.2.21c clearly indicate the correlation between conductance and gate voltage; con-
ductance of NiDI decreased by the reduction reaction while it increased by the oxidation reac-
tion. The flat regions possibly represent the hysteresis of the electrochemical reactions. The

mechanism of this conductivity change would be related to increase of positive carriers in NiDI
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by the oxidation reaction. However, the carrier type of NiDI has not been revealed yet, and

understanding of the mechanism requires further investigation.
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Figure 2.2.21. (a) Accumulated charge on the NiDI film at respective potentials. C and A in the reaction
formula represent a cation and an anion in the electrolyte. (b) Current detected at each electrode at different

potentials. (c¢) Conductance of the NiDI film which was calculated from Zgrain in (b).
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2.3 Experimental section
2.3.1 General

(a) Reagents

All the organic solvents were purchased from commercial sources and used without
further purification. Water for synthesis was purified with AUTOPURE WDS500 (Yamato Sci-
entific Co., Ltd.). Hexaaminobenzene trihydrochloride (HAB*3HCI) and NiDI were synthe-
sized following the literatures.'®? 1,3,5-Trichlorobenzene, 30% fuming sulfuric acid, potas-
sium nitrate, ammonia gas, 10% palladium on carbon, ammonia gas, hydrochloric acid, nickel
acetate tetrahydrate, 32% ammonia aqueous solution, multi-walled carbon nanotube, polyvi-
nylidene difluoride, 1M lithium hexafluorophosphate in ethylene carbonate/diethyl carbonate
(3:7), bis(trifluoromethylsulfonyl)imide, lithium hexafluorophosphate and CY TOP® were pur-

chased from commercial sources.

(b) Machine specifications

NMR spectra were measured with a Bruker DRX-500 spectrometer. Tetramethylsilane
(8 =0.00) was used as an internal standard for "H NMR spectra, and CDCI; (8 = 77.0) was used
as an internal standard for '3C NMR spectra. The HR-TEM observation was conducted by a
JEM-ARM200F (JEOL) was used. The FT-SEM observation was carried out using a JSM-7400
FNT (JEOL). The PXRD patterns were obtained using synchrotron radiation (A = 1.08 A) at
Beamline BL44B2, Super Photon ring-8 GeV (SPring-8, Japan). The X-ray photoelectron spec-
troscopy measurements were conducted using PHI 5000 Versa Probe (ULVAC-PHI Inc.) with
Al Ka (15 kV, 25W) as the X-ray source. The Raman spectra were measured by LabRAM HR
Evolution (HORIBA Scientific). The Fourier transform infrared (FTIR) spectra were obtained
by a KBr pellet method using Nicolet iS50 FT-IR (Thermo Fisher Scientific). The electrochem-
ical measurements were carried out with multichannel potentio/galvanostat VMP-3 (Bio-Logic
Scientific Instruments), HI1001 SD8 (Hokuto Denko Co.), ALS 650 DT electrochemical ana-
lyzer (ALS Co., Ltd.) and HOKUTO HZ-3000 (Hokuto Denko Co.).

(¢) Computational methods

The density functional theory (DFT) calculations were conducted using the package,
QUANTUM ESPRESSO'’ and Gaussian09 revision E.01 program.'® For the initial calculation
model of NiDI, the mono-nuclear [Ni-N4] complex was submitted to structure optimization
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using Gaussian09 revision E.01 program with a basis set of B3LYP/6-31G(d). The optimized
structure was then appropriately trimmed and tiled to make a unit cell of NiDI. The structure of
the tiled NiDI model was further relaxed using QUANTUM ESPRESSO. In the calculation of
QUANTUM ESPRESSO, the projected augmented wave method with Perdew-Burke-Ern-
zerhof (PBE) exchange-correlation functional was employed. The self-consistent calculation
and electronic band structure calculation of NiDI were carried out with a kinetic energy cutoff
of 408 eV and at a '-contained 6 % 6 % 6 k-point mesh. The projected density of states of NiDI

were calculated at a I'-contained 12 x 12 % 12 k-point mesh.
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2.3.2 Synthesis

(a) Synthesis procedure of 1,3,5-trichloro-2,4,6-trinitrobenzene.

Cl
Cl

OoN NO,
KNO,
e
Fuming H,SO, () Cl
Cl Cl

NO,

1,3,5-Trichloro-2,4,6-trinitrobenzene was synthesized from 1,3,5-trichlorobenzene fol-
lowing the literature.?’ To 30% fuming sulfuric acid (125 mL) potassium nitrate (22.6 g, 0.224
mol) was added batch by batch and the solution was stirred at 80°C until all potassium nitrate
was dissolved. 1,3,4-Trichlorobenzene (10.2 g, 0.0562 mol) was then added little by little to the
solution, and it was stirred at 110°C for 4 h. The solution was cooled to room temperature and
carefully poured into ice. The precipitation was collected by filtration, being followed by suc-
cessive wash with mass water. After drying the solid, it was further purified by flash column
chromatography on silica gel (eluent: ethyl acetate/n-hexane = 1/9) to obtain the product as a

while solid (14.6 g, 0.0461 mol) in 82% yield.
1,3,5-Trichloro-2,4,6-trinitrobenzene: Isolated yield: 82%. White solid.

(b) Synthesis procedure of 1,3,5-triamino-2,4,6-trinitrobenzene.

Cl NH,
O,N NO, O,N NO,
NHs
—° 5
Cl ci ~ Toluene N NH,
N02 N02

1,3,5-Triamino-2,4,6-trinitrobenzene was prepared from 1,3,5-trichloro-2,4,6-trinitroben-
zene following the literature.?® 1,3,5-Trichloro-2,4,6-trinitrobenzene (0.600 g, 1.90 mmol) was
added to toluene (14 mL), and ammonia gas was vigorously bubbled through the solution. The
solution was stirred at 110°C for overnight with continuous gas bubbling. The precipitation was
then collected by filtration, washed with water and dried under vacuum to obtain the product as
a yellow solid (154.4 mg, 0.598 mol) in 31.5% yield. The product was directly used in the next
step to synthesize hexaaminobenzene trihydrochloride without further characterization due to

its explosive property.
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1,3,5-Triamino-2,4,6-trinitrobenzene: Isolated yield 31.5%. Yellow solid.

(¢) Synthesis procedure of hexaaminobenzene trihydrochloride (HAB*3HCI).

NH2 H2 NH2
O,N NO, H%‘?/gq_ H,N NH,
Ereypwsrns -3HCI
HoN NH, Ethylacetate . \ NH,
N02 NH2

Hexaaminobenzene trihydrochloride was synthesized from 1,3,5-triamino-2,4,6-trinitro-
benzene following the literature.?° In the vessel, 1,3,5-triamino-2,4,6-trinitrobenzene (360 mg,
1.39 mmol) and 10% palladium on carbon (75 mg) was placed, 40 mL of ethyl acetate was
added, and the atmosphere was exchanged with hydrogen gas. The solution was vigorously
stirred at 40°C under an 1 atm hydrogen atmosphere for 3 days. 32% hydrochloric acid (11 mL)
was then added and further stirred for 3h. The precipitation was collected by filtration under
inert gas, and the product was extracted with water. The product-containing solution was again
dropped into concentrated hydrochloric acid to recrystallize it. The precipitation was again col-
lected by filtration and dried under vacuum to obtain the product as a pale red color solid (201

mg, 0.726 mmol) in 52.2 % yield.
Hexaaminobenzene trihydrochloride (HAB*3HCI): Isolated yield 45%. Pale red solid. Ele-

mental analysis Calcd (%) for CsH15N¢Cls: C 25.96, H 5.45, N 38.31, C130.28. Found: C 26.31,
H 5.72, N 37.98, CI1 29.79.
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(d) Synthesis procedure of powder-state NiDI.

il
HN" NH

\ H HN‘Q’NH H H 1
i-NHN - Ni- N N~ i
NH, Ni(OAc),*4H,0 N O -
NH- a HN NH HN NH
HoN NH 3 4q.
2 2 o HN. NH HN. NH
3HCI ———— Ni Ni

DMSO HN' NH HN™ 'NH
HoN NH,
HN NH HN—< >—NH
NHz “oNisy N,f\u*H H‘Nli.NH N-NiT”
' H Hun NH  H
HN_ NH
/Ni\

Powder-state NiDI was synthesized from hexaaminobenzene trihydrochloride by the mod-
ified procedure based on the literature.'® Under an argon atmosphere, HAB*3HCI1 (20 mg, 0.072
mmol) and nickel acetate tetrahydrate (27 mg, 0.11 mmol) were placed in a 20 ml vial, and
dissolved in 6ml of dimethyl sulfoxide degassed with nitrogen gas. To the solution, 32% am-
monia aqueous solution (0.8 g) was added and the solution was exposed to air after tightly
closing the cap. The cap was then slightly opened and the reaction solution was placed at 60°C
for 12 h. The precipitation was collected by centrifuge, washed with water and acetone, and

dried at 120°C under vacuum to obtain the product as a black powder.

(e) Synthesis procedure of film-state NiDI.

i,
HN 'NH

v H HN‘QNH H H !/
Ni-N_HN-n; N N-Ni
1

; . -Ni -
i(O 4H,0 7\ ONCONTH -
NH, Ni(OAC)2*4H, HNQNH H H HNQ_NH

Ethylenediamine

HoN NH

2 2 0, HN. NH HN. NH

3HCI ————> Ni, Ni,
HoN NH, Water HN” NH HN. NH
N ol g
NN N-NT “Ni-NH NN
+ H H HNQNH H
HN, NH

Ni,

Film-state NiDI was synthesized by the modified procedure based on the literature.!® Un-
der an argon atmosphere, HAB+3HCI (1.1 mg, 0.0039 mmol) and nickel acetate tetrahydrate
(1.9 mg, 0.0077 mmol) were placed in a 60 ml vial, and dissolved in 2.3 ml of water degassed
with nitrogen gas. To the solution, ethylenediamine (2.3 pL, 0.034 mmol) was added and a cap
of the vial was tightly closed. The vial was then exposed to air and left for 12 h at room tem-
perature. The black film was formed on the surface of the solution, which was transferred onto
a substrate by scooping. After drying the film, it was immersed in water and acetone to remove

residues.
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2.3.3 Fabrication of the NiDI electrodes and the batteries.
(a) Preparation of the NiDI-containing electrodes

The NiDI electrodes for the electrochemical measurements were fabricated from NiDI,
multi-walled carbon nanotube (MWCNT) and polyvinylidene difluoride (PVdF) by a typical
electrode preparation method for electrodes in lithium ion batteries. NiDI, MWCNT and PVdF
were firstly mixed with the ratio of 7:2:1 (based on non-volatile weight). The mixture was then
grinded with motor with gradual addition of N-methylpyrrolidone until it becomes a slurry state.
The slurry was then pasted onto aluminum foil and dried at 110°C under vacuum. The electrode
was then cut out to fit it in a battery cell. The loading amount of NiDI on the electrode was ~

2mg/cm?,

(b) Preparation of the lithium batteries.

For the preparation, coin-type aluminum cells or assembly type SUS cells were used.
The NiDI-containing electrode was firstly immersed in 1 M LiPF¢ in mixture of ethylene car-
bonate and diethyl carbonate for a while. The electrode was then placed as a cathode in a cell,
and covered with TORAYCA® TGP-H-60 (Toray Industries, Inc.) to ensure the electrical con-
nection of the NiDI-containing electrode. After addition of several drops of the electrolyte, a
polymer-based separator was put, followed by further addition of the electrolyte and a lithium

metal on top.
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2.3.4 Sample preparations for the respective characterizations.
(a) Samples for HR-TEM observation

Little amount of NiDI powder was added to ethanol and subjected to ultrasonication
for several hours to disperse the NiDI particles. Large particles were removed by centrifuge and
the top solution was drop casted onto a copper grid coated with supporting polymers. The grid

was dried at 110°C under vacuum to insert into the microscope.

(b) Samples for the ex situ spectroscopic measurements of oxidized and reduced NiDIs
The samples for the ex situ IR and Raman spectroscopic measurements were prepared
by applying constant potentials on the NiDI-containing electrodes in lithium batteries (2.0 V
and 4.2 V for reduced and oxidized NiDIs, respectively). After completion of the electrochem-
ical reactions, the battery cells were dissembled under inert atmosphere, and the electrodes were
successively washed with acetonitrile to remove the electrolyte. The electrodes were dried un-
der vacuum at room temperature. For Raman spectroscopic measurements, the electrodes were
directly used without further process. For IR spectroscopic measurements, the electroactive
parts containing NiDI were collected by scratching the electrodes and mixed with potassium

bromide (KBr) to make pellets.

(c) Samples for the ex situ PXRD and XRD measurements of oxidized and reduced NiDIs

In order to remove diffraction signals of MWCNT and PVdF, the respectively charged
NiDIs were prepared by using pure NiDI pellets instead of the fabricated electrodes. Except for
the contents of the electrode, the preparation method was the same method as the IR and Raman
spectroscopic measurements. For XPS measurements, the dried samples were directly used
without further process. Additionally, non-charged NiDI was also placed in a lithium battery
cell without applying any potential for comparison with the other samples. For XRD measure-
ments, the dried pellets were grinded to obtain powder samples, which was packed into glass

capillaries and sealed under an argon atmosphere.
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2.3.5 X-ray photoelectron spectra of the charged NiDIs.
The parameters used for fitting to reproduce the respective spectra were listed below.

(a) Oxidized NiDI

Table 2.3.1. Fitting parameters for the spectrum of oxidized NiDI in N 1s region.

. . Height
Species Area Position (eV) FWHM
(counts)
-(C-NH)™-Ni 1343 398.30 868 1.39
-C=NH-Ni 1742 399.32 1133 1.45
-C-(NH3)"
976 400.48 543 1.69
or -C-N=0
-C-NH," 87 402.29 66 1.14

Table 2.3.2. Fitting parameters for the spectrum of oxidized NiDI in C 1s region.

. . Height
Species Area Position (eV) FWHM
(counts)
C-C (adventitious
860 284.85 471 1.72
carbon)
-(C-NH)-Ni 1161 285.67 663 1.57
-C=NH-Ni 1475 286.90 815 1.70
-O-C=0 (adventi-
] 538 288.43 272 1.77
tious carbon)
-0-C(=0)-0O-
105 290.29 63 1.48
(SEI)
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Table 2.3.3. Fitting parameters for the spectrum of oxidized NiDI in Ni 2p3/2 region.

. . Height
Species Area Position (eV) FWHM
(counts)
[-(NH)sNi]°
) 1125 855.15 759 1.33
or [-(NH4)Ni]
[-(NH4)Ni]" 1100 856.04 629 1.50
Fluorine KL»3L,3
. 2565 857.96 550 4.18
(LiPFs or SEI)
Satellite (Ni 3d to
1536 862.25 277 4.98

4p transition)

(b) Non-charged NiDI

Table 2.3.4. Fitting parameters for the spectrum of non-charged NiDI in N 1s region.

) . Height
Species Area Position (eV) FWHM
(counts)
-(C-NH)-Ni 1772 398.25 1166 1.36
-C=NH-Ni 1642 399.24 1104 1.40
-C-(NH3)"
726 400.38 418 1.50
or -C-N=0

Table 2.3.5. Fitting parameters for the spectrum of non-charged NiDI in C 1s region.

) . Height
Species Area Position (eV) FWHM
(counts)
C-C (adventitious
1307 284.85 795 1.48
carbon)
-(C-NH)-Ni 1250 285.67 734 1.60
-C=NH-Ni 996 286.90 585 1.60
-O-C=0 (adventi-
501 288.32 232 1.77

tious carbon)
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Table 2.3.6. Fitting parameters for the spectrum of non-charged NiDI in Ni 2p3/2 region.

4p transition)

. . Height
Species Area Position (eV) FWHM
(counts)
[-(NH)sNi]°
) 2186 855.12 1286 1.46
or [-(NH4)Ni]
[-(NH4)Ni]" 549 856.02 281 1.75
Fluorine KL»3L,3
. 608 857.59 131 4.00
(LiPFs or SEI)
Satellite (Ni 3d to
502 862.02 97 4.65

(b) Reduced NiDI

Table 2.3.7. Fitting parameters for the spectrum of reduced NiDI in N 1s region.

) . Height
Species Area Position (eV) FWHM
(counts)
-(C-NH)-Ni 1411 398.25 923 1.37
-C=NH-Ni 1640 399.32 1063 1.45
-C-(NH3)"
437 400.38 321 1.28
or -C-N=0

Table 2.3.8. Fitting parameters for the spectrum of reduced NiDI in C 1s region.

tious carbon)

) . Height
Species Area Position (eV) FWHM
(counts)
C-C (adventitious
1784 284.62 1091 1.54
carbon)
-(C-NH)-Ni 1513 285.50 732 1.70
-C=NH-Ni 911 286.75 460 1.70
-O-C=0 (adventi-
412 288.27 191 1.77
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Table 2.3.9. Fitting parameters for the spectrum of reduced NiDI in Ni 2p3/2 region.

. . Height
Species Area Position (eV) FWHM
(counts)
[-(NH)sNi]°
) 2067 855.13 1110 1.53
or [-(NH4)Ni]
Fluorine KL»3L,3
2746 857.42 643 3.51
(LiPFs or SEI)
Satellite (Ni 3d to
761 862.59 126 4.97

4p transition)
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2.3.6 Device fabrication of the organic electrochemical transistor.

The substrates the side-gate transistor with gold electrodes were prepared by photoli-
thography and vapor deposition methods. A glass substrate was firstly spin coated with positive
photoresist, LOR5B, and heated at 80°C for 20 min to dry the resist. The substrate was exposed
to intense UV light through a photomask and immersed in to wash out the degraded resist in
the gold-patterning area. Titanium was evaporated onto the substrate under presence of air to
deposit titanium oxide, being followed by gold vapor deposition. The Substrate was then im-
mersed in N-methylpyrrolidone to remove remaining photoresist with unnecessary metals, and
the surface was cleaned by ozone plasma etching for 5 min. On the electrode-patterned substrate,
a synthesized NiDI film was transferred following the procedure described in Section 2.3.2.
After washing reaction residues and drying, the NiDI film was patterned by hand scratching to
isolate a source/drain measurement area from a gate electrode. For protection of the source and
drain electrode areas from the electrolyte during measurements, 10% CYTOP® solution was
pasted and dried at 80°C for 10 min. LiPFs saturated bis(trifluoromethylsulfonyl)imide was
prepared under an inert atmosphere, a small drop (~5 pg) of which was added onto the fabri-

cated device to cover all the source, drain and gate electrodes.
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2.4 Summary

NiDI was synthesized by the oxygen gas-promoted reaction, and its successful for-
mation was confirmed by several spectroscopic, microscopic and theoretical techniques. In cy-
clic voltammetry measurements, NiDI was found to undergo two kinds of redox state transitions
with Li*/PF¢ transport, which was also confirmed by IR and Raman spectroscopic measure-
ments of the charged NiDI. Additionally, the charge transfer resistance of NiDI during the elec-
trochemical reactions was found to be dependent on electrochemical potentials. The charge-
discharge tests revealed that the specific capacity reached up to 155 mAh/g at 10 mA/g, with
excellent cyclability confirmed by cycle tests at 250 mA/g. The mechanisms of the redox reac-
tions of NiDI were studied by combination of experimental and theoretical methods, the results
of which indicated the redox reactions mainly on the ligand. The electronic conductivity at
different redox states were investigated using an organic electrochemical transistor with a NiDI
film. At different electrochemical potentials, NiDI showed change of electronic conductivity;
the NiDI film at the oxidized state showed higher conductivity.

As demonstrated with NiDI, a series of bis(diimino)metal coordination nanosheets is
expected to be promising for energy storage applications. By taking advantage of structure
tunability of those materials, further improvement of their properties would be enabled, aiming

at superior energy storage functions.
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Chapter 5

Concluding remarks
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Throughout this thesis, I focused on bis(diimino)metal coordination nanosheets,
aiming at electrochemical energy storage applications. The nanosheets consisting of different
3d transition metals were synthesized, and they were found to possess energy storage functions
in lithium batteries, in which the electrochemical properties were tailored by the metal species.

In Chapter 1, I described the importance of MOFs and their applications, especially
electrochemical energy storages. Electronically conductive coordination nanosheets, an
emerging class of MOFs, are also introduced from the viewpoint of their exceptionally high
conductivity.

In Chapter 2, I synthesized bis(diimino)nickel coordination nanosheet (NiDI), and its
electrochemical properties including energy storage functions as an electrode in a lithium
battery were studied. NiDI was found to show redox reactions based on multielectron transfer,
which was accompanied with countercation/counteranion transport. This unique characteristic
led to high specific capacity and good cyclability as a MOF-based cathode material. The
mechanisms of these electrochemical behavior were investigated by both experimental and
theoretical techniques, finding that the redox reactions occurred mainly on the ligands.
Electronic conductivity of NiDI at different redox states were also examined, and it was
revealed that conductivity of NiDI increased via an oxidation reaction, which reasonably
explains the potential-dependent charge transfer resistance in the lithium battery.

In Chapter 3, I developed the coordination nanosheets with other 3d transition metals,
CoDI and CuDI, and investigated effects of the metal species on electrochemical properties of
the nanosheets. In electrochemical measurements, CoDI did not show obvious redox activity
unlike NiDI although it possess the redox active ligand. This unexpected behavior was
explained by kinetic factors such as sluggish ion transport. On the other hand, CuDI underwent
redox reactions as observed with NiDI, and its specific capacity was far higher than NiDI and
the other MOF-based cathode materials. The origin of the high capacity was revealed as valence
state transitions of Cu(I)/Cu(Il), which occurred on the antibonding orbitals of the Cu-N bond.

In Chapter 4, I synthesized the heterometal coordination nanosheet, CoxNiixDI, and
investigated its electrochemistry-related properties. Characterization of the material revealed
that the different metal species were randomly distributed in the framework to form a solid-
solution state. This structure led to redox-activation of Co-centered motif by embedding a little

amount of Ni atoms. As an energy storage material, CoxNii«DI displayed higher specific
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capacity than NiDI and CoDI in relatively negative voltage, which was possibly related to
energy level differences of the antibonding orbitals around the metals and the heterometal
crystal structures, being suggested by theoretical calculations and ex situ PXRD measurements.

To conclude my thesis, a series of bis(diimino)metal coordination nanosheets was
synthesized. The electrochemical properties of these materials were found to be largely affected
by the metal species, in which NiDI and CuDI showed noteworthy energy storage functions
based on unique multielectron transfer reactions. Among numerous types of MOFs, this project
shed light on the coordination nanosheets for energy storage applications, and successfully
demonstrated the advantages of their unique redox properties and high electronic conductivity.
Furthermore, the project gave us an insight into the energy storage functions on the redox-active
anionic ligands, which will offer a guideline for development of novel energy storage systems

based on cation-anion concerted redox activities.
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