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Abstract 

 

Inspired by the successful insulation of graphene and declaration of band gap 

transition in single-layer molybdenum disulfide, low-dimensional materials, 

possessing unique physical and chemical properties, represent a spotlight in recent 

years. To extend the promising ultrathin architectures, a series of terpyridine-based 

ligands as well as multi-hydroxy based ligand, which are all aromatic and offer 

several desirable features for supramolecular coordination chemistry, were 

synthesized. A bottom-up approach, namely, liquid-liquid interfacial reactions 

between organic ligands and cobalt(Ⅱ) metal ion were employed to assemble the 

corresponding terpyridine-based cobalt(Ⅱ) complex nanosheets with different 

topological constructions, pore sizes and tailor-made functionalities. Also, the 

approach was applied to the three-way hydroxy derivative and copper(II) ion to 

generate the π-conjugated copper(II) complex coordination nanosheet. Various 

chemical and physical analysis techniques, such as electron microscope analysis, 

elemental analysis, energy level analysis and electrochemical analysis, were carried 

out to put a detailed insight into the individual networks. Then, the terpyridine 

based sheets were used as electrodes in the battery system to show their potential 

application in energy storage. 

  At the beginning, a brief overview of two-dimensional materials as well as an 

introduction of the organic metal complex nanosheets was presented in chapter 1. 
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In this section, the attention was mainly focused on the concept of the 2D 

nanomaterial, including the design strategies, the categories, the synthetic 

approaches and the characterization methods. Also, the materials used as electrodes 

of batteries for energy storage were generally introduced. Those electroactive 

materials were classified according to their different functional mechanism. The 

opportunity and challenge of this kind of electroactive materials were then 

demonstrated. At last, the current development of the 2D materials as electrodes, 

including the typical structures and the superiority, was indicated.  

In chapter 2, two organic metal complexes nanosheets 1-Co and 2-Co were 

prepared by combination of the trifunctional terpyridine based ligands (L1 and L2) 

and cobalt(Ⅱ) ions, respectively. Those two terpyridine based triphenylamine 

derivatives featured the electron rich centers compared with the other benzene 

centered nanosheets presented in the next chapter. We studied the nanosheets, 

which possess topologically structurally repeated hexagonal unit, by the above-

mentioned analysis methods. The two nanosheets were both colored transparent 

films. But when they underwent an electrochemical process, they could change the 

color, showing the electrochromic behavior. The color of 1-Co was switched from 

red to green while that of 2-Co was changed from slight red to orange when a 

positive voltage was applied to the three-electrode system, in which the nanosheet 

modified ITO was used as a working electrode. Further electrochemical 

measurements were conducted to study the electrical response of the nanosheets. 
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Then the fabricated simple devices, which were constructed with nanosheet 

supported ITO, conductive polymer film and blank ITO in a sandwich 

configuration, also showed the reversible electrochromism.  

In chapter 3, a series of three-way terpyridine substituted, benzene-based ligands 

(L3, L4, L5, and L6) were coordinated with cobalt(Ⅱ) ions, resulting in the 

corresponding nanosheets (3-Co, 4-Co, 5-Co and 6-Co) with topologically 

hexagonal grids. As in chapter 2, structural characteristics were studied through 

various technologies. Then the focused electroactivity was investigated. 

Structurally speaking, the difference among these trifunctional ligands is the spacer 

length from the center to the functional coordination group. And with the increase 

of the arm-length, the created nanosheets displayed diverse properties. For example, 

3-Co could be applied as the electroresponsive medium together the Au 

nanoparticle to show the limited surface plasmon resonance switching behavior 

while 5-Co with longer arm-length failed to show this phenomenon. In addition, 

compared with 1-Co and 2-Co, 6-Co displayed an irreversible electrochromism 

under a positive voltage scan. The distinction of their behavior indicated that the 

tunability in properties as well as in applications could be achieved by the 

elaborated structural design. The selected nanosheet 4-Co was also employed to 

assemble an electrode of a battery. 

  A brand-new symmetric four-way terpyridine derivative (1,2,4,5-tetrakis(4-

(2,2’:6’,2”-terpyridyl)phenyl)benzene) (L7) was then designed and coordinated 
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with Co(II) ion to assemble a novel bottom-up multilayer nanosheet 7-Co in 

chapter 4. The generated nanosheet featured moderate mechanical strength and 

insolubility in both aqueous solution and organic solvent, which can facilitate the 

purification and collection of the product. By taking the advantages of the 

reversible and robust redox activity of Co2+/Co3+, a dual-ion battery cathode was 

achieved by employing the 7-Co and thus it reveals the possibility of this kind of 

metal organic complex nanosheet to be utilized in a battery. 

  In chapter 5, the formed coordination nanosheet 8-Cu featured π-conjugated 

metal organic complex motif. The complex unit was not only a connector, but also 

could function as an active site. The interface-assisted synthesis provided a simple 

and low-cost method to produce this kind of nanosheet with flat morphology and 

uniform composition, which was confirmed by several physical and chemical 

characterization techniques. It expanded the availability of the liquid-liquid 

interface assisted method to different nanosheets with different metal type or ligand 

structure. 

  Finally, the findings, analysis results and future work were concluded in chapter 

6. And the experimental details were described in chapter 7. 
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Chapter 1 Introduction 

 

1.1 Background  

Reviewing the history of materials science could make it clearer that two-

dimensional (denoted henceforth as 2D) materials were developed significantly 

behind their one and three dimensional (1D and 3D) analogues. Within the 10 nm 

scale, 1D thread polymers, 2D porphyrin rings and 3D macromolecules still could 

be obtained while the production of large scale structures, the length of which range 

from 10 nm to 10 μm, was subjected to challenges.[1,2] Much progress has been 

made to synthesize large scale 1D and 3D nanomaterials. Promising 1D examples 

in the research areas of bio-sensors, photonics and electronics are synthetic 

nanowires, nanotubes and nanorods.[3] On the other hand, 3D nanocrystals also 

have been extensively achieved either by exfoliation from bulky mother materials 

or by self-assembly of polymeric building blocks.[4–7] In contrast, the development 

of 2D fabrication is unsatisfactory although several well-established synthetic 

approaches have been investigated. The classical examples span from Langmuir-

Blodgett troughs,[8,9] layer-by-layer conversion,[10,11] to chemical or physical 

deposition,[12–15] and molecular beam epitaxy.[16,17] 

It is believed that nature strictly forbids the generation of low-dimensional 

crystals. As the stability of those 1D and 2D nanoscopic structures suffers from 

thermal undulations, high temperature applied for nanoscale laminar crystal growth 
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could increase the force to drive the 2D crystallites to stable 3D structures.[18] 

However, it does not mean the impossibility of synthetic 2D architectures. The 

remarkable key point is the successful separation of graphene from graphite by 

physical exfoliation in 2004. The graphite, which is made up of numerous stacked 

layers, is ductile due to the weak interaction between the neighbor layers. This 

construction exposes an underlying 2D extended structures. The concept was 

demonstrated to be feasible by Andre Geim and Konstantin Novoselov at the 

University of Manchester after successfully isolating graphene in 2004 and then 

Nobel Prize in Physics was awarded to the two in 2010 for “groundbreaking 

experiments regarding the two-dimensional material graphene.”[19,20] It has made 

researchers foresee a brighter future of the 2D ultrathin film, which possesses 

unique superiority among the other kinds of materials. 

Actually, graphene has been theoretically investigated for more than 60 years 

and was mostly mentioned when it comes to some other carbon related 

materials.[21,22] However, it was believed unstable at the ambient atmosphere 

according to the theory of Landau and Peierls[23,24] and thus was considered as an

“theoretical” substance. Different from the carbon nanotube and fullerene (which 

was seen as the curved graphene) and the multilayer stacked bulk graphite, as the 

carbon atoms in graphene are strictly confined within two dimension, the single-

layer material was thought to show thermodynamic instability. And the later 

experiment seemed to further confirm the presumption, which was based on the 

observation that the thinner material displayed lower melting temperature and 
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became more unstable. Until the discovery of the free-standing single atomic layer 

including graphene and 2D boron nitride crystal, it was realized that 2D materials 

can independently exist without 3D base.[25]  

Graphene is a well-defined 2D monolayer individual sheet with infinite periodic 

hexagonal units (Figure 1.1.1).[26] The smallest repetitive element is sp2-hybridized 

carbon atom, each of whose three sp2 orbitals and one p orbital is filled with single 

electron (Figure 1.1.2).[27] The previous work on separating the graphene from 

graphite was focused on the exfoliation via both physical or chemical methods, 

such as by manual cleavage of the bulk material graphite,[18] ultrasonic splitting 

method[28] and chemical insertion of atoms or molecules into the graphite to enlarge 

the distance of the interlayer.[29] However, the chemical separation often suffered 

from the generation of structurally unclear graphite sludge like folded or restacked 

graphene layer[30]. Another attempted route to single atomic plane was surface-

assisted growth. But only several-atom-thick film was obtained with unknown 

quality.[31]  

 

 

Figure 1.1.1 Bright-field TEM image of suspended graphene layer with scale bar: 500 nm (left) and 

its simplified molecular structure (right). Reproduced from Ref.[26] 



4 

 

 

Figure 1.1.2 The structure of graphene as well as its formal repeating units. Reprinted from Ref.[27] 

 

In the case of properties, graphene is much special. For example, it is a zero-gap 

semiconductor, it has unique electronic spectrum, single-atom wave propagation, 

and anomalous quantum Hall effect, and other physical characteristics. Besides, 

graphene can reversibly absorb and desorb many molecules and atoms, and 

therefore mostly result in the changes of carrier concentration, which makes 

graphene to show high conductivity. In addition, every carbon atom is active in 

chemical reactions from two sides because of the 2D single-atom layer 

structure.[18,32,33] It is the unusual and noteworthy properties that truly provide vast 

impetus to the area of low-dimensional materials. More such 2D materials are 

explored and anticipated to have excellent performance. 

 

1.2 Two-Dimensional Materials 

In consequence of the significant discovery of the new star graphene, as mentioned 

above, 2D materials have become one of the most exciting research fields including 
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the production methods, properties investigation and application research. This 

kind of materials varies from organic to metal organic to inorganic category (Figure 

1.2.1) and the brief introduction of each of these typical categories will be included 

in this section. 

 

 

Figure 1.2.1 Diversity in chemistry and morphology of 2D and layered materials. Reproduced from 

Ref.[34] 

 

The definition of 2D material is not specific in materials science at present due 

to the large diversity and difficulty to convince the periodicity. A general definition 

is that “a covalently linked network formed by periodic bounding between 

monomers in two orthogonal directions as layered crystals or mono- and multi-

layer films on surfaces and free standing sheets.”[35] In contrast with the strictly 

defined 2D material, it does not emphasize on the perfect periodic bounding in 

single layer. The assemblies from stacked 2D monolayers (Figure 1.2.2) also will 
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be discussed in this thesis. 

 

 

Figure 1.2.2 Schematic diagram of monolayer and multilayer 2D material. Reproduced from Ref.[35] 

 

Regarding their special structural features, 2D materials have additional prospect 

for applications among their other dimensional analogues. For instance, 2D 

materials usually possess precise shape and size-controlled meshes, and 

consequently the specific surface area increases while the density decreases. If the 

single-atom-thick layer owns a large in-plane size, it will have obviously high 

specific surface area, which will facilitate gas adsorption or catalysis. Other 

advances of the 2D monolayer material include i) the strong intralayer interaction 

that gives the excellent tenacity, ii) most solution-based procedures that make the 

practical production of high quality ultrathin films possible, iii) the ease of surface 

modification that stems from the large exposure of the two sides of atoms, allowing 

the customization of the functionality. These characteristics pave the way to the 

possible applications in separation science (e.g. nanosieves and membranes),[36,37] 

catalysis and sensing,[35] electronics (e.g. Si substitutes), generation of wearable 

and flexible organic semiconductors,[38–41] ferromagnetics, fabrication of resistive 
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memory devices,[42] optoelectronics,[43] stem-cell regulation,[44] biomedicine,[45] 

gas storage, and formation of chiral surfaces.[46] 

Stimulated by the promising future, scientists make efforts to explore versatile 

ways to rationally synthesize 2D materials. Besides physical exfoliation from 

natural objects, artificial synthetic methods could sufficiently extend the variety 

and achieve controllable structures. There are two concepts of synthesis, that is, 

top-down and bottom-up. The top-down approach means chemical[47–49] or 

mechanical[50] isolation from bulky mother crystals. It is believed that this method 

benefits to synthesize high-quality monolayers with clean surface. It is a good 

choice for fundamental investigation and proof-of-concept device fabrication. 

Another is the molecule-based bottom-up approach, which is to synthesize 

nanoscopic crystallites directly from atomic, ionic, and molecular components. 

Therefore, the main virtue of bottom-up approach is the tunability. 

 

1.2.1 Classification of Two-Dimensional Materials 

Up to now, numerous 2D ultrathin films have been synthesized through different 

routes. According to their composition, these nanomaterials could be divided into 

layered and nonlayered 2D materials.[51] Graphite is a typical example for the 

former category in which atoms are strongly bonded within the individual layer but 

loosely connected via weak Van der Waals force among the layers.[52] There are 

also many other layered materials. To name a few, the various transition metal 
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dichalcogenides,[53–55] hexagonal boron nitride,[56,57] graphitic carbon nitride,[58–60] 

metal phosphorus trichalcogenides[61–63] and the hot issue perovskites,[64–66] surface 

metal organic framework[67,68] et al. displayed diverse functional characters 

because of their different chemical compositions even though they all have similar 

2D layered structures. For some of them, the layer-by-layer stacked construction 

makes it possible to be exfoliated into individual monolayer through top-down 

approach (vide infra). On the other hand, some could grow via atomic or molecular 

bonding to crystallize bulk materials by which we described it as bottom-up 

approach (see below). Besides the synthetic methods, different stacking modes and 

atomic arrangement may also change the phase of the formed crystals and thus 

exhibit versatile properties. Herein, we will briefly introduce the categories of these 

2D nanomaterials rather than make detailed discussion on the structures which 

could be easily found somewhere.[52,69–71] 

  Among the layered 2D ultrathin films, a large proportion of them belongs to 

inorganic category with respect to the metal-organic and organic category. At first, 

graphene has been deeply investigated. It is a very important type and the structure 

has been presented above. Then hexagonal boron nitride (h-BN) and graphitic 

carbon nitride (g-C3N4) are considered as graphene analogues as their bulk crystals 

present very similar lattice as the graphite. The former is called “white graphene”[72] 

while the latter was deemed as N-substituted derivative of graphene.[73] Another 

broad class is transition metal dichalcogenides (TMDs). The most famous example 

is MoS2. An increasing attention has been paid to this type because they are capable 
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to generate polytype crystals.[74] The metal in III-VI groups (i.e. Ga, In) also could 

form layered chalcogenide materials.[75] And the layered metal phosphorus 

trichalcogenides such as MnPS3, FePS3, NiPS3 and ZnPS3 are constructed in 

monoclinic mode.[76] Black phosphorus (BP) is also a kind of layered material and 

the monolayer comprises four P atoms with three in one plane and one in another 

parallel plane.[77] Besides, MXenes are important two-dimension inorganic 

materials composed of transition metal nitride, carbides or carbonitrides in which 

layers are weakly bonded via the Van der Waals’s force. Due to the existence of the 

hydroxyl and oxygen terminated surfaces, these materials show high conductivity 

and thus are regarded as promising supercapacitor materials. [78] Differently, 

layered double hydroxides (LDHs) are crystallized through the interlayer coulomb 

force. They consist of alternate positively and negatively charged layers.[79] There 

are also some other inorganic 2D nanomaterials. For instance, some metal oxides 

(e.g. MoO3, TaO3, WO3, α-V2O5),[80,81] metal halides (e.g. CrCl3),[82] transition 

metal oxyhalides (e.g. FeOCl)[61,83] and even noble metals (e.g. Ag, Au, Pt, Pd, Rh 

and Ir) constructed in a face centered cubic crystallization (fcc).[84,85] The recently 

hot topic, perovskites and niobates are also included as 2D nanomaterials. Not only 

inorganic perovskites but also organic-inorganic perovskites have been widely 

studied on their structures and especially the applications in solar cells.[86,87] Clay 

minerals mainly containing silicates, aluminum oxides and/or hydroxides are in 

layered configuration too. The layers are alternately constructed between the 

tetrahedral SiO4 layer and octahedral AlO4 layer.[88,89] 
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  As for the organic categories of 2D ultrathin nanomaterials, surface metal 

organic framework (surMOF)[90,91] and surface organic covalent framework 

(surCOF)[92] are the most popular layered sheets. The former is generated by the 

coordination of the organic ligands towards metal ions while the latter by the 

chemical covalent bonding. In addition, some organic polymers could be 

crystallized into 2D layered structures based on the polymer building blocks.[93] 

Non-layer structured 2D nanomaterials mainly include some metal oxides such as 

CeO2, TiO2 and In2O3,[70] and metal chalcogenides such as PbS.[94]   

 

1.2.2 Approaches to Two-Dimensional Materials 

With the development of 2D materials, while multiple synthetic approaches have 

constantly been reported, most of them can be classified as 1) bond formation, 

including organic covalent bond and metal-organic complexation and 2) self-

assembly of molecules, nanoparticles, or polymers. 

The first class involves 2D polymerization, which can be controlled by both 

thermodynamics and kinetics (Figure 1.2.3). In thermodynamic reaction, the bond 

is formed accompanied by crystallization while in kinetics, the pre-organization of 

building blocks is prior to bond formation.  
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Figure 1.2.3 Schematic illustration of 2D polymerization. (Top) The thermodynamic control. 

(Bottom) The kinetic control. Reproduced from Ref.[35] 

 

  The examples of polymerization under thermodynamic control include the 

solvothermal growth of 2D covalent organic frameworks (COFs) on substrates 

modified with single-layer graphene, and the extension of metal-organic 

frameworks (MOFs) through complexation between metal ions and ligands on a 

bound-confined surface. Most of the thin COF films are synthesized by Schiff base 

formation[95] or esterification of alcohols and boronic acids on a substrate-

supported single layer graphene, although COF powders can be produced 

simultaneously  (Figure 1.2.4).[96,97] Different with COFs, 2D MOFs rely on 

metal-organic coordination bonds, which is weaker and reversible.  
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Figure 1.2.4 Synthesis of 2D COF thin films. Reproduced from Ref.[97] 

 

In the case of polymerization under kinetic control, the monomers can pre-

organize crystals through self-assembly[98] or amphiphilic molecules form ordered 

species through hydrophilic and hydrophobic interaction.[99] The orientation makes 

functional groups a face-to-face stack form, which facilitates the further chemical 

reactions to form covalent bonds. The functional groups are usually photoactive 

and thus can polymerize after irradiation (Figure 1.2.5).  
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Figure 1.2.5 Monomers and the corresponding polymers. a) Monomer structure in Ref. [98] It pre-

organizes crystals by π-π stacking. b) The dimer and polymer of a). They are formed sequentially 

after two times of different irradiation. c) Monomer structure in Ref.[99] It imparts amphiphilic 

character. d) The polymer of c) generated by [4+4] cycloaddition. 

 

The second class depends on self-assembly which ranges from small organic 

molecules, inorganic molecules, metal-containing organic composites, and 

amphiphilic nanoparticles to homo-polymers, and block copolymers.   

The small organic molecules are absorbed on planar surfaces to induce the 

formation of films by hydrogen bonding. As with the organic monomers, inorganic 

compounds, such as the most popular transition metal dichalcogenides (TMD) rely 

on the flat substrates to manufacture 2D sheets. The synthetic routes of TMD 

include vapor deposition,[100] solution-based synthesis (e.g. hydrothermal and 

solvothermal synthesis),[101,102] colloidal growth[103] (Figure 1.2.6) and exfoliation 

from bulky crystals.[104] Metal-containing molecules combined with organic 

ligands or hybridized with graphene-like materials also can form 2D crystals.[105] 
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As for the amphiphilic nanoparticles as building blocks, evaporating their dilute 

solutions can result in 2D materials.[106] 

 

 

Figure 1.2.6 Synthetic methods to 2D inorganic platelets. a) Vapor deposition. b) Solution-based 

synthesis. c) Colloidal synthesis. Pictures a-c) are reproduced from Ref.[34] d) Bi2Se3 laminates form 

solvothermal synthesis.[101] d) MoO3 nanoribbons from hydrothermal and solvothermal synthesis. 

 

Besides the small molecules and nanoparticles, 2D material building blocks can 

be either homo-polymers (HP) or block copolymers (BCP). Self-assembly of 

polymers are involved in complicated chain reorganization and the common 

synthetic methods are self-seeding and crystallization-driven self-assembly (CDSA) 

for HP or BCP respectively.[105] 
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1.2.3 Analytical Characterization  

A series of complementary analytical techniques could be used to gain information 

about the elements, binding energy, and surface morphology. Integrated 

characterization is anticipated to show a credible construction of 2D sheet. 

Generally, the appearance including the surface and thickness of the prepared 

material would be investigated at first. In this case, the basic choices are 

microscopies. The Optical Microscope, Field-Emission Scanning Electron 

Microscopy (FE-SEM) and High-Resolution Transmission Electron Microscopy 

(HR-TEM) could be selectively employed based on demand. Atomic Force 

Microscopy can detect not only the topological images but also the thickness of 

nanosheets by its cross-sectional analysis. The information from TEM and the 

Energy Dispersive Spectroscopy Mapping Mode (EDX-Mapping) reveals the 

compositional homogeneity. X-ray Photoelectron Spectroscopy (XPS) permits the 

elemental analysis such as binding mode and atomic proportion. The results of 

Selected Area Electron Diffraction (SAED) and In-Plane grazing incidence X-ray 

Diffraction (XRD) may be related to periodicity and orientation of repeating units 

of network. The other armaments include Fourier Transform Infrared Spectroscopy 

(FTIR), ambient or ultra-high-vacuum Scanning Tunneling Microscopy (STM), 

ellipsometry, and Brewster angle microscopy. 

Increasing advanced instruments are applied to the field. However, providing 

sufficient evidence on the structure of molecular level is still a noteworthy 

challenge.[105] It is critical to recognize whether the 2D films are partially linked or 
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with strictly defined periodicity. To address the issue, two possibilities are 

illuminated. One is to synthesize the cousins of the target, which could have 

systematically varied features, by utilizing homologous precursors. Another is to 

amplify the patterns. Deposition of metallic nanoparticles on a 2D polymer may 

achieve a lattice on a lattice when the surface ripples of the 2D material are well 

formed to drive the nanoparticles into a certain pattern.[27] 

 

1.2.4 Bottom-up Metal-Organic Complex Nanosheets 

Metal-organic coordination bonds can be spontaneously and rationally formed, and 

thus make a good balance between reversibility and robustness. Thus, it is possible 

to adjust the self-healing ability and stability of the complex nanosheets. The metal 

ion in the complex motif is not only a linker but also a functionality supplier. The 

resultant nanosheet inherits the properties of metal source.[107]  

Based on these studies, diverse metal-containing complex networks with high 

aspect ratio have been produced. The stable, recycled and easily segregated 

nanosheets largely extend the 2D materials. 

 

1.2.4.1 Bottom-up Approach 

Primarily top-down approach is a physical process though sometimes chemical 

driving force are applied to accelerate the physical segregation. There are also some 

disadvantages of it. At first, the number of layers cannot be well controlled 
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resulting in the hindrance of generation of large-scale monolayers. Secondly, 

chemical separation methods are usually carried out in solution and thus may cause 

the alteration of lattice structures of the crystallite or defects. Thirdly, to avoid the 

second disadvantage, complicated post-treatment is required. The opposite bottom-

up method is more facile to control the molecular construction from milder reaction 

conditions. The components, structure and even functionalities are tunable by 

tailoring the ligands used or changing the metal ions. Moreover, the layers of 

mother-substances do not limit the prepared sheets as they can be deposited on 

various substrates layer-by-layer.[108–111] Employing this controllable technique can 

realize the production of multilayer material by sequentially depositing more than 

one composition on the same substrate.  

In fact, the protocol was proposed almost a hundred years ago, albeit it has only 

been achieved in recent years.[107] The examples of this approach contain click 

chemistry between azides and alkynes,[112–114] chemical or physical vapor 

deposition, thermolysis,[115] electrostatic interactions,[11,116,117] and dehydration 

between amines and aldehydes.[118,119]  

 

1.2.4.2 Synthetic Methods and Applications 

The synthetic routes based on bottom-up concept vary from on-surface 

polymerization to organic synthesis to self-assembly. However, these methods are 

not suitable to fabricate lateral large sheet-like materials.  



18 

 

Thus, two derived synthetic methods, namely, liquid-liquid interfacial reaction 

and air-liquid interfacial reaction have been developed. They employ the two-phase 

interfaces as flat substrates to initiate coordination reactions between organic 

ligands and metal salt ions and induce the growth of metal-organic framework in a 

topological plane. The significant virtue is being flexible and controllable. If one is 

expected with well self-healing ability, weakly binging cations, which result in 

reversible complexation, are good choices. While the stability of the sheet is 

focused, more strongly binging cations can be utilized.[120] 

Directly synthesized metal-organic networks sometimes are not satisfactory and 

then modification of them may be more convenient and time-saving. Recent 

progress on transmetalation of organic metal complex monolayer nanosheet has 

been reported.[121] New monolayer nanosheets can be produced by site-to-site  

transmetalation, through which the properties can be tuned. 

Various organic metal complex nanosheets have been prepared by the above 

methods. To investigate the potential applications of them is another considerable 

target. Nishihara and coworkers reported a semiconducting π-conjugated nickel 

bis(dithiolene) nanosheet. Moreover, the oxidation state of the network can be 

modulated with redox reagents,[122] which offers a promising application in 

molecular electronics. Then they continued to explore the response behaviors of 

the nanosheet to oxidation state changes.[123] This study offers a possibility to 

develop the first metal-organic 2D topological insulator. In the aspect of photonics, 

Wong’s group cooperated with Hiroshi Nishihara et al. to prepare the first 
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photofunctional bis(dipyrrinato) zinc(Ⅱ) nanosheet, which was applied into a 

photoelectric conversion device as a photoanode.[124] The photoactive feature of the 

sheet provides a potential of being utilized in solar cell. Besides, a series of 

electrochromic bis(terpyridine) metal frameworks were produced by Kenji Takada 

and coworkers. The fabricated device based on hybridization of two different 

nanosheets shows an interesting dual-electrochromic behavior.[125] This kind of 

materials may contribute to smart window or display device. Catalysis is another 

integral part of application of metal-organic complex networks. Electrocatalytic 

cathode nanosheet for water splitting was studied by Smaranda C. Marinescu’s 

group.[126] The synthesized 2D cobalt-organic surface displays desirable stability 

and high catalyst loading.   

 

1.2.4.3 Challenges and Outlook 

The bottom-up approach presents its superiority but there are also weakness. To 

favor the generation of 2D over other dimensional structures, to prepare free-

standing multilayers without a dimension-confining surface, and to decline the 

defects number remain challenges.  

On the other hand, as the structures of the nanosheets can be designed at will, if 

some components with switching behavior (e.g. spin crossover, redox, 

ferromagnetism, photo-isomerization) are introduced, then they may have the 

properties for molecular switching.[122] However, little progress has been made in 
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this aspect. 

Given the rapid development of synthetic routes, the future work will mainly 

centers on designing and achieving functional metal-containing nanosheets and 

fabricating practical devices with outstanding performance.     

 

1.3 Electroactive Materials Used in Battery Systems 

The past few decades have witnessed the vital role of fossil fuels in the energy 

economy. However, the use of the traditional energy resource has brought about 

several serious problems not only in the energy field but also the environmental 

area, which both severely limit the further development of the world energy 

economy. With the significantly increased need for oil, the fast consumption of the 

non-regenerated energy resource and the dramatically jumped emission of carbon 

dioxides from the burning of the fossil fuels, which lead to the global warming or 

abnormal regional climate, more and more scientists as well as industrial 

communities have paid close attention to the issues on exploring the inexpensive 

and carbon-free renewable energy. [127] Additionally, changing the conversional 

internal combustion engine based vehicle to an environment-friendly ideally zero 

emission car (such as electrocar) as an alternative could effectively relieve the 

ejective pollution. Considering the aforementioned background, great efforts also 

have been made all over the world to efficiently exploit renewable and reliable 

energy, with special attention to solar energy, wind and hydrogen. Among the 
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various technologies, the solar and wind power plants are the most well developed. 

On the other hand, the nature of the intermittent supply of these energy drives the 

evolution of highly efficient storage systems. Electrochemical systems are mature 

model, mainly including the supercapacitors and batteries. They both play an 

important role in the storage and delivery of energy in a large scale by supplying 

power quality and loading leveling of the grid.[128] In this section, the battery system 

for energy storage will be focused, with particular attention to the electrode 

materials.  

  

1.3.1 The Composition and Mechanism of a Battery 

System 

Electrochemical systems for energy storage show several advantages including 

flexibility in the fabrication, energy characteristics, long lifetime, low-cost in 

maintenance, excellent efficiency and eco-friendliness. And they are easily 

differentiated from the others by the mechanism.[129] Taking battery system as an 

example, it could reserve the electricity by the charge transfer process within the 

electrodes, whether it is Li ion or Na ion based and aqueous or not. Another device 

in which the transformation could be realized from chemical reaction to electricity 

is fuel cell. But it is not rechargeable with respect to the battery. Therefore, batteries 

display their superiority in renewable energy storage systems.[130] 

  There are some kinds of batteries shown in Figure 1.3.1. The popular 
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technologies include sodium/sulfur (Na/S) battery, lithium ion battery (LIB), 

sodium ion battery and lithium/sulfur battery. The other technologies such as the 

conventional lead-acid battery, advanced lead-acid battery and the low-cost 

vanadium redox flow batteries also played important roles in the history of 

batteries.[131] A battery is fabricated through connecting several electrochemical 

cells in parallel and/or in series so as to meet the demand for power, that is for 

capacity and voltage, respectively. The cell unit usually is constructed in a 

sandwich fashion, a positive electrode, a negative electrode and an electrolyte in 

the middle. The positive and negative electrodes are critical places where redox 

reactions occur. The electrolyte, which can be aqueous solution, semi-solid as well 

as solid, usually comprises dissociated salt and functions as the media of charge 

transfer process between the positive and negative electrodes.[130,132] When the 

electrical connection has been made within the battery, the anode electrode will 

release electrons to proceed the further electrochemical reaction and then supply 

electricity to the demander.  

 

 

Figure 1.3.1 The specific performance of different battery technologies.[131]  
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  The commercially available Li ion battery features high efficiency, which is 

introduced by Sony for the commercial purpose in the 1990s and structured 

according to the intercalation molecules. The migration of the lithium ion within 

the battery is clearly demonstrated in Figure 1.3.2. The layered graphene material 

is used as an anode holding the Li ion into its interlayer while the layer structured 

Li-intercalation material, in this case, is an oxide of lithium and serves as a cathode 

due to the high potential of this compound. During the discharging process of the 

battery, electrons remove from anode to cathode through an external circle while 

Li ions dissociate from graphitic carbon layer and migrate towards positive 

electrode and then insert into the layer of the material. On charging process, the 

migration follows an inverse pathway. Based on the reversible insertion and 

deintercalation of Li ions in each electrode, charge and discharge process of the 

battery can be achieved.[133] 

The LIB performs much better than the other technologies such as lead-acid battery 

and nickel-metal hybrid batteries in providing a high specific power, which may be 

partially attributed to the small Li ion radius benefiting the diffusion and the low 

redox potential of the couple of Li+/Li.[134] Due to the high energy efficiency, long 

rate capacity and cycle life, LIB is one of the most promising candidates for the 

next generation electric transportation.[135] Recent advance in developing LIB lies 

in the modifications in both battery construction and materials. For instance, 

controlling the particle size, morphology as well as composition of the materials 

used in electrodes could affect the LIB performance.[136] The small size and core-
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shell structured electrode material pave a new way for the LIB to create next 

generation batteries.[137] However, despite the outperformance of LIB in efficiency 

and capacity, the instinctive problem, that is, the limited reserves and thus the 

expensive price prevents the large-scale application. Additionally, the safety issue, 

long-term stability and low-temperature performance also require serious 

consideration.[138] In contrast, Na is an abundant element with ample reserves. 

Therefore, Na-based battery have attracted increasing attention due to the wide 

availability and thus the low-cost.[139]  

Figure 1.3.2 The schematic diagram of electrochemical process in a Li ion battery.[133] 

  As early as 1960s, the concept of the Na-ion battery had been protocolled based 

on the commercially available ceramic refractory (i.e. β-NaAl11O17). At a high 

temperature (around 300 ℃), the material could display high ionic conductivity 

and excellent chemical and thermal stability.[140] The previous Na-based batteries 
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containning Na/S and Na-metal chloride battery are both high-temperature systems 

which operate at high temperature up to 270 ℃ and above for satisfactory 

conductivity. The  working scheme of the Na-based  battery is shown in Figure 

1.3.3 and the family of β-Al material there plays very important role in ion transfer 

due to their unquie vacancy-bearing structure.[141] Nonetheless, operating at high 

temperature requires the high durability of the related materials and strict safty 

requirement and thus the cost will rise up. So recently, the ambient temperature Na 

ion battery has been the main focus. Endeavor on fabricating low-cost, non-toxic, 

highly efficient and long lasting battery systems has been made. 

Figure 1.3.3 The schematic diagram of electrochemical process in a high-temperature Na-based battery.[131] 

1.3.2 The Materials as Electrodes of Battery Systems 

As far as the electrochemically active materials used as electrodes is concerned, 

inorganic compounds are dominant. To name a few, carbon-based nanomaterials, 

metal oxides, and intermetallic materials could be present as typical anode 
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materials while some metal sulfides, fluorides, phosphates and sulfates, and various 

oxides (such as tunnel structured and layer structured transition metal oxides) are 

used as cathode materials. Selected examples will be given in this section to 

demonstrate the basis of utilization of 2D materials in battery.   

  Graphite is one of the most common anode materials for LIB but not suitable for 

Na ion battery. No intercalation of Na ion into the graphite is observed and the 

Na/graphite half-cell is electrochemically irreversible.[142] Nonetheless, other non-

graphitic carbon-based materials like carbon black,[143] poly(para-phenylene),[144] 

and carbon fibers from pitch[145] could be employed as anode for Na ion battery in 

which they are considered as the first generation. These hard-carbons, which are 

based on carbon precursors and prepared at a high temperature, have been widely 

investigated in Na ion battery due to their specific morphology, low surface 

area/volume ratio and small size which effectively reduce the side-reactions at low 

voltages resulting from the existence of the electrolyte.[146–148] Besides, 

intermetallic materials are another choice of anode for Na ion battery. A 

nanostructured SnSb/C multicomponent material has been studied as anode of Na 

ion battery.[149] The nanocomposite displayed a comprehensive character of each 

component. The alloying reactions of Sn and Sb enable its high capacity while 

carbon provides the mechanical stability and conductivity. Some metal oxides also 

have been tried as anode although the most are out of practical application. The 

reported amorphous TiO2
[150] nanowires and Na2Ti3O7

[151] are representative 

examples for this type and after undergoing few charge-discharge cycles, they 
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could exhibit the maximum capacity as well as a good rate capacity when 

cooperated with suitable cathodes.  

  In terms of the cathode materials, they are required to reversibly accommodate 

the cations at a specific voltage range. And more importantly, there should be as 

ignorable as possible change in volume of the material when it uptakes the cations 

in and out because this ability significantly affects the long-term performance of 

the battery system. Accordingly, the transition-metal fluorides like FeF3 were 

examined for their electrochemical intercalation of cations. [152] Regardless of the 

obvious voltage curve hysteresis, the moderate energy capacity could be achieved. 

Moreover, the activity can be promoted by nanosizing process.[153] Tunnel 

structured sodium manganese oxides,[154] formulated as Na0.44MnO2, also could 

take the competence. This kind of active oxide with an open structure was reported 

by Sauvage and co-workers and they have demonstrated the validation of 

nanosizing in battery systems for higher capacity. In addition, nanocrystalline iron 

oxides (e.g. α-Fe2O3
[155] and Fe3O4

[156]), profiting from the nanoscale form and 

redox activity of the Fe(III)/Fe(II) couple at low potential, exhibit rechargeable 

character at a low voltage as well as in a wide potential range. The layered sodium 

or lithium transition-metal oxides also could function as good cathodes although 

they show unlike behaviors in sodium-based compounds and lithium analogues, 

respectively, due to the difference in the size of sodium and lithium ion. It is an 

extremely important category for cathodes as they become the large part of the 

commercial LIB with high energy capacity.[138] Pioneer works have been done on 
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the structure of the layered sodium transition-metal oxides by Hagenmuller and co-

workers.[157] The first example of displaying Na ion intercalation and 

deintercalation was the NaCoO2 compound,[158] which also showed the attractive 

magnetic and thermoelectric nature[159,160] and superconducting property[161]. Other 

examples of the sodium transition-metal oxides contain NaCrO2
[162], NaMnO2, 

NaFeO2
[163]. The last iron-based material featured the non-toxic and abundant 

elemental composition but its further development was subjected to poor 

electrochemical performance. Finally, the layered sulfide cannot be omitted when 

it comes to the cathode materials. TiS2, as a famous binary metal sulfide owns 

ample galleries to facilitate the insertion reactions of ions.[164] However, some of 

them, such as Cu2S[165] and Ni3S2
[166] when assembled into the non-aqueous 

ambient temperature Na ion batteries, normally present low voltage and thus are 

better regarded to be anode materials. Overall, compared with non-2D materials, 

these 2D architectures have attracted increasing focus and their superiority as 

electrodes will be discussed in next section.  

 

1.3.3 Two-Dimensional Nanosheets as Battery Electrodes 

The quality of the electrode materials obviously has impact on the performance of 

the batteries.[167] As the most commercial battery systems suffered from poor 

charge rate, unsatisfactory energy density, high cost, short cycle life and security 

issues, exploring and designing new materials with novel structures and properties 



29 

 

as electrodes is much necessary. The light has been shone on the 2D materials due 

to the successful application of graphene as battery electrode.  

  LIB is the main energy storage system for the commercial portable electronics. 

Graphite as the most common anode material for LIB displays an inferior 

performance than the few-layer graphene.[168] The enhancement well demonstrates 

the advantages of using 2D nanomaterials, because they can modify the surface 

character, minimize the volume extension, promote the charge transfer, and even 

provide the active sites from defects or layer edges, facilitating the ion reactions. 

The graphene-based composites also exhibit striking capacity for energy storage. 

For instance, the boron-doped graphene, taking full advantages of the defects 

generated during the heteroatomic doping process, presented very high energy 

capacity.[169] Therefore, considering the high electrical conductivity and specific 

surface area of graphene, it is not only a good electrode material, but also an 

excellent matrix for composites so as to avoid the aggregation of active materials 

inside.[170] As for metal oxides and sulfides, such as SnO2,[171,172] although it has  

a relatively high theoretical capacity, the problem is the short cycle life, originating 

from the large volume expansion. However, the ultrathin film-like SnO2 has 

significantly promoted the cycling behavior compared with the corresponding 

hollow structure and nanoparticles. The wide use of the aforementioned 2D TMDs 

in the field of battery materials provides further support for the superiority of 

nanosheets as electrode materials.[173–175] The bright future of 2D electrode 

materials are not only evidenced by the improved performance as anode but also 
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cathode.[176] Taking the ultrathin film V2O5 as an example, the layer structured 

nanosheet cathode exhibited much higher stability and energy capacity than its bulk 

counterpart.[177]  

  Electrodes are usually assembled by these 2D nanosheets in a stacking fashion. 

Therefore, they could own larger gap between two layers than the bulk materials 

and higher specific surface area as well as more edge active sites, all of which will 

be helpful for ions insertion and buffering volume changes, thus enhancing the 

battery performance. The representative CuS nanosheet was reported to display a 

relatively high reversible capacity with respect to its other nanostructures.[178] 

However, because of the interlayer van der Waals force, the stacking nanosheets 

often suffered from the serious aggregation, dramatically reducing the specific 

surface area and active edge sites. To address the problem, 2D nanosheet layers 

were used as building blocks into hierarchical three-dimensional (3D) materials,[179] 

such as boxes,[180,181] spheres[182] and even more complicated flower-like 

architectures.[183] In this way, the formation of agglomerates could be efficiently 

relieved. Moreover, these assembled hierarchical materials are likely to present 

additional new properties relative to the simplex building units. The improvement 

in performance of graphene[184–186] as well as MoS2
[187] benefited from this strategy 

to access the practical application. Alternatively, elaborately introducing poral 

structures into nanosheets also could enhance the energy capacity by buffering the 

volume extension and decreasing the ion diffusion distance. Engineering graphene 

in this method has harvested a better performing porous graphene electrode of 
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battery.[188] On the other hand, the 2D Co3O4 tablet with designed pores displayed 

obviously promoted cycling behavior compared with the rod-like nanostructure 

and bulk nanoparticle.[189]  

  The macroporous 2D nanomaterials also play a significant role in the lithium-

sulfur (Li-S) battery system.[190] Li-S cell features the high rate capacity but is 

limited by the polysulfide dissolution, called “shuttle effect”. To be specific, during 

the reversible charge/discharge process, the generated by-product lithium 

polysulfide can be dissolved into electrolyte and migrate between the two 

electrodes reversibly, causing the mass loss of the electrode and inactivation of 

cathode and thus a low discharge current and dramatic decay in energy density.[191] 

The pores within the ultrathin nanosheet could act as a trapper of the S 

nanoparticles to stabilize the system during cycling process. Besides, some 

macroporous nanosheets possess additional properties such as high conductivity 

and elasticity, which as mentioned could facilitate the enhancement in battery 

performance.[192]  

  Generally, 2D nanomaterials, making full use of their high surface area and many 

active sites, are employed to constrain the S onto the electrode surface via physical 

or chemical methods.[193] Here, the ultrathin layer functions as an anchor of S to 

restrain the shuttle effect and improve the performance. The physical methods 

mainly include physical adsorption and encapsulation to form core-shell 

nanostructure[194,195] (Figure 1.3.4a) while chemical strategy is to form chemical 

bonds towards S nanoparticles via ionic interaction[196] or covalent bonding[195,197] 
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(Figure 1.3.4b). For example, the B-, N- or S-doped graphene could confine the 

polysulfide.[196] The porous graphene also could limit the dissolution process by 

capturing the intermediate into the pores as S atom exhibits strong affinity to 

carbon.[190]  

 

         

Figure 1.3.4 The schematic diagram of a) the Li2S@TiS2 core-shell structure and b) chemical 

bonding between Li2S and TiS2.[195] 

 

  2D nanosheets are promising electrode materials for energy storage, but the 

common problem is the low initial coulombic efficiency, which leads to a large 

decrease in capacity and seriously limits their practical application. The cycling 

stability is not sufficiently measured as most of the reported materials were cycled 

above 100 cycles. The inner resistance from interlayer contaction or low diffusion 

ion concentration is also an important consideration. Large-scale preparation and 

structural stability of nanosheets still remain to be settled too. Given these 

challenges, it is necessary to design novel 2D nanostructures as battery electrodes. 

The macroporous nanosheets are much preferred to prevent the aggregation. 

Besides, organic or metal-organic ultrathin nanosheets for battery electrodes are 

a) b) 
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rare, with much room to develop. Exploring this field may open a brand-new door 

for exploiting battery electrode based on 2D architectures. 

 

1.4 Scope of This Thesis 

Based on the above background, we could foresee that the rationally synthesized 

monolayer or multilayer topologically lamellar organic metal complex nanosheets 

will play significant roles in many fields, for example, electronics, photoelectronics, 

and semiconductor devices. On the other hand, the molecule-based bottom-up 

approach provides a facile synthetic route to 2D crystalline materials since the 

combination of diverse multi-chelating ligands with metal ions effectively expand 

the variation of such organic metal complex nanosheets. 

The previous research done by our group demonstrates a photofunctional organic 

zinc(Ⅱ) complex nanosheet to be applied as photoanode.[124] It employed a 

dipyrrin-base three-way ligand to bind with zinc(II) acetate. Inspired by this 

structure, the trifunctional terpyridine-based ligand L3 and its analogue L4, L5 and 

L6 with rigid phenylethynyl units were designed and successfully synthesized. We 

also found that the triphenylamine offers remarkable optoelectronic properties 

including intense optical absorptions, photoluminescence, and self-powered 

electrochromism. Therefore, the triphenylamine unit was introduced into the ligand 

to produce L1 and L2, respectively. All the ligands above were constructed in three 

ways, therefore we made efforts to extend the structure to tetra-chelating molecule 
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L7, which has topologically rhombic periodic units rather than hexagonal structure. 

Besides, L7 was designed in order to increase the active sites, that is the tpy-Co 

motif, within the nanosheet. L1 – L6 were synthesized by means of condensation 

between the corresponding aldehydes and 2-acetylpyridine while L7 was prepared 

by the Suzuki coupling of the tetrabromobenzene with borate derivative of 

terpyridine. Additionally, a coordination nanosheet 8-Cu featuring π-conjugated 

metal organic complex motif was formed. 

  Herein, we expanded the variation of the structure of organic metal nanosheets 

after binding the ligand precursors with cobalt(Ⅱ) (denoted henceforth as Co) ion 

or copper(Ⅱ) (denoted henceforth as Cu) ion through liquid-liquid interfacial 

reactions. The as-prepared multilayer nanosheets 1-Co, 2-Co, 3-Co, 4-Co, 5-Co, 

6-Co, 7-Co and 8-Cu are insoluble in neither organic solvents nor water. The 

morphology or nanostructure of the as-prepared nanosheets was characterized by 

Optical Microscope, FE-SEM and HR-TEM respectively. The number of layers 

was described with the thickness detected by Surface Profiler (SP). EDX and XPS 

were applied to obtain the information on the chemical composition and elemental 

distribution. The structural characterization was still conducted by FTIR. 

Considering the reversible and robust redox activity of Co2+/Co3+, the dual-ion 

battery cathodes were assembled by employing the selected samples in different 

chapters to demonstrate the possibility of this kind of metal organic complex 

nanosheets to be utilized in a battery and difference in performance when 

employing nanosheets of different structures. Overall, this thesis aims at studying 
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the effect of chemical structural skeleton to properties. Integrated inter-comparison 

of properties made us a primary understanding of the relationship between structure 

and functionality. It, to some extent, makes sense for designing nanoscopic 

architectures with tailor-made functionalities. 
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Chapter 2 Bis(terpyridine) Cobalt(II) 

Complex Nanosheets Based on 

Triphenylamine Derivatives 

 

2.1 Introduction  

Nanosheet is a kind of two-dimensional (2D) polymeric materials. The flagship 

representative of nanosheet is the new star graphene,[1] which presents prominent 

characters such as extremely high specific surface area,[2] ultrahigh room-

temperature carrier mobility,[3] remarkable thermal[4] and electrical[3] conductivities 

and thus is being applied in photonics[5] and electronics[6]. Due to the nature of its 

electron confinement in two dimensions, nanosheets usually possess unique 

physical, electronic and chemical properties, attracting increasing attention. Then 

various graphene-like 2D materials, for instance MXenes,[7,8] metal oxides,[9,10] 

metal hydroxides[11,12] and transition metal dichalcogenides (TMD)[13,14] were 

explored to boost the development of 2D nanosheets. Apart from these mentioned 

top-down materials which are chemically[15–17] or mechanically[18] exfoliated from 

bulky mother crystals, another atomic, ionic, and molecular modules based bottom-

up nanosheets with higher flexibility in structures also have been investigated.[19–

22]  

  Electrochromism (EC) is a phenomenon that the color of materials is reversibly 
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changed by light absorption or light scattering under the external current or electric 

field.[23] Since Deb.S.K discovered the EC of WO3 film in 1969, [24,25] a variety of 

electrochromic materials have been developed, making it an extensive market 

prospective. The promising applications mainly focus on the display screen 

because the view angle of EC material-based screen is not limited. Moreover, this 

type of material shows abundant color and quick response which is favorable in 

smart device and military camouflage.[26–30] EC materials are mainly divided into 

two categories based on the structures: a) inorganic EC materials feature ion and 

electron dual injection and extraction electrochromic mechanism; b) organic EC 

materials are based on the redox reaction to present color switching. Although 

inorganic materials possess excellent stability, their development are restricted by 

the complicated preparation procedure, low processability, limited range of color 

and high cost.[31–33] In this way, the organic type could fill the gap by taking the 

advantage of flexible and tunable structural design of the materials. [34–36] 

2,2’:6’,2”-Terpyridine (tpy) with good planarity and multiple N heteroatoms 

could easily chelate transition metal ions. The coordination bond is spontaneously 

and rationally formed, making it a good balance between reversibility and 

robustness. It is suitable to use it as building blocks of the metal complex 

nanosheets.[37] The gas-liquid interface-mediated synthetic method, structural 

analysis[38,39] and modification approach[40] of this type of tpy-metal complex 

nanosheets were studies by Schlüter and co-workers. In addition, when transition 

metal ion is coordinated with tpy to form a complex, its d-orbitals could split into 
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lower energy level t2g and higher level eg, the energy gap between which is located 

in the range of visible light, and thus the complex is usually colored. Based on the 

phenomenon, applying tpy-based ligand to coordinate with metal ion might achieve 

electrochromic metal complex nanosheet and the concept was realized by 

Nishihara and co-workers. By their liquid-liquid interface-assisted synthesis,[41,42] 

they reported a multilayer electrochromic bis(terpyridine) Co(II) complex 

nanosheet, which was based on a benzene-centered three-way ligand and displayed 

the color change from orange to gray.[41] As inspired by the flexibility in structural 

design for ligand of bottom-up nanosheet, herein, we synthesized two 

triphenylamine-centered organic ligands (L1 and L2) with different spacer lengths 

from tpy groups to center to form the corresponding Co(II) complex nanosheets (1-

Co and 2-Co) in order to demonstrate that the electrochromic behavior could be 

modulated by ligand structure as well as to indicate the broader diversity of bottom-

up nanosheet over the top-down type. The introduced triphenylamine could form 

radical cation (hole) under oxidation and shows distinct hole migration 

characteristics in electric field due to the delocalized lone pair electron of N atom 

while tpy presents strong electron acceptance. The combination of them in a 

conjugated fashion can result in “push-pull” configuration and thus better 

intramolecular charge transfer (ICT) and bathochromic absorption. The generated 

large-sized self-standing nanosheet 1-Co displayed distinguished electrochromism 

from red to green under electrochemical oxidation, expanding the electrochromic 

range of tpy-metal complex nanosheet. A 2-Co based solid-state electrochromic 
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device was also fabricated.  

 

2.2 Synthesis of Ligands 

The structures of the triphenylamine-based tris-(terpyridine) ligands in this chapter 

are displayed in Scheme 2.2.1. Two three-way ligands with similar skeleton but 

different spacer length from functional groups to center were designed to 

investigate the effect of arm-length on properties.  

 

 

Scheme 2.2.1 Chemical structures of triphenylamine-based ligands L1 and L2 in this chapter. 

 

The synthetic route for L1 is shown in Scheme 2.2.2. The hydrogen atoms in 

triphenylamine were substituted with Br after reacting with N-bromosuccinimide 

(NBS) in dark under an ice-bath to form 4-bromo-substituted triphenylamine. Then 

the Br group was replaced with aldehyde group by using n-BuLi and anhydrous 

DMF sequentially at -78 ℃. Finally, the 2-acetylpyridine was applied to the 

aldehyde-substituted triphenylamine. By undergoing a transition precursor, L1 was 
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synthesized. 

 

 

Scheme 2.2.2 Synthetic route for L1. 

 

  The synthetic route for L2 is shown in Scheme 2.2.3. The previously synthesized 

tris(4-bromophenyl)amine from triphenylamine was further reacted with 4-

formylphenylboronic acid to increase the number of the benzene ring at each arm 

branch through Suzuki coupling reaction. At last, the 2-acetylpyridine was applied 

to the aldehyde-substituted triphenylamine to synthesize L2. 
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Scheme 2.2.3 Synthetic route for L2. 

2.3 Synthesis of Cobalt Complex Nanosheets 

Terpyridine (tpy) group is highly metallic appetent since there is strong metal-

ligand π-back donating bonding (dπ-pπ*) and dynamic chelating effect.[43–45] On 

the other hand, when Co(II) with 3d74s0 electron configuration was coordinated 

with strong field ligand (such as N-containing ligands), it favors low spin complex 

and could form d2sp3 hybrid orbitals with one electron excited into 5s orbital. 

Therefore, it easily forms a distorted six-coordinated octahedral construction.[46–51] 

The initiative coordination reaction between three-fold symmetric terpyridine 

organic ligands (L1 and L2) and metal ion (Co2+) in ambient condition is essential 

for the generation of the corresponding bottom-up metal complex nanosheets (1-

Co and 2-Co). As the ligands are present  in  a pyramid geometry, 1-Co and  2-Co
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should be constructed in a staggered periodicity in each layer rather than a flat plane. 

The spontaneous complexation of terpyridine groups and Co2+ ion is theoretically 

reversible and thus the complex motif owns the capability of self-healing. Here, the 

Cl- from CoCl2
.6H2O salt functioned as a counter anion for those cobalt complex 

motifs. Accordingly, the ideal flawless chemical structures of the nanosheets with 

hexagonal grids, as marked in red area, can be illustrated as that in Scheme 2.3.1 

while Cl- were omitted for clarity. For the stacking of the layers at vertical direction, 

the layers are likely to be staggered and stacking in disorder based on the reported 

work on this kind of metal complex nanosheets. 
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Scheme 2.3.1 Bottom-up nanosheets. (Top) The ideal topological structures of designed nanosheets 

and (Bottom) the chemical structures of L1 and L2.  

 

The bottom-up method for the formation of metal complex nanosheets involved 

in orderly placing each solution layer of reagent in a container. As shown in Scheme 

2.3.2, firstly, the organic ligand was totally dissolved into CH2Cl2 solvent by 

sonication while CoCl2·6H2O was dissolved into deionized water (D-I water) and 

then both solutions were filtered with membrane filters. A piece of substrates (such 

as silicon, quartz, glass and ITO) was placed at the bottom of the vial container 

followed by injection of the organic layer. Finally, Co2+ aqueous solution was 

carefully layered above the organic layer to completely cover the formed flat 

biphasic interface. After some time, the interface induced flat multilayer nanosheet 

would be obviously seen.  
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Scheme 2.3.2 The schematic diagram of liquid-liquid interface-assisted method for bottom-up 

metal complex nanosheets. 

 

  The flat interface here functioned not only as a place where L1 or L2 and Co2+ 

ions could connect with each other and thus complexation occurred, but also a 

lamella to induce the 2D layered construction. Based on the above-mentioned 

method, 10 mL dichloromethane (CH2Cl2) solution of the ligand L1 or L2 (5.0 × 

10−5 mol L−1) was added into a clean and oven-dried cylindrical vial with volume 

of 50 mL and diameter of 3.2 cm. Then, 20 mL upper layer containing excessive 

Co2+ ions (2.5 × 10−2 mol L−1) was carefully injected to create a biphasic interface. 

The whole system was kept quiet for 3 weeks at room temperature to let L1 or L2 

connected with Co2+ ion at the flat interface completely and thus to produce the 

corresponding multilayer nanosheets 1-Co and 2-Co. After 24 hours, a very thin 

transparent film could be slightly seen at the interface. And the film changed from 

transparent to red colored along with the growth of nanosheets. Over 3 weeks later, 

a red transparent film 1-Co (Figure 2.3.1a) and jacinth 2-Co (Figure 2.3.2) 

completely covering the whole interfaces were obviously found. In the preliminary 
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stage, if the flat interface is interrupted by air bubble resulting from the evaporation 

of the lower DCM layer, a special wide ring-like film will be formed (Figure 2.3.1b), 

showing the importance of the flat interface for layer stacking of 2D nanosheets. 

Besides, both of the formed transparent films are insoluble in either organic solvent 

or aqueous solution, indicating the polymeric structure as proposed. 

 

   

Figure 2.3.1 The photographs of a) the formed 1-Co through interface-assisted synthesis process. 

b) The ring-like 1-Co film caused by the existence of air bubble at the interface. Both scale bar: 1 

cm. 

 

  In terms of jacinth 2-Co, it will be more obvious when removing the 

interferential pink Co2+ aqueous layer and taking a top view (Figure 2.3.2b). The 

thin multilayer 2-Co covered the whole interface and showed a metallic luster. 
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Figure 2.3.2 The photographs of a) the formed 2-Co through interface-assisted synthesis process. 

b) the top view of 2-Co formed at the interface. Both scale bar: 1 cm. 

 

  The lateral size of this kind of bottom-up complex nanosheet could be easily 

controlled by changing the diameters of the containers (Figure 2.3.3). 150 mL, 250 

mL and 500 mL beakers worked as reaction containers with diameters of 58 mm, 

70 mm and 88 mm, respectively. Then 40 mL, 70 mL, and 150 mL 0.05 mM 

dichloromethane solutions of L1 (lower layer) were injected into the above beakers 

followed by the addition of 25 mM Co2+ aqueous solution (80 mL, 140 mL and 300 

mL as upper layer, respectively), resulting in a series of interfaces with different 

lateral sizes and thus several nanosheets of varying sizes. Based on this method, 

large-size nanosheets could be easily prepared. 
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Figure 2.3.3 The photographs of a series of 1-Co prepared at the interfaces of different diameters 

after 3 weeks. Scale bar: 3 cm. 

 

Next, the upper water layer was removed by pipette and pure D.I. water was 

slowly poured into the flask to remove the excessive ions and clean the surface of 

film. This procedure was repeated for several times. After removing both layers 

finally, the product was deposited onto the previously placed substrate at the bottom 

(Scheme 2.3.3) and then could be characterized by many techniques. Those 

nanosheets were also collected by filtration.  

This transfer method is beneficial to obtain a complete large piece. However, the 

film sometimes would be folded during the process (Figure 2.3.4a). As the several 

hundred-nanometer thick multilayer 1-Co or 2-Co displayed mechanical strength 

to an extent (vide infra) and could be directly dragged out from the reaction system 

with tweezers, which was then washed by ethanol and transferred on substrates to 

get a large domain (> 3 cm for 1-Co and > 2 cm for 2-Co, see Figure 2.3.4b-d). 

Those two methods were alternatively used to get nanosheets for various tests with 
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different demands of sample sizes. 

 

Scheme 2.3.3 The schematic diagram of transfer method for bottom-up metal complex nanosheets 

onto substrates. 

   

 

Figure 2.3.4 Photographs of multilayer 1-Co and 2-Co. (a) The prepared multilayer 1-Co deposited 

onto a Si substrate by removing the biphasic solution. Scale bar: 1 cm. (b) The large size 1-Co on a 

ITO substrate. Scale bar: 2 cm. (c) The suspended 2-Co in ethanol solution. Scale bar: 1 cm. (d) 

The large size 2-Co on a ITO substrate. Scale bar: 1 cm. 

 



64 

 

2.4 Characterization of Cobalt Complex Nanosheets 

Characterization of these nanosheets was conducted via a series of complementary 

analytical equipment to acquire information on surface morphology, compositional 

elements, and binding energy and integrally to present a credible construction of 

the nanosheet, though no signal was obtained by neither X-ray or electron 

diffraction of these nanosheets, which may be caused by the disorder of anions and 

stacking layers. 

 

2.4.1 Morphology of Nanosheets 

Morphology is the most basic feature for nanomaterials. It provides fundamental 

information of structure. The morphology of these nanosheets transferred on the 

substrates was characterized through OM, FE-SEM, TEM and AFM. Cross-

sectional analysis was carried out by AFM and surface profiler and the later was 

applied to measure the thickness of the product quickly.  

It can be seen from Figure 2.4.1a that the red 1-Co possessed sheet-like 

morphology with a large domain (more than 1.5 cm in one side). There was an 

obvious doubly-folded part in Figure 2.4.1b due to the different contrasts. The 

brighter triangle-shaped region with respect to the other darker area was the folded 

part. The cracks and wrinkles in Figure 2.4.1c which can be observed more clearly 

under dark field of OM (see Figure 2.4.1d) reflected the sheet structure of 1-Co as 

proposed. 
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Figure 2.4.1 The optical microscopy images of 1-Co on quartz substrate under different 

magnifications. a) The bright field image of 1-Co. Scale bar: 5 mm. b) Scale bar: 1 mm. c) The 

magnified image. Scale bar: 2 mm. d) The dark field image of c). Scale bar: 2 mm. 

 

The SEM images further confirmed the sheet-like morphology (see Figure 2.4.2). 

The multilayer 1-Co presented a large lateral size of approximately 500 µm which 

was a noteworthy domain size for this kind of bottom-up 2D nanomaterials.[52–56] 

In Figure 2.4.2a, the flat sheet exhibited darker contrast compared with the other 

lighter bare Si region. In Figure 2.4.2b, the cracks and creases of 1-Co were 

presented, indicating its uniform texture as well as the layered structure of 1-Co.  

 

 

Figure 2.4.2 The scanning electron microscopy images of 1-Co.  
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  Besides, the small piece of multilayer 1-Co was deposited onto copper grids to 

undergo TEM measurement. The flat morphology and uniform phasic distribution 

shown in Figure 2.4.3 could be considered as a sign of sheet structure and the 

displayed step terrace at the edge of 1-Co, which was normally generated by the 

layer-by-layer stacking, further proved the multilayered construction and the 

bottom-up growth as proposed. 

 

 

Figure 2.4.3 The transmission electron microscopy images of 1-Co on copper grid. Scale bar: 50 

nm.  

 

The AFM images of the multilayer 1-Co were also obtained (Figure 2.4.4). The 

selected area of submicron thick 1-Co showed a flat and uniform sheet morphology 

with more than 4 µm size of domain, which could be easily distinguished from the 

bare silicon substrate in both height and phase image. The cross-sectional analysis 

was conducted, revealing a thickness of 1-Co to be ~ 270 nm (Figure 2.4.4c). 

Moreover, it was found that the thickness of 1-Co could be controlled by the 

reaction time, the solution concentration of organic ligand and metal ions. 

 

a) b) 



67 

Figure 2.4.4 The atomic force microscopy images and cross-sectional analysis of 1-Co on Si 

substrate. a) Height image of multilayer 1-Co. Scale bar: 1 µm. b) Phase image of multilayer 1-Co. 

Scale bar: 1 µm. c) Cross-sectional analysis result of multilayer 1-Co along with the white line in 

a). 

  Then three sets of separated experiments that focused on reaction time (named 

A series), concentration of ligand solution (named B series) and concentration of 

Co2+ aqueous solution (named C series) were conducted to investigate the effect of 

the factors on the thickness of this kind of nanosheets. In experiment of A group, a 

series of reaction time spanning from 24 h, 72 h to 168 h (1 week), 504 h (3 weeks), 

and 840 h (5 weeks) was set, corresponding to A1 to A5 respectively and the 

concentration of ligand and metal ion were respectively fixed to be 5.0 × 10−5 mol 

L−1 and 2.5 × 10−2 mol L−1. All the layers (organic layer, D-I water buffer layer 

and the Co2+ ion aqueous layer) were 4 mL and added into a vial with volume of 

c)



68 

30 mL. 24 hours later, a transparent thin film was gradually seen while 72 hours 

later, the thin film became much apparent. Along with the increase in reaction 

duration, the film turned to be obviously visible and the red color was more and 

more darker from A1 to A5. Then these 1-Co (A1 to A5) were then transferred onto 

Si substrates and subjected to a quick cross-sectional measurement using the 

surface profiler. On each sample, five testing points were evenly chosen to undergo 

cross-sectional analysis (complete data could be found in Table 7.3.2) and then the 

average value of each sample was used. From Figure 2.4.5, it could be concluded 

that the thickness of 1-Co augmented fast by 250 nm within the first 200 hours. 

Then the growth of it almost went into a lag phase. Even continually increasing the 

reaction time to 800 hours, there were little change in the thickness relative to the 

whole scale of thickness. It was attributed to the exhaustion of the ligand in the 

reaction system. 

Figure 2.4.5 The effect of reaction time on thickness of 1-Co. 

  The concentration of ligand solution was set as variate in B group of experiments. 
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Here, 25 mM Co2+ was used and the reaction system was kept for 3 weeks to 

completely proceed the coordination. The ligand concentration was orderly set to 

be 0.01 mM, 0.025 mM, 0.05 mM, 0.1 mM and 0.2 mM, corresponding to B1 to 

B5 in sequence. After 3 weeks, all of the biphasic interfaces were covered with red 

films. B4 and B5 displayed darker red color than B1 to B3. The thicknesses of these 

films were confirmed using the surface profiler through the same sampling method. 

(complete data could be found in Table 7.3.3). Then, the effect of ligand 

concentration on thickness of 1-Co is shown in Figure 2.4.6. According to the result, 

the thickness of this kind of nanosheets could linearly rise with the increased ligand 

concentration, disclosing that the amount of ligand has an evident impact on the 

thickness of its corresponding nanosheet. 

Figure 2.4.6 The effect of ligand concentration on thickness of 1-Co. 

  Finally, the role of concentration of the Co2+ ion in thickness control was also 

studied. In C group of experiments, the Co2+ concentration for C1 to C5 was 

designed to be 5 mM, 10 mM, 20 mM, 25 mM and 50 mM, respectively, while the 
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ligand concentration was fixed to be 0.05 mM and the reaction time was 3 weeks. 

There was already an apparent transparent film in C5 (with the highest ion 

concentration) after 24 hours relative to C1 to C4, suggesting that the high ion 

concentration could accelerate the complexation. Around 72 h later, films at 

interfaces of all systems could be seen except C1, in which the film could not be 

observed until 3 weeks later. The relationship between the thickness and the ion 

concentration is shown in Figure 2.4.7. Although the ligand amount is the same in 

these five experiments, the Co2+ concentration still affects the thickness of 

nanosheet. 

Figure 2.4.7 The effect of concentration of Co2+ ion on thickness of 1-Co. 

For the orange nanosheet 2-Co, it was also measured through OM in both bright 

field and dark field which displayed a flat and uniform sheet morphology (see 

Figure 2.4.8a) or with wrinkles and stacking clusters (Figure 2.4.8b). The film-like 

details were clearly shown by magnification of the red marked region. 
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Figure 2.4.8 The optical microscopy images of 2-Co on quartz substrate under different 

magnifications. a-b) The bright field image of 2-Co. Scale bar: 5 mm. c) The magnification of red 

area in b). Scale bar: 2 mm. d) The dark field image of c). Scale bar: 2 mm. 

 Then SEM and TEM were conducted to obtain detailed information. Based on the 

images from SEM, the prepared 2-Co was monolithic, flat, and film-like. And the 

lateral scale of it could reach up to larger than 200 µm (Figure 2.4.9a). In addition, 

the TEM image showed the free-standing 2-Co in a copper grid without carbon 

film (Figure 2.4.9c). The high magnification TEM image revealed a homogeneous 

as well as layered structure (Figure 2.4.9d). The results were consistent with 

expectation. 
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Figure 2.4.9 The electron microscopy images of 2-Co. a-b) The FE-SEM images of it on Si 

substrate. c-d) The TEM images of it on a copper grid without the supporting carbon film. 

 

Similarly, the AFM images of the multilayer 2-Co also presented a smooth and 

uniform sheet morphology in both height and phase image (Figure 2.4.10), further 

verifying the layered structure as proposed. Besides, the thickness of it was 

measured to be ~ 120 nm, thinner than that of 1-Co (270 nm) prepared under the 

same reaction condition. Therefore, the arm-length of the ligand could also have an 

impact on the stacking of nanosheet layers.  

 

 

a) b) 
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Figure 2.4.10 The atomic force microscopy images and cross-sectional analysis of 2-Co on Si

substrate. a) Height image of multilayer 2-Co. Scale bar: 1 µm. b) Phase image of multilayer 2-Co.

Scale bar: 1 µm. c) Cross-sectional analysis result of multilayer 2-Co along with the black line in

a).  

 

2.4.2 Chemical Elemental Analysis 

The structures of this kind of multilayer nanosheets were primarily indirectly 

confirmed through optical or electron microscopies. Further research was focused 

on the chemical composition and chemical bond. Therefore, EDX-Mapping, FT-IR 

and XPS were employed to analyze the chemical elements. 

  The SEM/EDX analysis was conducted to confirm the constitutive elements of 

1-Co (Figure 2.4.11). The EDX spectrum disclosed that it contained C, N, Co and

Cl (from the counterion). Element Si in a very large proportion was obviously from 

the Si substrate and O was from the atmosphere or oxidized substrate. The 

elemental composition is consistent with the proposed structure.  

 

c) 
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Figure 2.4.11 The SEM/EDX of 1-Co. 

 

  As for the SEM/EDX mapping image of 1-Co for C, N, Co, Cl, and Si, it 

confirmed the elemental distribution and indicated the homogeneity of 1-Co. 

(Figure 2.4.12). The overlay image showed an overall distinct distribution of the 

focused elements. 

  The result of 2-Co was similar to that of 1-Co since they are analogues. The 

SEM/EDX Mapping image (Figure 2.4.13) also suggested the chemical 

composition and homogeneous elemental distribution as expected. 
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 Figure 2.4.12 The SEM/EDX mapping of 1-Co for C, N, Co, Cl, Si. Scale bar: 100 μm. 

 

 
Figure 2.4.13 The SEM/EDX mapping of 2-Co for C, N, Co, Cl, Si. Scale bar: 600 μm.   

 

  Besides the elemental distribution, the metal-organic coordinate bonds were 

investigated through FT-IR, in which there were changes in chemical shifts of 

specific bonds of ligands after coordination with metal ions. In FT-IR spectrum of 

L1, the C=C stretching vibration peak approximately at 1583 cm-1 is slightly 

shifted up to 1589 cm-1 after complexation with Co2+ (Figure 2.4.14). In addition, 

the sharp weak peak of L1 at 1690 cm-1 which could be attributed to the C=N 

stretching vibration almost disappeared in the IR spectra of 1-Co. It might be 
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because the complexation with metal ion could decrease the double bond property 

and thus decrease the peak intensity. The above results confirmed the formation of 

coordination bond between L1 and Co(II) ion. 

 

 

Figure 2.4.14 The FT-IR spectra of 1-Co and L1. 

 

  The similar result was obtained on L2 (Figure 2.4.15). The C=C stretching 

vibration peak is moved to a higher wavenumber from 1585 cm-1 to 1610 cm-1. The 

shift is more significant than that of L1. Moreover, the C=N stretching vibration 

approximately at 1648 cm-1 became inconspicuous when the corresponding metal 

complex was formed, which is consistent with that of L1. 
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Figure 2.4.15 The FT-IR spectra of 2-Co and L2. 

 

  XPS is also a powerful tool to study the bond states. To make a reference on the 

chemical shift of terpyridine functional group before and after coordinating with 

metal ions, a small model molecule [Co(tpy)2](BF4)2•H2O (hereinafter called R) 

was designed and successfully synthesized. The structure of it was shown in 

Scheme 2.4.1. Two terpyridines were coordinated with Co(II) ion together with the 

counter anion BF4
- to constitute a simple complex molecule with the target 

terpyridine-Co(II) motif.  

 

 

Scheme 2.4.1 The chemical structure of the referential complex R. 
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  The XP spectrum of R shown in Figure 2.4.16 confirmed the component 

elements C, N, Co B and F considering that the Si was from substrate and O was 

from atmosphere. 

  

 

Figure 2.4.16 The full XP spectrum of R. 

 

Then the XP spectra of 1-Co and L1 were also obtained and compared in Figure 

2.4.17. The qualitative analysis was based on the full XP spectra. Accordingly, the 

elements C and N were from ligand while the newcomer Co and Cl in generated 

nanosheet were from metal salt. The result is consistent with the EDX result as well 

as theoretical expectation. Therefore, the complexation is further proved. On the 

other hand, the N 1s peak of L1 was shifted up from 398.57 eV to 399.64 eV upon 

the formation of 1-Co close to that of R (399.69 eV). It confirmed the coordination 

of L1 to Co2+. Furthermore, the binding energy of Co 2p core level of 1-Co and R 

was similar too. Therefore, the completed complexation was further evidenced 

despite the limit of detection for XPS (around 0.1-1 atom %). As for the peak of R 

at 193.39 eV, it should be attributed to B 1s core level instead of the Cl 2p core 
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level presented in 1-Co. 

Figure 2.4.17 The XP spectra of L1 and 1-Co. a) The full XP spectrum of L1. b) The full XP 

spectrum of 1-Co. c) The comparison of narrow XP spectra of 1-Co, referential complex R and L1 

focusing on N 1s, Co 2p, and Cl 2p core levels, respectively. 
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Figure 2.4.18 The XP spectra of L2 and 2-Co. a) The full XP spectrum of L2. b) The full XP 

spectrum of 2-Co. c) The comparison of narrow XP spectra of 2-Co, referential complex R and L2 

focusing on N 1s, Co 2p, and Cl 2p core levels, respectively. 

The wide scan XP spectra of L2 and 2-Co were similar to that of L1 and 1-Co, 
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respectively, hence indicating the complexation (Figure 2.4.18a and b). The 

difference of N 1s peak between L2 (398.67 eV) and 2-Co (400.16 eV) proved the 

generation of metal-organic moiety. The binding energy of both N 1s core level and 

Co 2p core level of 2-Co were correspondingly much close to that of model 

complex R (N 1s peak at 399.69 eV), demonstrating the successful synthesis of this 

kind of coordination complex nanosheet. 

  The UV-Vis absorption spectrum of the solid film 1-Co supported by quartz 

substrate was obtained as shown in Figure 2.4.19a. The wide absorption before 400 

nm could be attributed to the ligand-centered absorption band (LC) resulting from 

the terpyridine groups according to the UV-Vis spectrum of the corresponding 

ligand L1 (shown in Figure 7.2.3). The generated nanosheet displayed an obvious 

MLCT absorption band at 500 nm, which was a sign of the formation of transition 

metal complex. In Figure 2.4.19b, the LC absorption of 2-Co film supported by 

ITO substrate was located at around 350 nm and very weak MLCT absorption at 

around 500 nm. 

Figure 2.4.19 The UV-Vis absorption spectrum of a) 1-Co deposited on quartz substrate and b) 2-

Co deposited on ITO substrate. 

a) b) 
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2.4.3 Other Characteristic Measurements  

Mechanical strength was described in this section. As the multilayered nanosheets 

were expected to be applied as filter membrane, mechanical strength was an 

important consideration to some extent.  

  The prepared 1-Co performed well in terms of mechanical strength since it could 

be directly dragged with tweezer out of the solution without breakage (Figure 

2.4.20). 

 

 

Figure 2.4.20 The mechanical strength of 1-Co. a) The original nanosheet suspended in 

EtOH/DCM solution. b) The sheet clamped with tweezer was half pulled out. c) The curled 1-Co 

after being totally exposed to atmosphere. d) The disentangled recovered sheet after being floated 

into the solution. 

 

  Similarly, 2-Co was not fragile when being grabbed through this method (Figure 

2.4.21). The measurement aimed at showing the mechanical property of this self-

standing two-dimensional materials. The displayed tenacity also reflected the 
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robustness of the formed coordination bond. 

Figure 2.4.21 The mechanical strength of 2-Co. 

  The thermostability of these newly synthesized nanosheets was also considered. 

1-Co and 2-Co were subjected to TGA measurement and the analysis results was 

concluded in Figure 2.4.22. When the system temperature was raised up to 500 ℃, 

about 20% weight was lost for both nanosheets, which indicated a good 

thermostability. 

Figure 2.4.22 TGA result for a) 1-Co and b) 2-Co. 

a) b) 
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Then a simple experiment was conducted to test the guest inclusion ability. 

Considering the porous structure of the sheets, Rhodamine-6G (Rh6G) was used to 

dye 1-Co and 2-Co and to see whether there will be interaction between them.  

  The photoluminescence (PL) spectrum of L1 presented an emission peak at 475 

nm (under 365 nm-light excitation). But the fluorescence was quenched after the 

ligand was coordinated with Co2+ to form 1-Co (Figure 2.4.23a). It was a common 

phenomenon for Co(II) complex due to the non-irradiative dissipation of excited 

electrons. Then the quartz supported nanosheet 1-Co was immersed into the DCM 

solution of the organic fluorophore Rh6G for 12 h. Finally, the guest-included 

nanosheet showed an emission peak at 550 nm attributed to the organic dye Rh6G 

(excited with 405 nm-light). As for the analogue of L1, the PL emission peak of L2 

showed a red-shift due to the larger π-conjugated system. The guest inclusion test 

for L2 and 2-Co showed a similar result with that of L1 and 1-Co (see Figure 

2.4.23c and d). Therefore, this experimental phenomenon preliminarily manifested 

that this kind of nanosheet was easily colored and may has the potential of material 

storage though further investigation are needed. 
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Figure 2.4.23 The photoluminescence spectra of a) L1 and 1-Co without Rhodamine-6G and b) 1-

Co treated with Rhodamine-6G. c) L2 and 2-Co without Rhodamine-6G and d) 2-Co treated with 

Rhodamine-6G. 

 

2.5 Properties and Application of Cobalt Complex 

Nanosheets 

Metal complex usually could inherit the characters of the existing metal element 

and show specific properties such as ferromagnet, special spin crossover and 

electroactivity. Considering that the tpy-Co(II) motif might function as an 

electroactive site where the Co(II) is electrically oxidized to Co(III), the 

electrochemical properties of 1-Co and 2-Co and their application was investigated 
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in this section. 

 

2.5.1 The Electrochemical Properties  

To investigate the electrochemical response of 1-Co, the useful cyclic voltammetry 

(CV) was performed. In a three-electrode system, 1-Co modified ITO glass 

functioned as a working electrode while the platinum wire as a counter electrode 

and Ag/AgCl as a reference electrode in 1 M tetrabutylammonium 

hexafluorophosphate (TBAPF6) electrolyte. The CV result is shown in Figure 2.5.1. 

It could be seen that there was a pair of very weak redox peaks at around 0.3 V and 

a pair of clear peaks at 1.22 V (reduction peak) and 1.48 V (oxidation peak), 

respectively when it was positively scanned from -0.1 V to 1.80 V at the scan rate 

of 0.1 V/s. The shape of these two pair of peaks was approximately symmetric, 

demonstrating the quasi-reversible single-electron reaction processes of 1-Co 

under this potential window. The weak redox wave should be attributed to 

Co3+/Co2+ couple of tpy-Co(II) motif which has been verified to exhibit a slow self-

exchange transfer with E0 at around 0.3 V and thus present a distinctly low current 

density relative to Co2+/Co+.[57] The redox reaction with E0 = 1.35 V was assigned 

to the couple of triphenylamine unit (TPA) and the oxidized product, that is TPA 

radical cation, from the ligand. 
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Figure 2.5.1 The cyclic voltammograms of 1-Co in 1 M dichloromethane solution of TBAPF6 at a 

positive scan from -0.1 V to 1.8 V with the scan speed of 0.1 V/s. The inset is the magnification of 

it under a small potential window. 

 

  The obtained curves at different scan speed are displayed in Figure 2.5.2a and b. 

When the scan rate was increased to 0.3 V/s, the shape was slightly changed with 

the redox peaks shifting to 1.20 V and 1.54 V, respectively in consistency with the 

theoretical expectation. The two areas inside the oxidation and reduction curves 

separately displayed the amount of injected and extracted charge carrier and here 

the similarity of them suggested the almost equal charge injection and extraction 

process which conformed to the result of chronocoulometry (vide infra). The three 

sweep curves were virtually identical, implying the electrochemical stability of 1-

Co to some extent. Further discussion will be made in the following. It was also 

found that the as-prepared red 1-Co was color switched to a green one at a positive 

scan and recovered to be red at reverse scan during CV measurement. Therefore, 

1-Co presented a reversible electrochromic behavior during the redox process. 

From Figure 2.5.2c, an obvious color change from red to green could be observed.  
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Figure 2.5.2 The cyclic voltammograms of 1-Co in 1 M dichloromethane solution of TBAPF6 at a 

positive scan with the scan speed of a) 0.1 V/s and b) 0.3 V/s. c) The electrochromic behavior of 1-

Co. 

 

  Then the negative CV scan upon original 1-Co was also conducted and the result 

is shown in Figure 2.5.3a. The first scan showed a large faradaic current with 

overflow while the second and third scan presented one reversible redox wave at 

E0 of around -1.0 V, similarly suggesting the single-electron reaction process. The 

reduction and oxidation peaks were located at -1.2 V and -0.8 V, respectively when 

the test was negatively scanned from -0.1 V to -1.6 V at the scan rate of 0.1 V/s. 

The redox reaction should be attributed to Co2+/Co+ couple of tpy-Co(II) motif in 

1-Co.[58] The reduction of initial 1-Co resulted in a gray colored nanosheet which 

was re-oxidized to an orange one, showing a reversible electrochromism between 

gray and orange (Figure 2.5.3b). It may be because the injected charge was larger 

than the extracted one and the reduced 1-Co could not be completely re-oxidized 

a) b) 

c) 
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to red at this potential window. 

Figure 2.5.3 The cyclic voltammograms of 1-Co in 1 M dichloromethane solution of TBAPF6 at a 

negative scan with the scan speed of 0.1 V/s. b) The electrochromic behavior of 1-Co. 

  Considering the electrochromic behavior of 1-Co, we decided to put more focus 

on the redox couple of TPA/TPA radical cation. The current-time profile at constant 

potential and potential-step chronocoulometry and chronoamperometry were 

applied with results shown in Figure 2.5.4. When the potential was held at 1.8 V 

for 100 s, the obtained i−t curve (Figure 2.5.4a) displayed a common decay 

tendency due to the consumption of reactant. Then a double potential-step was set 

with initial potential E1 = -0.2 V and high potential E2 = 1.8 V and each of them 

lasted for 10 s (Figure 2.5.4b). The obtained corresponding charge-time response 

curve (Figure 2.5.4c) was approximately symmetric, indicating the good 

a) 

b)
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reversibility of the redox reaction and the tiny difference in amount of charge 

injection and extraction which is consistent with the CV results. From Figure 2.5.4d, 

the transient current response behavior towards the step potential could be observed. 

There were four potential steps with initial E1 of -0.2 V and high potential E2 of 

2.0 V. Deducting the background of the electric double layer charging current, the 

faradaic current decayed in 1 s, implying a moderate electron transfer. 

Figure 2.5.4 The electrochemical behavior of 1-Co in 1 M TBAPF6-CH2Cl2 electrolyte. a) The 

current-time profile. b) The diagram of potential-step. c) The potential-step chronocoulomogram. 

d) The potential-step chronoamperogram.

  To investigate the electrochemical stability of 1-Co, the multiple CV was 

conducted. On the repeated 100 sweep cycles, the CV curve was slightly changed 

a) b) 

c) d) 
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(Figure 2.5.5a), suggesting a stable redox process. The corresponding charge-time 

response behavior was also recorded as shown in Figure 2.5.5b. After 8 to 10 cycles, 

the charge injection and extraction reached an equilibrium state with the injection 

slightly larger than the extraction and thus the overall charge displayed an increase 

during the 100 cycling.   

 

 

Figure 2.5.5 a) The multiple CV scan results. b) The corresponding charge-time response curve. 

 

  Interestingly, if 1-Co was partially immersed into the electrolyte, it would show 

a partial electrochromism as shown in Figure 2.5.6. Thus, one could design a tablet-

a) 

b) 
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like rewritable device by changing the shape of low-cost solid-state electrolyte 

rather than directly fixing the pattern of the electrochromic materials.  

 

 

Figure 2.5.6 The partial electrochromism peformance of 1-Co. 

 

  As for the electrochemical behavior of 2-Co, it was also studied by similar 

measurements in the aforementioned three-electrode system. The recorded three 

cycles of CV curves in Figure 2.5.7a showed a pair of redox peaks at 0.6 V 

(reduction peak) and 1.2 V (oxidation peak) at the sweep speed of 0.1 V/s, similarly 

demonstrating the quasi-reversible single-electron transfer process of TPA/TPA 

radical cation under this potential window from -0.2 V to 1.8 V with E0 of around 

0.9 V. The inset magnification image emphasized on the weak redox wave of 

Co2+/Co3+ couple of tpy-Co(II) motif in 2-Co at around 3 V. Since the L2 possesses 

a larger π-conjugation and thus a stronger electron delocalization relative to L1 in 

1-Co, the redox TPA/TPA radical cation couple of 2-Co was cathodically shifted 

with larger oxidation and reduction overpotential. The region inside the oxidation 

curves was somewhat larger than that inside the reduction curves, reflecting the 

unequal amount of injected and extracted charge carrier. The as-prepared 2-Co 
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displayed a reversible electrochromism from orange to yellow during the cyclic 

sweep (Figure 2.5.7). As mentioned above, the increased π-conjugation could result 

in the bathochromic shift of absorption of 2-Co and thus the material displayed an 

orange color. 

Figure 2.5.7 a) The cyclic voltammograms of 2-Co in 1 M dichloromethane solution of TBAPF6 at 

a positive scan with the scan speed of 0.1 V/s. The inset is the magnification of it under a small 

potential window. b) The electrochromic behavior of 2-Co. 

  The CV result obtained at the scan rate of 0.1 V/s. for negative scan upon 2-Co 

was shown in Figure 2.5.8a. The shape of the reduction current was changed 

significantly in three cycles compared with that of oxidation current, and there was 

obvious distinction in current density between the reduction process and the 

a) 

b) 
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corresponding reverse process in each cycle. The presented one invertible redox 

wave at E0 = -1.0 V, suggesting the single-electron reaction process of Co2+/Co+ 

couple of 2-Co. Also, it displayed a reversible electrochromism. From the initial 

red, it was reduced to green and re-oxidized to yellow (Figure 2.5.8b). The 

electrochromic behavior was similar with that of 1-Co, which was possibly because 

the overpotential was insufficient for reduced 2-Co to be completely re-oxidized to 

red at this potential window by considering the fact that it could again show the red 

to green reversible color switch under the positive potential window. 

Figure 2.5.8 The cyclic voltammograms of 2-Co in 1 M dichloromethane solution of TBAPF6 at a 

negative scan with the scan speed of 0.1 V/s. b) The electrochromic behavior of 2-Co. 

  Then the electrochemical system was applied with a constant potential of 2.5 V 

b) 

a)
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for 100 s to get the steady-state current-time profile of 2-Co as shown in Figure 

2.5.9a, indicating a similar decay in current density with the consumption of 

reagent. In terms of potential-step chronoamperometry, an initial potential step 

from E1 = -0.2 V to E2 = 2.5 V was set with a step width of 3 s, and then 6 steps 

were executed as illustrated in Figure 2.5.9b. The resulting i−t data shown in Figure 

2.5.9c further disclosed the different initial faradaic current in the oxidation and 

reduction process due to the unequal migrated charge amount. The parameter of 

chronocoulometry was set at the initial potential of 0 V, high potential of 2.5 V, step 

number of 2 and width of 5 s. The response curve is shown in Figure 2.5.9d, and 

the notably different amount of charge injection and extraction was in good 

consistency with the analysis result of CV curve and potential-step 

chronoamperogram. Then the transient current response was studied from Figure 

2.5.9e. In this potential-step test, E1 was fixed as -0.2 V while high potential E2 as 

2.0 V, and four steps were conducted with each holding for 2 s. The faradaic current 

decayed in 0.8 s, implying a similar conclusion with that of 1-Co. 

a) b) 
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Figure 2.5.9 The electrochemical behavior of 2-Co in 1 M TBAPF6-CH2Cl2 electrolyte. a) The 

current-time profile. b) The diagram of potential-step measurement. c and e) The potential-step 

chronoamperogram. d) The potential-step chronocoulomogram. 

 

2.5.2 The Application of Nanosheets 

Given the electrochromism of 1-Co and 2-Co, a simple electrochromic device was 

fabricated. Two pieces of ITO glass with one modified with 1-Co and a solid-state 

electrolyte (conductive membrane pretreated with saturated DCM solution of 

TBAPF6) were constructed in a sandwich fashion to generate a simple 

electrochemical system (Figure 2.5.10a). It was subjected to several cycles of CV 

scan firstly to be activated (see Figure 2.5.10b). The electrochromic performance 

of the assembled device was seen in Figure 2.5.10c, indicating the potential 

application of these nanosheets as electrochromic windows.  

c) d) 

e) 
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Figure 2.5.10 a) The sandwich construction of the simple 1-Co based electrochromic device. b) 

The cyclic voltammograms of it with the scan speed of 0.5 V/s. c) The electrochromic behavior of 

the fabricated simple device. 

2.6 Conclusion 

Two electron-rich centered three-way terpyridine ligands (L1 and L2) were 

designed and synthesized to generate the corresponding multilayer cobalt(II) 

1-Co
ITO Glass

Pretreated conductive membrane

1-Co

ITO Glass

membrane 

Power 

supplyITO 

ITO 

a) 

b) 

c)
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complex nanosheets (1-Co and 2-Co, respectively) with thickness of hundreds of 

nanometers by a mild liquid-liquid interface-assisted process. The lateral size of 

these sheets could be easily tailored by the diameter of the reaction container while 

the vertical size control was achieved via adjusting the reaction time, ligand or Co2+ 

ion concentration. The prepared 1-Co and 2-Co were characterized by OM, SEM, 

TEM and AFM, showing the sheet-like morphology and layered structure. The 

EDX analysis as well as EDX-Mapping image disclosed the constructive elements 

and the uniform elemental distribution. XPS and FTIR were used to certify the 

completed complexation between the ligands and the metal ions. The organic 

solvent and water insoluble nanosheets were not only inert in ambient but also 

displayed good thermostability tested by TGA measurement. Their good 

mechanical strength facilitated the quick collection through direct grabbing from 

interfaces and more importantly expanded the potential for multi-purpose 

application. The guest-inclusion test showed that they were able to be dyed with 

Rhodamine-6G. Furthermore, their electrochemical performance was studied by 

various technologies. The prepared products especially 1-Co showed stable redox 

process and reversible red to green electrochromism, making an expansion of the 

color switching range from previously reported electrochromic nanosheets. Finally, 

a simple nanosheet-based electrochromic device was constructed. 
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Chapter 3  Bis(terpyridine) Cobalt(II) 

Complex Nanosheets Based on Tri-

Substituted Benzene Ligands 

 

3.1 Introduction  

Bottom-up nanosheet is a kind of 2D materials based on the small molecules or 

ions rather than the bulk mother crystals. It features high flexibility in choosing 

building blocks and thus the formed material structures relative to the opposite top-

down nanosheet, and thus have attracted increasing attention recently.[1–3] Among 

them, the complex nanosheet with bond formed by coordination reaction of ligand 

and metal ions could efficiently expand the diversity of this kind of 2D polymers 

due to the various combination of organic ligands and metal ions.[4–6] Terpyridine 

as a planar tridentate ligand plays an important role in transition metal 

complexes.[7,8] And when it chelates the metal ion like Co(II), the formed tpy-Co(II) 

motif could display excellent optical or electrical properties.  

  On the other hand, it has been found that gold, silver, platinum et al. noble metal 

nanoparticles could exhibit localized surface plasmon resonance (LSPR) effect.[9] 

By tuning the LSPR performance, these nanoparticles have been fully exploited in 

many fields.[10–13] Therefore, the research on achieving the LSPR switching has 

much significance. The effective strategy is to integrate nanoparticles with 
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stimulus-responsive media to form a composite system, and electroactive media 

displaying fast response are usually attractive.[14,15]  

  Herein, we prepared four nanosheets based on benzene-centered three-way tpy 

ligands (3-Co, 4-Co 5-Co and 6-Co). At first, the performance of selected 3-Co 

and 5-Co as the electroactive media for LSPR switching on gold nanoparticles was 

investigated. The different behavior of the two selected samples demonstrated the 

significant effect of ligand structure on the property of the corresponding nanosheet, 

and thus the nanosheet performance could be modified by elaborated ligand 

structural design. In addition, the battery performance test and electrochromic 

behavior were also selectively conducted upon the prepared nanosheets (4-Co and 

6-Co, respectively) in order to investigate the potential application of this kind of 

nanomaterials. 

 

3.2 Synthesis of Ligands 

L1 and L2 in chapter 2 were centered with triphenylamine group, which is electron-

rich compared with benzene ring center of L3 to L6 in this chapter. From L3 to L6, 

the arm-length was increased in sequence by orderly adding either benzene ring or 

carbon-carbon triple bond. The triple bond was introduced into L5 on the one hand 

to increase the spacer length from metal to center resulting in larger pores of the 

corresponding nanosheet and on the other hand to change the central structure. 

Overall, they all featured a benzene center and the detailed chemical structures 
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were displayed in Scheme 3.2.1.  

 

 

Scheme 3.2.1 Chemical structures of L3 to L6 based on tris(terpyridine)-substituted benzene 

ligands in this chapter.  

 

Synthesis of L3 started with the reduction reaction. The synthetic route is shown 

in Scheme 3.2.2. Trimethyl-1,3,5-benzenetricarboxylate was firstly reduced into 

tris(hydroxymethyl)benzene in the presence of LiAlH4. Then the alcohol was 

oxidized with pyridinium chlorochromate (PCC) to form the 1,3,5-

triformylbenzene, which later reacted with 2-acetylpyridine to result in L3. 
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Scheme 3.2.2 Synthetic route for L3.   

 

  To synthesize L4, the Suzuki coupling reaction was firstly conducted. As shown 

in Scheme 3.2.3, 1,3,5-tribromobenzene was used and the corresponding aldehyde 

derivative was then formed. After that, 2-acetylpyridine was reacted with the 

aldehyde-substituted triphenylbenzene to synthesize L4. 

The synthetic route for L5 mostly involves Sonogashira coupling reaction. The 

details are shown in Scheme 3.2.4. The tribromobenzene was coupled with 

trimethylsilylacetylene catalyzed by Pd(PPh3)2Cl2 as well as CuI and then the 

trimethylsilyl group was removed by using a methanol solution of a strong base. 

After another coupling reaction with p-bromobenzaldehyde, the formed aldehyde 

was employed to react with 2-acetylpyridine. Through this method, L5 was 

successfully synthesized. 
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Scheme 3.2.3 Synthetic route for L4. 

 

 

Scheme 3.2.4 Synthetic route for L5. 

 

  As for the preparation of L6, the synthetic route (shown in Scheme 3.2.5) started 

with 1,3,5-tribromobenzene, and the Suzuki coupling reaction was conducted to 
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increase the number of benzene ring so as to change the arm-length of the organic 

ligand. The formed aldehyde was further reacted with 2-acetylpyridine to afford 

L6. 

 

 
Scheme 3.2.5 Synthetic route for L6. 

 

3.3 Synthesis of Cobalt Complex Nanosheets  

A series of nanosheets were prepared through coordination between the 

corresponding organic ligands L3 to L6 and Co2+ ion. Due to the cationic complex 

motif, Cl- from CoCl2
.6H2O made up the charge-neutral product as a counter anion. 

The aforementioned metal-organic coordination bond theoretically can be 

spontaneously and rationally formed, making a good balance of reversibility and 
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robustness and leading to less structural defects of layered structure. Based on the 

structures of these three-way terpyridine ligands, the ideal topological structure of 

the formed sheets is diagrammatically shown in Scheme 3.3.1. The red-marked 

area was magnified with details and the counter anions were omitted for clarity. 

 

 

 

Scheme 3.3.1 Bottom-up nanosheets. (top) The flawless chemical structures of 3-Co to 6-Co and 
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(bottom) the chemical structures of L3 to L6. 

 

  According to the aforementioned biphasic interface-assisted synthetic method, 

several-hundred-nanometer-thick multilayer 3-Co to 6-Co were respectively 

prepared. In the preparation process, 5.0 × 10−5 mol L−1 DCM solutions of the 

ligands (lower layer: 10 mL) and 5.0 × 10−2 mol L−1 aqueous solution containing 

excessive Co2+ ions (upper layer: 20 mL) were used to form a reaction system in a 

cylindrical vial with volume of 50 mL and diameter of 3.2 cm. After keeping it 

calm for 3 weeks, transparent films were visible at the liquid-liquid interface. 

Moreover, the formed transparent film is insoluble in either organic solvent or 

aqueous solution, suggesting the polymeric structure as proposed. The pale yellow 

3-Co as shown in Figure 3.3.1 covered the whole interface. 

 

   

Figure 3.3.1 The prepared multilayer nanosheet 3-Co at the interface. Scale bar: 1 cm. 

 

  It was also found that when the generated intact thin film (after 1-week growth) 

was broken by the air bubble, it could be gradually self-healed as displayed in 

Figure 3.3.2 as long as there is sufficient ligand in the system. 
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Figure 3.3.2 The photographs of the broken products after one week and three weeks. 

 

  The produced 4-Co also could be seen at the interface after 3-week growth in 

ambient condition. Then the yellow film was directly picked up from the reaction 

system and resuspended in the alcohol solution and kept relatively complete (see 

Figure 3.3.3). 

 

 

Figure 3.3.3 The prepared multilayer nanosheet 4-Co a) at the interface. Scale bar: 1 cm. b) 

transferred into a EtOH solution. Scale bar: 2 cm. 

 

  Similarly, the created yellow 5-Co displayed slightly metallic luster. Interestingly, 

when buffer water layer was added into the container, the organic solution 

especially the region close to the interface became a little turbid but 24 hours later, 

the organic layer turned to be limpid again. It may be because the addition of water 
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lowered the solubility of ligand in organic solvent and ligand was dissolved out, 

but with the consumption of ligand at the interface to form nanosheet, the ligand 

was dissolved again.  

 

 

Figure 3.3.4 The prepared multilayer nanosheet 5-Co at the interface. Scale bar: 1 cm. 

 

  Ligand L6 with much benzene rings showed a darker yellow and the 

corresponding 6-Co was darker yellow-colored than the other three. After 

removing the upper pink Co2+ aqueous layer, it could be more obvious by taking a 

top view (Figure 3.3.5). The flat multilayer nanosheet covered the whole interface 

and showed metallic luster. 

 

 

Figure 3.3.5 The prepared multilayer nanosheet 3-Co at the interface. Scale bar: 1 cm. 
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3.4 Characterization of Cobalt Complex Nanosheets 

3.4.1 Morphology of Nanosheets 

Several microscopies including OM, SEM, TEM and AFM were used to gain a 

morphology sight and to detect the cross-section of nanosheets.   

The OM images of 3-Co are shown in Figure 3.4.1. It was a transparent pale 

yellow monolithic sheet and the domain size in one side was about 1 cm. The dark 

field emphasized the flat and uniform surface of 3-Co without too much wrinkles 

or breakages. In Figure 3.4.1c, the darker yellow regions in 3-Co were caused by 

sheet fold during transfer process. These magnification images were further 

verified the smooth sheet-like morphology and reflected the prospected structure 

of 3-Co. 

 

 

Figure 3.4.1 The optical microscopy images of 3-Co on quartz substrate under different 

magnifications. a) The bright field image of 3-Co. Scale bar: 5 mm. b) The dark field image. Scale 

bar: 5 mm. c-d) The magnification images. Scale bar: 2 mm. 
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The SEM and TEM images are presented in Figure 3.4.2. The multilayer 3-Co 

deposited on Si substrate was easily distinguished from the bare substrate in SEM 

images and showed a flat and smooth surface as a sheet. Its large domain size of 

more than 400 µm in one side was also noteworthy [16–20]. In Figure 3.4.2b and c, 

3-Co was transferred onto a copper grid for TEM test. The obtained images 

indicated the homogeneous sheet phase and the layered structure of 3-Co. 

 

 

Figure 3.4.2 The electron microscopy images of 3-Co. a-b) SEM images of 3-Co on Si substrate. 

Scale bar: 100 µm and 10 µm, respectively. c-d) TEM images of 3-Co on copper grid. Scale bar: 50 

nm. 

 

The acquired AFM images of the multilayer 3-Co deposited on Si substrate 

further confirmed the uniform texture. (Figure 3.4.3). The even sheet 3-Co showed 

a) b) 

c) d) 
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a lighter contrast in height image and thus was discriminated from the bare silicon. 

In phase image, the nanosheet was evenly spread out on Si substrate and displayed 

a compact construction. The cross-sectional analysis result disclosed its thickness 

of about 330 nm.  

 

 

Figure 3.4.3 The atomic force microscopy images and cross-sectional analysis of 3-Co on Si 

substrate. a) Height image of multilayer 3-Co. Scale bar: 1 µm. b) Phase image of multilayer 3-Co. 

Scale bar: 1 µm. c) Cross-sectional analysis result of multilayer 3-Co along with the white line in 

a). 

 

Similar OM images of the yellow 4-Co are shown in Figure 3.4.4. There was a 

doubly folded edge in Figure 3.4.4a and a breakage within the sheet in Figure 

3.4.4b, which were clearly observed due to the distinct contrast. Some pleats and 

overlay were displayed in Figure 3.4.4c and more obvious in dark field in Figure 

3.4.4d. They all delineated the flat layered morphology of this prepared multilayer 

a) b) 

c) 
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nanosheet. 

 

 

Figure 3.4.4 The optical microscopy images of 4-Co on quartz substrate under different 

magnifications. a-c) The bright field image of 4-Co. Scale bar: 2 mm. d) The dark field image. Scale 

bar: 2 mm. 

 

The SEM and TEM results revealed its detailed morphology as shown in Figure 

3.4.5. From SEM images, an apparent step terrace structure was seen at the edge 

of 4-Co and even the crevice within it, reflecting the layered structure and their 

stacking mode. The waving surface of it in Figure 3.4.5b disclosed the monolithic 

sheet character. The crimping and folding of 4-Co were observed from the TEM 

images. The edge of the ultrathin lamella was easily snarled, resulting in the 

enlarged thickness and thus darker contrast in the TEM images. As far as the inner 

texture is concerned, the formed 4-Co was uniform and compact which was the 

same as the others.  
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Figure 3.4.5 The electron microscopy images of 4-Co. a-b) SEM images of it on Si substrate. Scale 

bars: 200 nm and 1 µm, respectively. c-d) TEM images of it on copper grid. Scale bars: 500 nm and 

50 nm, respectively. 

 

Similar to the other nanosheets, 4-Co also showed an even film-like morphology 

according to the AFM images (Figure 3.4.6). The cross-sectional analysis was 

conducted to detect the thickness of it to be ~ 220 nm, relative to 157 layers based 

on the monolayer thickness of 1.4 nm. Under the same preparation condition, the 

generated 4-Co was thinner than that of 3-Co (330 nm), implying that there may 

be an influence of ligand arm-length on the vertical size of the corresponding 

nanosheet.  
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Figure 3.4.6 The atomic force microscopy images and cross-sectional analysis of 4-Co on Si 

substrate. a) Height image of multilayer 4-Co. Scale bar: 2 µm. b) Phase image of multilayer 4-Co. 

Scale bar: 2 µm. c) Cross-sectional analysis result of multilayer 4-Co along with the white line in 

a). 

 

  To compare the effect of the reaction time, ligand and ion concentration on the 

thickness of triphenylamine-based 1-Co and triphenylbenzene-based 4-Co, same 

experiments were conducted for 4-Co. The three groups of experiments were 

named D, E and F series which focused on reaction time, concentration of ligand 

solution and Co2+ aqueous solution, respectively, and the conditions were set to be 

the same with that of 1-Co accordingly. After around 1 day, there was an ultrathin 

film at the biphasic interface. By allowing it to grow for another 2 days, the yellow 

thin film 4-Co could be observed. The relationship between thickness and the 

reaction time is summarized in Figure 3.4.7. Accordingly, the thickness of 4-Co 

increased by 225 nm after the first 200 hours and then was almost kept constant 

a) b) 

c) 
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even though the reaction time was increased to 800 hours. The result is consistent 

with that of 1-Co on account of the exhaustion of the ligand in the reaction system.

However, during the first 24 hours, the 4-Co layers were stacked up to more than

100 nm while the 1-Co layers were stacked up to around 25 nm, indicating a faster

growth speed of 4-Co. The reason may be that the benzene ring-centered L4

showed better planarity than the nitrogen-centered L1 which is theoretically

constructed in a distorted pyramid fashion. High planarity could induce quick 

assembly of monomers.  

 

 

Figure 3.4.7 The effect of reaction time on thickness of 4-Co. 

 

  In group E, only the concentration of ligand solution was varied. 24 hours later, 

transparent films were all visible and E4 and E5 with higher concentrations were 

more obvious. Moreover, the lower organic layer of E4 and E5 was turbid as 

previously explained that high concentration may lead to the separation of ligand 

with the evaporation of DCM solvent. However, after 3-week growth of 4-Co, the

organic layers, especially that of E4, almost turned to be clear again, indicating that 
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the ligand was continually dissolved into the system to work as the building blocks 

of the nanosheet. A little turbid organic layer in E5 was caused by the limited 

solubility. The final formed products all covered the interface and the color of them 

darken along with the increase of ligand concentration from E1 to E5. The 

thicknesses of these films were confirmed using the surface profiler through the 

same sampling method. The relationship between the thickness and the ligand 

concentration is shown in Figure 3.4.8. Similar to that of 1-Co, there was an

approximately linear rise for thickness with the increased ligand concentration. The 

difference is that the thickness of 1-Co even could reach up to 1200 nm in contrast

with 500 nm for 4-Co when 0.2 mM ligand solution was used. On the one hand,

L1 presented higher solubility in DCM and thus it could be totally participated in

the assembly while part of L4 was separated out during the reaction process. On

the other hand, as aforementioned, L1 is constructed in a pyramid fashion rather

than a plane like fashion in L4, it may enlarge the distance of the interlayer and

thus increase the whole thickness of the final product. 

Figure 3.4.8 The effect of ligand concentration on thickness of 4-Co. 
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At last, F group of experiments were carried out. Different from 1-Co, the sheet

in F1 was still not apparently visible after 3 weeks. The relationship between the 

thickness and the ion concentration is shown in Figure 3.4.9. It was again a 

distorted S shape which conformed to 1-Co, suggesting that the Co2+ concentration

still has an impact on the thickness of nanosheet again. But the overall thickness of 

4-Co was smaller than that of 1-Co, accordingly. Therefore, the modulation depth

in thickness of 4-Co with ion concentration was smaller. 

 

 

Figure 3.4.9 The effect of concentration of Co2+ ion on thickness of 4-Co. 

 

As the nanosheets were formed from the analogous ligands, the macroscopic 

morphology would show little distinction. Therefore, the microscopy images of 5-

Co are similar to the former two. The OM images (Figure 3.4.10) showed the

uniform sheet-like appearance. Besides some wrinkles, which can be observed 

clearly in dark field, most portion of the nanosheet was stuck close to substrate and 

the edge of it was folded to be double or triple thick as presented in Figure 3.4.10c.  
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Figure 3.4.10 The optical microscopy images of 5-Co on quartz substrate under different 

magnifications. a) The bright field image of 5-Co. Scale bar: 1 mm. b) The dark field image. Scale 

bar: 1 mm. c) The magnification image. Scale bar: 1 mm. d) The dark field image of c). Scale bar: 

1 mm. 

 

  On the other hand, the obvious wrinkles and snarls of 5-Co in SEM images also 

indicated the sheet-like morphology with a large domain more than 400 µm in one 

side (Figure 3.4.11a and b). The multilayer structure was disclosed by the TEM 

images shown in Figure 3.4.11c and d due to the terrace at the edge. Also, the edge 

was winding while the inner part was flat and uniform.  

  The AFM images of 5-Co were also obtained (Figure 3.4.12). The prepared 

nanosheet has a flat and uniform flake with more than 3 µm size of domain. It was 

much brighter than Si in height image and showed compact texture in the phase 

image. In addition, the multilayer nanosheet 5-Co was about 260 nm thick 

according to the cross-sectional analysis.  
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Figure 3.4.11 The electron microscopy images of 5-Co. a-b) SEM images of it on Si substrate. 

Scale bars: 100 µm and 10 µm, respectively. c-d) TEM images of it on copper grid. Scale bars: 200 

nm and 50 nm, respectively. 

   

 

 

Figure 3.4.12 The atomic force microscopy images and cross-sectional analysis of 5-Co on Si 

substrate. a) Height image of multilayer 5-Co. Scale bar: 1 µm. b) Phase image of multilayer 5-Co. 

Scale bar: 1 µm. c) Cross-sectional analysis result of multilayer 5-Co with the white line in a).  

a) b) 

c) 
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As for 6-Co, it was a bright yellow monolithic sheet with a lateral size of more 

than 1 cm. Same as the others, there were conspicuous folding regions and creases, 

demonstrating its layered structure (Figure 3.4.13). 

 

 

Figure 3.4.13 The optical microscopy images of 6-Co on quartz substrate under different 

magnifications. a) The bright field image of 6-Co. Scale bar: 5 mm. b) The dark field image. Scale 

bar: 2 mm. c-d) The magnification image. Scale bars: 2 mm and 1 mm, respectively. 

 

Besides the OM, SEM, TEM and AFM also showed its film-like morphology. 

From SEM images, it could be concluded that the prepared 6-Co possessed smooth 

surface while from TEM the layered structure was confirmed. Under a low-

magnification view of TEM, 6-Co presented the free-standing character. The 

selected area for AFM test was completely covered by 6-Co since there was no 

distinct boundary between Si substrate and nanosheet in the acquired AFM images. 

The brighter vein in both height image and phase image of the multilayer 6-Co was 

actually the upheaval of sheet to form creases, further confirming the layered 
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structure as proposed. As for the thickness, it was measured to be ~ 300 nm.  

 

 

 

 

Figure 3.4.14 The microscopy images and cross-sectional analysis of 6-Co. a-b) SEM images of it 

on Si substrate. c-d) TEM images of it on copper grid. e) Height image of multilayer 6-Co. f) Phase 

image of multilayer 6-Co. g) Cross-sectional analysis result of multilayer 6-Co. 

 

6-Co 

e) f) 

g) 
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3.4.2 Chemical Elemental Analysis 

The common techniques for chemical elemental analysis mainly includes EDX, 

XPS, FT-IR and UV-Vis spectroscopy. 

  The EDX analysis coupled with SEM was carried out at first to depict the 

constitutive elements of 3-Co. In Figure 3.4.15, the expected compositional 

elements C, N, Co and Cl were found. Si in a very large proportion should be from 

the Si substrate and O from the atmosphere or oxidized Si substrate.  

 

 
Figure 3.4.15 The SEM/EDX of 3-Co. 

 

  The obtained SEM/EDX mapping images of the prepared nanosheets for C, N, 

Co, Cl, and Si are shown in Figure 3.4.16. The analysis results of 3-Co to 6-Co 

were similar because the monomers were analogues with the same elemental 

composition. Overall, the contrast of the distribution of N and Co in the substrate 

and nanosheets was low compared with the distinguishable C and Si. It might be 

because that the sheet was thin, and the content of Co was intrinsically low. The 

EDX-Mapping images revealed the elemental distribution and confirmed the 

homogeneity of these nanosheets. 
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a) 

b) 

c) 

d) 
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Figure 3.4.16 The images of SEM/EDX mapping for C, N, Co, Cl, Si. a) Mapping images of 3-Co. 

Scale bar: 100 μm. a) Mapping images of 4-Co. Scale bar: 600 μm. a) Mapping images of 5-Co. 

Scale bar: 100 μm. a) Mapping images of 6-Co. Scale bar: 500 μm. 

 

FT-IR was employed to study the metal-organic coordinate bonds and the results 

are presented in Figure 3.4.17. Here, the previously mentioned complex R 

featuring the tpy-Co(II) complex motif was used as the model molecule to confirm 

the coordination. As shown in Figure 3.4.17a, the C=C stretching vibration peak of 

L3 is visible at 1585 cm-1 while that of the corresponding metal complex nanosheet 

3-Co is changed to a higher wavenumber at 1610 cm-1, much close to that of R 

(1600 cm-1). The C = C stretching vibration peak to a higher frequency is a typical 

phenomenon for terpyridine ligands on complexation to metal ions. Similar with 

L3 and 3-Co, L4 (1585 cm-1) and 4-Co (1600 cm-1), L5 (1583 cm-1) and 5-Co 

(1602 cm-1), and L6 (1585 cm-1) and 6-Co (1606 cm-1) also displayed the C = C 

stretching vibration to the higher wavenumbers, indicating the metal complexation. 

In addition, the sharp weak peak of C=N stretching vibration at 1648 cm-1 (for L3), 

1695 cm-1 (for L4), 1693 cm-1 (for L5) and 1695 cm-1 (for L6) became much weak 

when the corresponding metal complex was formed, consistent with that of L1 and 

further confirming the formation of metal-organic bonds. As for the very weak peak 

at 2208 cm-1 in the spectra of L5 and 5-Co, it should be attributed to the C≡C 

stretching vibration. 
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a) 

b) 

c) 



131 

 

 

Figure 3.4.17 The FT-IR spectra of ligands and the corresponding nanosheets. a) IR spectra of L3, 

3-Co and R. b) IR spectra of L4, 4-Co and R. c) IR spectra of L5, 5-Co and R. d) IR spectra of L6, 

6-Co and R.  

 

The bonding states were further investigated via XPS. By comparing the wide 

scan spectra of L3 and 3-Co, the complexation of ligand and Co2+ ion was 

confirmed (Figure 3.4.18). Moreover, the N 1s peak of L3 shifted up from 398.21 

eV to 399.93 eV upon formation of 3-Co which is close to that of R (399.69 eV), 

thus providing further evidence of coordination upon L3 to Co2+. The binding 

energies of Co 2p core level of 3-Co and R are similar too. Thus, the completed 

complexation was ensured. As previously explained, the peak of R at 193.39 eV 

should be attributed to B 1s core level which is different from the Cl 2p core level. 

 

d) 
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Figure 3.4.18 The XP spectra of L3 and 3-Co focusing on N 1s, Co 2p, and Cl 2p core levels, 

respectively. a) The full XP spectrum of L3. b) The full XP spectrum of 3-Co. c) The comparison 

of narrow XP spectra between ligand, nanosheet and R. 

Through the comparison of the full spectra of L4 and 4-Co, the same conclusion 
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was achieved in which L4 was coordinated with Co2+ ion to form a nanosheet 

(Figure 3.4.19). The binding energy of N1s level for L4 increased from 398.46 eV 

to 400.14 eV after complexing with the metal ion. The peak shift is consistent with 

L3. On the other hand, the binding energy of N 1s and Co 2p core level of 4-Co 

was each similar to that of R, also verifying the completed complexation.  

Similarly, XP spectra of ligands (L5 and L6) and the corresponding nanosheets 

(5-Co and 6-Co) were compared. The elemental analysis results were consistent 

with the EDX results as well as theoretical expectation. According to the narrow 

scan spectra, the noticeable difference of N 1s peak between L5 (398.59 eV) and 

5-Co (399.79 eV) (see Figure 3.4.20) as well as between L6 (399.37 eV) and 6-Co 

(399.72 eV) (see Figure 3.4.21) suggested the formation of metal-organic bonds 

and no shoulder peaks for N 1s indicated the completed complexation. Besides, the 

binding energy of N 1s core level for generated nanosheets were all close to that of 

R (N 1s peak at 399.69 eV), ensuring the proposed structure of the generated 

bottom-up complex nanosheets.  
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Figure 3.4.19 The XP spectra of L4 and 4-Co focusing on N 1s, Co 2p, and Cl 2p core levels, 

respectively. a) The full XP spectrum of L4. b) The full XP spectrum of 4-Co. c) The comparison 

of narrow XP spectra between ligand, nanosheet and R. 
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Figure 3.4.20 The XP spectra of L5 and 5-Co. a) The full XP spectrum of L5. b) The full XP 

spectrum of 5-Co. c) The comparison of narrow XP spectra of 5-Co, referential complex R and L5 

focusing on N 1s, Co 2p, and Cl 2p core levels, respectively. 
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Figure 3.4.21 The XP spectra of L6 and 6-Co. a) The full XP spectrum of L6. b) The full XP

spectrum of 6-Co. c) The comparison of narrow XP spectra of 6-Co, referential complex R and L6

focusing on N 1s, Co 2p, and Cl 2p core levels, respectively.

The UV-Vis absorption spectra of these films (3-Co to 6-Co) were obtained as

shown in Figure 3.4.22. The corresponding ligands L3 to L6 mainly displayed two

UV-Vis absorption peaks located at around 225 nm and 300 nm which were both 

attributed to the terpyridine groups. After complexation, the two peaks of ligands 

were widened and weakened and red-shifted to about 300 nm and 400 nm. But 

there were not obvious MLCT absorption bands. 

c)
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Figure 3.4.22 The UV-Vis absorption spectrum of a) 3-Co deposited on quartz substrate and b) 4-

Co deposited on quartz substrate. c) 5-Co deposited on quartz substrate. d) 6-Co deposited on ITO

substrate.

3.4.3 Other Characteristic Measurements 

As these nanosheets showed a film-like macroscopic appearance, mechanical 

strength was investigated in this section. Furthermore, the collection of dried 

nanosheets or suspended in alcohol solution was stable in ambient condition, thus 

the thermostability was tested by TGA to further indicate their good processability.

The prepared 3-Co, 5-Co and 6-Co were respectively suspended in EtOH

solution while 4-Co was kept at the biphasic interface of the reaction system. Then

they were picked up with tweezer, rolled into a ropy shape but recover the original 

a) b)

c) d)
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status after being immersed into the solution again, showing a good mechanical 

strength as well as reflecting the robustness of the complexes.  

 

 

 

 
Figure 3.4.23 The mechanical strength test for a) 3-Co. b) 4-Co. c) 5-Co. d) 6-Co. 

 

  According to the TGA results shown in Figure 3.4.24, less than 20% weight was 

lost after raising the system temperature up to 500 ℃. Therefore, these newly 

synthesized nanosheets all showed satisfactory thermal stability.  

 

a) 

b) 

c) 

d) 
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Figure 3.4.24 TGA results for a) 3-Co. b) 4-Co. c) 5-Co. d) 6-Co. 

As for the guest inclusion test, 6-Co was selected to show the guest inclusion

ability (Figure 3.4.25). Similar to L1, L6 displayed a photoluminescent emission

peak at around 395 nm (under 300 nm-light excitation). In contrast, the 

photoluminescence of the formed Co(II) complex nanosheet 6-Co was quenched.

After immersion into the DCM solution of the Rh6G for 12 h, the guest-included 

6-Co showed an emission at 550 nm, attributable to Rh6G (excited with 405 nm-

light). The phenomenon was the same as that of 1-Co and 2-Co.  

a) b)

c) d)
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Figure 3.4.25 The photoluminescence spectra of a) L6 and 6-Co without Rhodamine-6G and b) 6-

Co treated with Rhodamine-6G.  

 

3.5 Properties and Application of Cobalt Complex 

Nanosheets 

Due to the coexistence of metal element and organic structures, the complex may 

exhibit the nature of both components such as the electroactivity from metal and 

structural diversity and tunability from organic part. Based on the concept, these    

tpy-Co(II) motif containing 2D materials were expected to display multiply 

applications. Therefore, different applications of these nanosheets were 

investigated. 3-Co and 5-Co were tested as plasmonic switching media, 4-Co 

performed as a battery cathode while 6-Co was subjected to the electrochromism 

measurement in this section. 

 

3.5.1  The Electrochemical Properties of 3-Co and 5-Co  

As previously mentioned, electroactive material has the potential of being a media 

a) b) 
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together with noble metal nanoparticles to show plasmonic switching. Considering 

the electrochemical behavior of 1-Co and 2-Co, the Co(II) complex nanosheet was 

expected to play a role in the plasmonic switching of noble metal nanoparticles. 

Herein, two nanosheets 3-Co and 5-Co, which were based on ligands with different 

arm-lengths, were chosen to investigate the application potential as the media and 

to see the effect of structure on their properties.  

  The hexagonal shaped gold nanoparticles (Au NPs) were used here to present 

LSPR. The morphology of it was detected by SEM with image shown in Figure 

3.5.1a. They were characterized by the lateral size of 150 ± 4 nm and thickness of 

40 ± 2 nm. The extinction spectrum of Au NPs in water solution caused by their 

aforementioned LSPR was also obtained as shown in Figure 3.5.1b with a 

maximum signal at 725 nm. Then the Au nanoparticles were dropped onto the ITO 

supported nanosheets to form a composite (Au@Nano). Here, the plasmonic 

switching of Au@Nano was observed in single-particle level. The dark-field 

scattering spectral recording and electrochemical control in single-particle level 

were achieved by the combined techniques as described in chapter 7 (Scheme 

7.1.1). 

    



142 

 

   

Figure 3.5.1 a) The morphology of Au NPs used. b) The extinction spectrum of Au NPs.  

 

  The ITO glass with Au nanoparticles physically adsorbed nanosheet 3-Co was 

used as the working electrode, Ag/AgCl worked as the reference electrode and Pt 

wire was used as the counter electrode in a three-electrode system with TBAPF6-

acetonitrile as the electrolyte. The CV curves in the negative and positive window 

were respectively obtained with a scan rate of 0.05 V/s (Figure 3.5.2a and b). The 

positive scan of as-prepared Au@3-Co resulted in a stable quasi-reversible redox 

wave at around 0.35 V, which should be assigned to the couple of Co2+/Co3+. When 

it was negatively scanned to -1.6 V, there was a pair of redox peaks at around -0.6 

V belonging to Co2+/Co+. As these species in solution could freely diffuse, the 

contribution caused by electron self-exchange is negligible. However, when they 

are at modified electrodes where physical diffusion is slower by many orders of 

a) b) 
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magnitude, the effect of self-exchange on faradaic current density could be 

remarkable, and even dominant. The different self-exchange rate for Co2+/Co3+ (k 

= 2 M− s−)[21] and Co2+/Co+ (k = 108 M− s−)[22] result in a remarkable distinction 

in their current density (order of magnitude is 101 µA and 103 µA, respectively), 

which is in consistency with their electrochemical behavior in a surface-restrained 

environment. Another peak at around -1.5 V may be resulted from the displacement 

of the tpy ligand with the moderately strong monodentate acetonitrile to form two 

bis(coordinated) tpy or a tris(coordinated) tpy and monocoordinated tpy. Therefore, 

the small peak very close to the one at -1.5 V may be contributed by the couple of 

[Co(tpy)2(acetonitrile)2]+ /[Co(tpy)2(acetonitrile)2]2+ according to the previous 

report.[23] In the negative potential window, the reduction current (maximum is -

1600 µA) was obviously larger than the oxidation current (maximum is 750 µA) 

and the current decayed with the scan cycles. A hypothesis was protocoled that the 

active Co2+ in the surface layer of 3-Co close to the ITO electrode could be reduced

first, activating the reduction of the inner layers. The activation broke the chemical 

reaction equilibrium between Co2+ and Co+, accelerated the reduction reaction of 

Co2+ towards Co+ and thus led to a larger reduction current than the oxidation 

current. Due to the equilibrium shift, partial surface layer as well as inner layers 

could not be oxidized, which could be considered as surface passivation and 

reactant decrease. Thus, both reduction and oxidation current decayed with the scan 

cycles. 

  Next, three voltage states were selected in a cycle of switching that is +0.8 V, 
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+0.1 V and -1.0 V. The recorded switching current-time curves (i−t curves) are 

shown in Figure 3.5.2c to f. The applied voltage of 0.8 V led to an oxidation current 

of 1.2 µA while the latter applied voltage of 0.1 V resulted in a reduction current 

of -3.0 µA. The difference in current density conforms to the CV results. In addition, 

the current decayed with time, indicating the consumption of reagent as 

aforementioned. When a voltage of -0.1 V was applied, the originally decayed 

current increased dramatically. It could be explained by the proposed reaction 

process. At first, the surface layer was quickly reduced at -0.1 V and the faradaic 

current decayed with time. Then, the inner layers were activated, reduced and 

consumed, causing the peak current. The second cycle of switching with applied 

voltage changing from –0.1 V to 0.8 V again caused a current decay. 

 

 

a) 

c) 

b) 

d) 



145 

 

 

 

Figure 3.5.2 a-b) Cyclic voltammetry curves of Au@3-Co a) in a negative window and b) in a 

positive window (0.05 V/s). c-f) Switching current curve (i-t curve) of Au@3-Co under different 

applied potentials. 

 

  The scattering spectra of Au@3-Co during the switching cycles were recorded 

as shown in Figure 3.5.3. The plasmon peaks of both in-plane dipole mode (around 

700 nm) and in-plane quadrupole mode (around 600 nm) blue-shifted with voltage 

from +0.1 V to -1.0 V, but no obvious change was observed from +0.8 V to +0.1 V. 

And the plasmon peak of in-plane dipole mode showed a noteworthy plasmonic 

shift of ~ 25 nm, reflecting the diminished refractive index of 3-Co during the 

electrochemical process. However, the switching is not reversible though there was 

e) f) 
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current signal during the 2nd switching cycle with +0.8 V voltage applied. The 

irreversibility in plasmonic switching may be associated with the approximately 

irreversible reduction at -0.1 V. On the other hand, it was noteworthy that a new 

shoulder peak at ~800 nm was observed at -1.0 V, indicating the coupling 

interaction of 3-Co with Au NPs to form a new Au nanoplate mode. Overall, this

type of metal complex nanosheet could have an impact on the plasmonic behavior 

of Au NPs. Considering the tunability and diversity in structure of this easily made 

bottom-up nanosheet as well as the above presented performance, they have the 

potential as a media for plasmonic switching system.

Figure 3.5.3 Dark-field scattering spectra of Au@3-Co (five different particles were selected).

Besides, 5-Co was also used as a media with Au NPs to form a composite Au@5-

Co in the same way as Au@3-Co and the test results are shown in Figure 3.5.4.
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Similarly, the Au@5-Co displayed a pair of stable reversible redox peaks at around 

0.35 V during the positive scan. The quasi-reversible redox reaction could be 

attributed to the couple of Co2+/Co3+. Differently, the negative scan to -1.0 V 

resulted in an irreversible reduction reaction. Considering the reported 

electrocatalytic ability of Co-based material (not only inorganic composite but also 

metal complex) for water splitting to generate hydrogen[24] and the very fast 

reaction rate of this irreversible reduction process, it was possible that this 

significant current was caused by the formation of hydrogen from the small amount 

of solvent-dissolved water under electrocatalysis of 5-Co. The subpeak at -0.6 V 

may be associated with the charge trapping.[25] However, when the three chosen 

voltage states (+0.1 V, +0.9 V and -0.7 V) were respectively applied to the Au@5-

Co, there was no obvious plasmonic switching, indicating the different behavior 

with Au@3-Co. The rational explanation rested in the little change in refractive 

index of 5-Co under different voltage states.  

 

 

a) b) 

c) 
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Figure 3.5.4 Cyclic voltammetry curves of Au@5-Co a) in a negative window and b) in a positive 

window (0.05 V/s). c) Dark-field scattering spectra of Au@5-Co (three different particles were 

selected). 

3.5.2 The Electrochemical Properties and Application of 

4-Co  

Theoretically, this kind of nanosheet incorporating a complex motif could display 

redox property. Besides, the 2D material features layered structure which permits 

the intercalation reaction of ions. Considering these properties of this type of metal 

complex nanosheets, they may show some electrical capacitance in a battery 

system. Herein, 4-Co was selected as a cathode in an assembled battery to 

investigate the application potential of this type of 2D material in energy storage.  

  At first, 4-Co was used as the cathode and assembled into a lithium-manganese 

dioxide structured button cell (CR-2032) in an argon-filled glove box. In this case, 

lithium foil functioned as the anode while a glass microfiber film as the separator 

and 1 M LiPF6 in EC/DMC/DEC (w/w/w 1:1:1) as the electrolyte. To make a 

contrast, the complex R mixed with conductive carbon and poly(tetrafluoroethyl-

ene) as a composite material was also assembled into a battery electrode. Then the 
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electrochemical performance of R-containing as well as 4-Co containing half-cells 

were respectively investigated by CV and galvanostatic charge−discharge test with 

an electrochemical station at room temperature. Their CV results are shown in 

Figure 3.5.5a and b, respectively. Both of them exhibited two pairs of redox peaks. 

For R, the peaks at 3.25/2.95 V may belong to the redox couple of Co2+/Co3+ while 

another at 2.2/1.75 V vs. Li+/Li. may be contributed by the insertion/desertion of 

PF6
-. The charging/discharging profiles of R based cell (see Figure 3.5.5c) showed 

two plateaus at 3.3/2.9 V and 2.25/1.75 V, which corresponded to the peak positions 

in the CV curves. The capacity was calculated to be about 30−40 mAh g-1. However, 

the capacity decayed markedly with the increasing number of charge-discharge 

cycling. Similarly, the polymeric 4-Co film exhibited two redox waves with one at 

2.23/2.0 V and another at 3.0/2.6 V vs. Li+/Li. The charging/discharging profiles 

presented two plateaus at 2.23/2.0 V and 3.0/2.6 V and verified the peak positions 

in the CV curves (Figure 3.5.5d). It is noteworthy that the capacity of this cell was 

about 500 mAh g-1, a very high value as a cathode for lithium ion battery. Besides, 

the 4-Co electrode was fabricated without mixing with conductive carbon, which 

means the potential of it as a hull-battery. The electronic conductivity for 4-Co was 

detected by using a four-probe method and calculated out to be about 2 × 10−8 S/m. 
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Figure 3.5.5 a-b) Cyclic voltammetry (CV) curves of fabricated battery cells of a) referential

complex R and b) 4-Co at the 1 st cycle (0.5 mV/s). c-d) Charge/discharge profiles of c) referential

complex R at the 1 st and 10 th cycle (10 mAh g−1) and d) 4-Co at the 2nd cycle (10 mAh g−1) 

3.5.3 The Electrochemical Properties of 6-Co 

To study the influence of ligand structure on the electrochemical properties, the 

nanosheet 6-Co, which was based on benzene-centered ligand, was selected to

show its electrochromism behavior. A comparison was made with the previously 

discussed triphenylamine derivate based 1-Co and 2-Co. A similar three-electrode

system was constructed with 6-Co modified ITO glass as the working electrode,

platinum wire as the counter electrode and Ag/AgCl as the reference electrode in 1 

a) b)

c) d)
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M tetrabutylammonium hexafluorophosphate (TBAPF6) electrolyte. The sweep 

window was set to be from -0.1 V to 2.5 V. An apparent irreversible redox wave 

was observed at around 2.3 V as seen in Figure 3.5.6a. The current may be caused 

by the oxidation of the organic ligand under a positive electric potential. So, 6-Co 

exhibited an irreversible electrochromism.  

 

 

 

 

Figure 3.5.6 The cyclic voltammograms of 6-Co in 1 M dichloromethane solution of TBAPF6 at a 

positive scan with the scan speed of 0.1 V/s. b) The response behavior of 6-Co. 

 

  The negative CV scan upon original 6-Co was also conducted and the obtained 

curves shown in Figure 3.5.7a revealed the irreversible process. The first scan 

showed a large faradaic current with peak at -1.2 V, which might be contributed by 

the reduction of Co2+ to Co+ in tpy-Co(II) motif. Another peak at – 2.0 V may be 

a) 

b) 



152 

caused by the ligand localized reduction.[23] The dramatically declined current 

density with the sweep cycles was indicative of the structural decomposition, and 

thus 6-Co showed an irreversible electrochromism.

Figure 3.5.7 The cyclic voltammograms of 6-Co in 1 M dichloromethane solution of TBAPF6 at a

negative scan with the scan speed of 0.1 V/s. b) The response behavior of 6-Co. 

Considering the electrochromism performance of 2-Co, the similar structured 6-

Co displayed an inferior behavior in this aspect, implying the significance of the

introduced electron-rich N center. To put a further insight into the electrochemical 

performance of 6-Co, the potentiostatic electrochemical impedance spectrum (EIS)

was acquired. The potential was centered at 1 V with an amplitude of 10 mV 

disturbed in a step fashion. The range was set to be from 1.0 × 105 Hz to 0.01 Hz. 

As shown in Figure 3.5.8, the system presented a typical EIS composed of a kinetic 

a)

b)
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control high frequency area (semicircle) and mass transfer control low frequency 

area (diagonal), The spectrum disclosed a large faradaic impedance of 6-Co 

electrochemical system, suggesting a low electron transfer, which may be 

responsible for the inferior performance. 

 

 

Figure 3.5.8 The potentiostatic EIS result of 6-Co supported by ITO glass in 1 M dichloromethane 

solution of TBAPF6. 

 

3.6 Conclusion  

Four benzene-centered three-way terpyridine ligands (L3 to L6) were designed and 

synthesized to generate the corresponding multilayer cobalt(II) complex 

nanosheets (3-Co to 6-Co) via a mild biphasic interface-assisted process. The 

formed nanosheets were either yellow- or orange-colored. Their lateral size could 

be easily changed by the diameter of the reaction container while the vertical size 

control was achieved by tuning the reaction time, ligand or Co2+ ion concentration. 

The prepared nanosheets were all characterized by various microscopies, 

disclosing the sheet-like morphology and layered structure. The EDX-Mapping 
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image described the constructive elements and the uniform elemental distribution 

while XPS, FTIR and UV were used to certify the completed complexation 

between ligands the metal ions. TGA measurement results indicated good 

thermostability of the organic solvent and water solution insoluble nanosheets. in 

addition, they were all free-standing film, suggesting their good mechanical 

strength. This character permitted the quick collection through direct grabbing from 

interfaces. The guest-inclusion test manifested that they could have an interaction 

with the organic dye Rhodamine-6G. Finally, based on the existence of metal Co(II) 

in these nanosheets, they were separately applied in several electrochemistry 

related application areas. 3-Co and 5-Co were used as the LSPR switching media. 

The overall performance of them showed the potential in this field. 4-Co was 

applied as a battery electrode and displayed a noteworthy charge capacity though 

the repeatability and the charge-discharge stability still remained to be detected. In 

comparison with the electrochromic 1-Co and 2-Co, 6-Co exhibited an irreversible 

electrochromism and demonstrated that the ligand structure could have a 

significant impact on their property.  
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Chapter 4   Bis(terpyridine) Cobalt(II) 

Complex Nanosheets Based on Tetrakis-

(terpyridine) Ligand 

 

4.1 Introduction 

Since the successful iosulation of graphene,[1] 2D polymers, such as nanosheets 

have attracted increasing attention thanks to their unique physical, electronic and 

chemical properties originated from their nature of electron confinement in two 

dimensions. The exemplary graphene possesses unprecedented features like 

extremely high specific surface area,[2] ultrahigh room-temperature carrier 

mobility,[3] remarkable thermal[4] and electrical[3] conductivities and thus is being 

applied in photonics[5] and electronics.[6] To extend the promising ultrathin 

architectures and then meet the demands in various application fields, a series of 

graphene-like 2D materials, including MXenes,[7,8] metal oxides,[9,10] and metal 

hydroxides[11,12] were investigated. The elaboration of band-gap transition in 

single-layer molybdenum disulfide[13] further boosted the development of the 

transition metal dichalcogenides (TMD).[14,15] Most of the above mentioned 2D 

nanosheets are created via top-down approach, which involves chemical[16–18] or 

mechanical[19] isolation from bulky mother crystals. It is beneficial to synthesize 

high-quality monolayers with clean surface but subject to small size domain and 
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complicated post-treatment.  

Another building block-based bottom-up approach, which is to rationally 

synthesize nanoscopic crystallites directly from atomic, ionic, and molecular 

modules, can be more facile to control the material construction in a mild fashion. 

Moreover, the layers of mother substances do not limit the prepared sheets as they 

can be deposited on various substrates layer-by-layer.[20–23] The representative 

bottom-up nanosheets mainly include 2D metal-organic frameworks[24,25] and 2D 

covalent-organic frameworks.[26,27] Among those, the coordination nanosheets 

containing bis(terpyridine)-metal complex motif are emerging.  

The complexation between 2,2’:6’,2”-terpyridine (tpy) and metal ion can be 

spontaneously and rationally accomplished and there is a good balance between 

reversibility and robustness. Thus, they are likely to be building blocks of the metal 

complex nanosheets with tunable self-healing ability and robustness.[28] A pioneer 

work was conducted by Schlüter and co-workers. They studied the single- or few-

layer of this tpy-metal complex motif containing nanosheet with focus on the gas-

liquid interface-mediated synthetic method and structural analysis[29,30]. Later, they 

presented site-to-site metal ion transition approach to property modification.[31] In 

addition, Nishihara and co-workers proposed the liquid-liquid interface-assisted 

synthesis for achieving multilayer complex nanosheets.[32] By applying the mild 

process to tpy-based monomers and different metal ions, they obtained 2D 

polymers with diverse properties, [33,34] revealing the multifunctionality of the tpy-

metal complex unit. Their previous report on the electrochromic tpy-cobalt 
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complex nanosheet revealed the electro-switching behavior of Co(I)/Co(II) within 

the 2D polymer,[33] indicating the electrochemical activity of the tpy-Co motif, 

which may be applied in energy storage system such as battery. However, almost 

all of the current electrode materials are graphene-based and inorganic metallic 

compounds (e.g. metal oxides[35–37] and transition-metal dichalcogenides[38–40]) and 

no such application of this kind of organic metal complex nanosheets has yet been 

reported. Herein, we reported a new bis(terpyridine) cobalt(II) complex nanosheet 

working as a dual-ion battery cathode, focusing on the redox ability of 

Co(II)/Co(III). Compared with the common trifunctional tpy-based ligand, the first 

reported multi-tpy incorporated monomer L7 with four-way tpy groups was 

designed and successfully synthesized to further demonstrate the broader diversity 

and higher tunability of bottom-up nanosheet over the top-down type. Then L7 and 

Co2+ ion were coordinated at the interface of organic solvent and aqueous solution 

to create the corresponding multilayer nanosheet 7-Co featuring active tpy-Co(II) 

complex motif. The unit was not only a connector, but also an electrochemically 

active site. Thanks to the quick redox capability and porosity of 7-Co, the oxidative 

insertion of anions in the sheet was realized and then provided the energy 

capacitance. Of particular emphasis in this research is the possibility of applying 

organic metal complex nanosheets, which possess higher structural tunability with 

respect to their inorganic counterparts, into the battery system so as to pave the new 

way for development of electrode materials. Additionally, the insolubility and 

moderate mechanical strength of the formed sheet make it easier for transfer and 
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collection. 

 

4.2  Synthesis of Ligand 

The structure of the new designed tetrakis(terpyridine) ligand in this chapter is 

displayed in Scheme 4.2.1. The ligand possesses four functional terpyridine groups 

to coordinate with Co(II) ions in a symmetric fashion. The generated nanosheet 7-

Co adopts a rhombic topological grid rather than the hexagonal type as mentioned 

in previous chapters.  

 

 

Scheme 4.2.1 Chemical structure of L7. 

 

  The synthetic route for L7 is shown in Scheme 4.2.2. Firstly, 4-

bromobenzaldehyde was reacted with 2-acetylpyridine to form Br substituted 

terpyridine derivative. Then the Br atom in the product was further replaced with 

borate group from bis(pinacolato)diboron under the catalysis by Pd(dppf)Cl2. The 

synthesized terpyridine borate underwent Suzuki coupling reaction with 1,2,4,5-
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tetrabromobenzene and finally L7 was prepared.  

 

 

Scheme 4.2.2 Synthetic route for L7. 

 

4.3 Synthesis of Cobalt Complex Nanosheet 

The nanosheets were synthesized by the spontaneous coordination reaction 

between four-way terpyridine organic ligand (L7) and metal ion (Co2+) at room 



162 

 

temperature. Meanwhile, the Cl- from the used CoCl2
.6H2O salt worked as an 

accompanying counter anion for the cationic cobalt complex motif. The 

autonomous complexation between terpyridine and Co(II) ion is theoretically 

reversible and thus the complex motif owns the capability of self-healing, making 

the corresponding 2D nanocrystals less defects or bridge cutoff. Accordingly, the 

ideal flawless chemical structures of the nanosheet with rhombic grids, as marked 

in red area, can be illustrated as that in Scheme 3.3.1 and the counter anions are 

omitted for clarity. 
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Scheme 4.3.1 Bottom-up nanosheets. (top) The flawless chemical structures of 7-Co and (bottom) 

the chemical structures of L7. 

 

  Based on the aforementioned bottom-up concept, the liquid-liquid biphasic 

interface, which is necessary for the growth of multilayer nanosheet, was used to 

form several-hundred-nanometer-thick materials so as to confirm the macroscopic 

generation of the nanosheet 7-Co. The flat interface here functioned not only as a 

place where L7 and Co(Ⅱ) ions could contact each other and thus coordination 

reaction occurred, but also as a plane to induce the 2D layered crystallization. 

Before adding the dichloromethane (CH2Cl2) solution of the ligand L7 (3.6 × 10−5 

mol L−1) (lower layer: 10 mL) into the clean and oven-dried transparent vitreous 

container (cylindrical vial with volume of 50 mL and diameter of 3.2 cm), a small 

piece of pretreated substrate (such as 1 cm × 1 cm silicon, ITO glass and quartz) is 

selected to be flatwise placed at the bottom. Then, 10 mL buffer D-I water layer 

and 10 mL aqueous solution containing excessive Co2+ ions (5.0 × 10−2 mol L−1) 

were carefully injected above the organic phase in sequence (together as upper 

layer: 20 mL) to generate a water-oil interface. The whole system was kept 

undisturbed for 5 h in ambient condition to let the complexation proceed. Actually, 

a thin transparent film could be observed at the liquid-liquid interface after around 

1 h. It was also found that the film could be more obvious even from transparent to 

yellow colored along with the increase of reaction time as well as the concentration 

of ligand or Co2+ ion (vide infra). After 5 h, the yellow 7-Co with thin metallic 
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luster was apparently visible and completely covered the whole interface (Figure 

1.3.2.). The formed transparent film is insoluble in either organic solvent or 

aqueous solution, indicating the polymeric structure as proposed above.  

 

 

Figure 4.3.1 The photographs of the formed 7-Co through interface-assisted synthesis process. 

Scale bar: 5 mm. 

 

  Apart from the simple and facile preparation method of 7-Co, the lateral size 

control of the nanosheet also could be realized by using a series of containers with 

different diameters (Figure 4.3.2). Here, the 100 mL, 150 mL, 250 mL and 500 mL 

beakers were used as the reaction containers whose diameters are 52 mm, 58 mm, 

70 mm and 88 mm respectively. And 40 mL, 80 mL, 150 mL and 300 mL 25 mM 

Co2+ aqueous solution (upper layer) were respectively layered above the 20 mL, 40 

mL, 50 mL and 150 mL 0.036 mM dichloromethane solution of L7 (lower layer) 

to form a series of nanosheets of different sizes. Therefore, the large-size 7-Co 

could be prepared through this easy operation. 
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Figure 4.3.2 The photographs of a series of 7-Co prepared at the interfaces of different diameters 

after 24 h. Scale bar: 3 cm. 

 

  As stated, a small piece of substrate was placed at the bottom at the beginning 

of the preparation process. Then the water phase and the organic solution were 

carefully removed in sequence by syringes, making the previously interface-

supported nanosheet laid on the substrate with a large domain (> 4 cm) and then 

allowing the further measurements (Figure 4.3.3 and Figure 2.3.4a). This transfer 

method is much suitable to get an intact or large piece of sheet. In most cases, the 

multilayer 7-Co with several hundred-nanometer thick had enough mechanical 

strength (details will be demonstrated in section 4.4.3) to be directly picked up from 

the interface with tweezers, then suspended into an ethanol solution and transferred 

on substrates. Normally, moderate-size or small pieces of nanosheets were obtained 

by this method in order to meet the different demands for various tests (Figure 

4.3.3b and c). Besides, due to the insolubility of product in either aqueous solution 

or organic solvent, nanosheet 7-Co could be easily collected by a filtration 

procedure and then washed by dichloromethane (DCM), deionized water (D-I 
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water), methanol and ethanol respectively to remove the uncoordinated ligand and 

excess metal ions. The obtained yellow solid film curled, wrapped and fold as a 

ball when explored in air (Figure 4.3.3d). The 7-Co collection was stable after oven 

dried and kept in ambient. The dry solid could be resuspended and unfolded to be 

a film again in ethanol so as to be deposited onto substrates. Compared with the 

soluble 1D polymers and molecular materials, which usually need spin coating[41–

43] or chemical bonding[44,45] in postprocessing, this kind of nanosheet featured the 

ease in preparation as well as depositing process and could get rid of the risk of 

redissolution. These advantages significantly lower the cost and promise the 

nanosheet a brighter future. Finally, after being transferred to various substrates, 

the nanosheet can be characterized by many techniques.  

 

 

Figure 4.3.3 Photographs of multilayer 7-Co on substrates and being collected. (a) The prepared 

multilayer nanosheet deposited onto a ITO substrate by removing biphasic solution. Scale bar: 1 

cm. (b) The suspended nanosheet in ethanol solution. Scale bar: 1 cm. (c) The moderate-size 



167 

nanosheet on the quartz substrate. Scale bar: 1 cm. (d) The collected nanosheet by filtration process.

To show the high orderliness of the constructed 7-Co through the surface-

assisted method, the classical one-phase product was synthesized by mixing ligand

L7 and equivalent Co2+ salt in dichloromethane at room temperature. As displayed

in Figure 4.3.4, the nanosheet possessed film texture and metallic luster while the 

one-phase product was in a powder form and lackluster, suggesting the better 

crystallization of nanosheet. In the following, the XPS result of them could further 

disclose the distinction in molecular construction.

Figure 4.3.4 The photograph of a) the solid powder through one-phase reaction; b) the dried

collection of 7-Co formed though surface-assisted method and c) a small piece of dried 7-Co film. 

4.4 Characterization of Cobalt Complex Nanosheet 

To investigate the novel multilayer two-dimensional material, a series of 

complementary analytical equipment were used to gain information about the 
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elements, binding energy, and surface morphology. Integrated characterization is 

anticipated to present a credible construction of the nanosheet. 

In general, the appearance such as the surface morphology and thickness of 

prepared material would be investigated at first. Thus, microscopies are the basic 

choices. The OM, FE-SEM and TEM were employed to get a surface sight. AFM 

can detect not only the topological images but also the thickness of nanosheets by 

its cross-sectional analysis. The information from TEM and the EDX-Mapping 

could reveal the phasic and chemically compositional homogeneity, respectively. 

XPS could permit the elemental analysis such as binding mode and atomic 

proportion. The other technologies include FTIR, UV-Vis spectroscopy and TGA. 

They were all used to comprehensively investigate the structural characters and 

properties of the novel multilayer 7-Co. 

 

4.4.1 Morphology of Nanosheet 

Research on morphology was firstly carried out. OM, FE-SEM, and TEM images 

disclosed the micro appearance while AFM images additionally revealed the 

thickness of the nanosheet. Surface Profiler was also used to quickly acquire the 

vertical size of the product, making full use of the operational simplicity and 

convenience. 

According to the OM images shown in Figure 4.4.1a and b, the transparent 

yellow 7-Co was a piece of monolithic sheet with a large domain (more than 1 cm 
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in one side). There was a big crack in the middle of the first OM image, giving rise 

to a small piece of flake which was mostly separated from the whole. Besides, a 

doubly-folded part in the top right region could be observed, especially in the dark 

field (that is Figure 4.4.1b) due to the distinctly different contrasts. The brighter 

triangle-shaped region with respect to the other darker area was the folded part, 

generated during the transfer process onto substrates. The bright golden line-shaped 

area (the red square) in the dark field image was magnified to obtain the bright field 

image (Figure 4.4.1c) and dark field image (Figure 4.4.1d), respectively. These two 

OM images displayed the micro-sheet 7-Co with lateral size > 4 mm. And the 

observed line-shaped structure in nanosheet in Figure 4.4.1b was verified as 

wrinkles and folding of the nanosheet, which was further emphasized in the dark 

field image because of the remarkably different contrasts. All those cracks, creases 

and folded regions reflected the sheet structure of 7-Co as proposed. 

 

 

Figure 4.4.1 The optical microscopy images of 7-Co on quartz substrate under different 

magnifications. a) The bright field image of 7-Co. Scale bar: 5 mm. b) The dark field image. Scale 
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bar: 5 mm. c) The image of magnification of red square in b). Scale bar: 1 mm. d) The dark field 

image of c). Scale bar: 1 mm. 

 

The SEM images further verified the film-like morphology. The details are 

displayed in Figure 4.4.2. The multilayer 7-Co deposited on Si substrate appeared 

with a large lateral size of approximately 100 µm. It was a noteworthy domain size 

for this kind of bottom-up 2D nanomaterials.[46–50] In Figure 4.4.2a, an obvious 

pleat exhibited lighter contrast compared with the other darker flat region. In Figure 

4.4.2b, two flat pieces of 7-Co were present while they had been partially folded. 

The SEM images indicated the layered structure of 7-Co as well as confirmed its 

uniform texture.  

 

 

Figure 4.4.2 The scanning electron microscopy images of 7-Co on Si substrate. Scale bar: 20 µm. 

 

  In addition, the well-prepared sample 7-Co was transferred onto copper grids by 

dropping the suspension solution containing small flakes of nanosheet so as to carry 

out TEM measurement. The curly edge of the thin sheet is shown in Figure 4.4.3a. 

The pliable morphology could be considered as a sign of sheet structure. The 

regional difference in contrast was caused by the variation of sheet thickness, 
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stemming from layer folding or stacking. Figure 4.4.3b displays a stair-stepping 

appearance at the edge of 7-Co. This kind of terrace morphology was usually 

formed through the layer-by-layer stacking and thus further ensured the 

multilayered construction and the bottom-up growth as proposed. Moreover, the 

layered structure was also evidenced by the flat, smooth and uniform surface. 

 

 

Figure 4.4.3 The transmission electron microscopy images of 7-Co on Si substrate. Scale bar: 200 

nm for a) and 50 nm for b). 

 

Finally, the AFM images of the multilayer 7-Co deposited on Si substrate were 

obtained (Figure 4.4.4). The selected region featured a flat and uniform sheet 

morphology with more than 2 µm size of domain ((Figure 4.4.4a). The submicron 

thick 7-Co could be easily differentiated from the bare silicon substrate in the phase 

image by the 4-degree difference in phase values of them (see (Figure 4.4.4b). 

Under a three-dimensional view of the 7-Co, the nanosheet was evenly spread out 

on Si substrate and thus was further verified to have a smooth film-like micro-

appearance (see Figure 4.4.4d). The cross-sectional analysis result revealed the 
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typical thickness of 7-Co to be around 160 nm ((Figure 4.4.4c), relative to 114

layers according to the monolayer thickness of 1.4 nm assumed by the pioneer work 

on terpyridine-metal complex nanosheet.[29] It was found that the thickness of 7-

Co could be controlled by several parameters including the reaction time, the

solution concentration of organic ligand and metal ions.

Figure 4.4.4 The atomic force microscopy images and cross-sectional analysis of 7-Co on Si

substrate. a) Height image of multilayer 7-Co. Scale bar: 1 µm. b) Phase image of multilayer 7-Co.

a) b)

d)

c)
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Scale bar: 1 µm. c) Cross-sectional analysis result of multilayer 7-Co along with the white line in 

a). d) 3D view of the multilayer 7-Co on Si substrate. 

 

  To investigate the effect of the aforementioned factors on the thickness of 

generated nanosheet, three sets of experiments that respectively focused on the 

coordination reaction duration (named G series), the concentration of ligand 

solution (named H series) and metal ion aqueous solution (named I series) were 

conducted. In the experiment of G group, a series of reaction time spanning from 

1 h, 3 h, 6 h, 10 h, 24 h, 75 h to 168 h (1 week), 504 h (3 weeks), and 840 h (5 

weeks) was set, corresponding to G1 to G9 respectively, while the concentration of 

ligand and metal ion were fixed to be 3.6 × 10−5 mol L−1 and 2.5 × 10−2 mol L−1. 

All the layers (organic layer, D-I water buffer layer and the Co2+ ion aqueous layer) 

were 4 mL and put into a cylindrical glass vial (volume is 30 mL) worked as a 

reaction container. After just an hour, a transparent thin film could be seen at the 

biphasic interface by naked eyes. The required time was much shorter to be visible 

compared with the 24 h for the previously mentioned trifunctional ligands (L1 and 

L4), even though the solution concentration of L7 is much lower, indicating the 

quick complexation between the tetrakis(terpyridine) based ligand L7 and Co2+ ion. 

This may be attributed to the coexistence of skeletal planarity and the multiple 

functional groups. 17 hours later, a clear yellow film appeared but it was fragile 

and could be easily torn by slightly shaking. Then, with the growth of 7-Co, the 

yellow product was gradually obvious and mechanically strong. After 3 weeks, the 
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film with metallic luster was flat and clearly visible (see Figure 4.4.5). Moreover, 

despite making a slight shake, the sheet could still remain unbroken. The prepared 

series of 7-Co were then transferred onto Si substrates and underwent a quick cross-

sectional measurement using the surface profiler. On each nanosheet modified 

substrate, five testing points were evenly selected within the whole sample area to 

run the thickness analysis (complete data could be found in Table 7.3.8). Then, the 

average thickness of each sample was calculated to establish the relationship 

between of the thickness and the reaction time.  

 

 

Figure 4.4.5 The photography of yellow 7-Co in the reaction system after 3-week growth. 

 

  It could be seen from Figure 4.4.6 that the thickness of the 7-Co increased 

rapidly by almost 700 nm along with lengthening of reaction time during the first 

3 days. Then there was a plateau after 3 days, which means the thickness of 7-Co 

mainly remain unchanged. Therefore, the reaction duration had a significant impact 

on the thickness of 7-Co within the first several days and the layers could be 

quickly stacked at the liquid-liquid interface. After that, the ligand was exhausted, 

and the growth was in standstill. The correlation of thickness with reaction time is 
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consistent with that of the aforementioned 1-Co and 4-Co. On the other hand, 

although the used concentration of ligand L7 was lower than that of L1 and L4, it 

was verified again that the formation of 7-Co was much rapid since the thickness 

increased more during the first 24 h when the ligand was sufficient. The fast 

formation may be attributed to the better planarity of L7 and crystallization of the 

first-formed several layers to further induce the rapid stacking process.  

 

 

Figure 4.4.6 The effect of reaction time on thickness of 7-Co. The inset is a close-up of the short 

reaction time region.  

 

  Another set of experiments that focused on the concentration of ligand solution 

were designed. In this group, the ligand concentration was orderly set to be 0.005 

mM, 0.01 mM, 0.02 mM, 0.03 mM and 0.06 mM, corresponding to H1 to H5 in 

sequence while the concentration of metal ion was fixed to be 25 mM and the 

reaction lasted for 3 weeks so that the complexation could be completed. Similarly, 

the reaction procedure mainly contained the separated injection of organic layer, 

D-I water buffer layer and the Co2+ ion aqueous layer. After 17 h, the transparent 
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yellow film all could be observed at the interfaces, but the film formation became 

more obvious with the increase of the ligand concentration. Specially, in the 

experiment H5, with the highest ligand concentration (0.06 mM), the organic layer 

was slightly turbid, which was caused by the low solubility of L7. However, after 

one week, this turbid ligand layer turned to be colorless and clear, which further 

confirmed that the ligand was continuously consumed to assemble the nanosheet 

at the interface. Besides, there was a more yellow-colored film in H5 while the 

other formed sheet in H1 to H4 were displayed without much difference in the color. 

After 3 weeks, the thickness of those films with metallic luster were measured 

using the surface profiler through the same sampling method. (complete data could 

be found in Table 7.3.9). Then, the relationship of thickness with the ligand 

concentration was investigated.  

  The influence of ligand concentration on the thickness of the 7-Co could be seen 

from Figure 4.4.7, which illustrates the dramatic rise in thickness with the increased 

ligand concentration. There was a nearly linear relationship, which is also the same 

as that of 1-Co and 4-Co, which again imply that the thickness was significantly 

limited by the amount of ligand. 

 



177 

 

 

Figure 4.4.7 The effect of ligand concentration on thickness of 7-Co. 

 

  The concentration of the Co2+ ion also has impact on the thickness. Accordingly, 

the I group experiments focused on the concentration of Co2+ ion solution were 

conducted. Here, the Co2+ concentration for I1 to I5 was set to be 2.5 mM, 5 mM, 

12.5 mM, 25 mM and 50 mM, respectively, and the ligand concentration was fixed 

to be 0.036 mM and the reaction lasted for 3 weeks. Similar with the H series, 

organic layer, D-I water buffer layer and the Co2+ ion aqueous layer (each layer 

was 3 mL) were all separately added into a 10 mL beaker and then it was sealed 

with parafilm. Around 20 h later, a colorless thin film was seen in I1 and I2 while 

a transparent yellow film could be observed at the interface in I3 to I5. After 3 

weeks, the obviousness of the formed product was largely increased in all of 

systems. The obtained scatter diagram is shown in Figure 4.4.8. It was a distorted 

S shape, too, with respect to that of 1-Co and 4-Co. The Co2+ ion in I1 to I5 were 

all excessive relative to the ligand L7 but the concentration still had an influence 

on the thickness of the corresponding nanosheet, indicating that the influence 

mechanism of the Co2+ concentration on the thickness was different from that of 
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the ligand concentration. The highly concentrated metal ion solution (that is I5 

system) could strongly induce the fast generation of 7-Co, consistent with the

above described growth phenomenon. 

Figure 4.4.8 The effect of concentration of Co2+ ion on thickness of 1-Co. 

  According to the acquired data, the ion concentration was expanded 20 times 

from 2.5 mM to 50 mM and about 150 nm thickness variation depth was achieved 

while the ligand concentration was magnified by only 12 times from 0.005 mM to 

0.06 mM and then more than 700 nm variation depth was obtained. Therefore, the 

influence of the ligand concentration was stronger than that of Co2+ ion. Overall, 

the above investigation was made to demonstrate the effect and the related trend so 

as to roughly control the thickness to an extent rather than to get the accurate 

thickness through detailed setting the reaction time or the concentration of the 

components. Therefore, surface profiler was employed despite its almost 5% 
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measurement error. The accurate thickness control could be realized by the layering 

of monolayer[51]. 

  Considering the above experiments, a piece of ultrathin, approximately 14-layer, 

7-Co with around 8 µm in one side was achieved by largely shortening the reaction

time to 0.5 h as well as using low concentration solution of the ligand (2.0 × 10−5 

mol L−1) and metal ion (2.5 × 10− mol L−1). Also, the AFM results, both height 

image and phase image, disclosed the flat and smooth surface of 7-Co accompanied

by wrinkles with lighter contrast in height image (Figure 4.4.9a). The phase image 

also ensured the uniform deposition of 7-Co on Si substrate (Figure 4.4.9b). These

all indicated the polymeric sheet structure of 7-Co as proposed. Along with the

black line in the height image, the thickness of ultrathin 7-Co was detected to be

about 20 nm (see Figure 4.4.9c). On the other hand, the transferred nanosheet could 

be distinguished from the substrate in the 3D figure based on the vertical size and 

the wrinkles here could be clearly observed (Figure 4.4.9d). 

a) b)
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Figure 4.4.9 The atomic force microscopy images and cross-sectional analysis of ultrathin 7-Co on

Si substrate. a) Height image of ultrathin 7-Co. Scale bar: 2 µm. b) Phase image of ultrathin 7-Co.

Scale bar: 2 µm. c) Cross-sectional analysis result of ultrathin 7-Co along with the black line in a).

d) 3D view of the ultrathin 7-Co on Si substrate.

  Given the reported monolayer preparation by air-liquid interface [52–60], another 

biphasic interface reaction system was also designed to see whether it could 

facilitate the preparation of ultrathin metal complex nanosheet. At first, 20 mL Co2+ 

ion (5.0 × 10− mol L−1) was added into a clean vial as the liquid layer while a 

very tiny volume (10 µL) of low concentration DCM solution of L7 (2.0 × 10−5

mol L−1) was carefully layered above the liquid via a micro-syringe. When the 

upper DCM solvent was slowly evaporated, an air-liquid interface was formed 

where the ligand was coordinated with the metal ion to generate the corresponding 

nanosheet. After 24 hours, Langmuir-Schäfer transfer was conducted to get a few-

d)

c)



181 

layer nanosheet modified Si substrate. From the obtained AFM results, small 

lamella 7-Co with creases was disclosed in height image and the ultrathin product

also could be distinguished from the bare Si substrate in phase image due to a little 

difference in the phase degree. The cross-sectional analysis was carried out along 

with the four numbered lines in height image, showing a few-layer 7-Co with

around 10 nm thick (7 layers).

Figure 4.4.10 The atomic force microscopy images and cross-sectional analysis of few-layer 7-Co

on Si substrate prepared via air-liquid method. a) Height image of few-layer 7-Co. Scale bar: 2 µm.

b) Phase image of few-layer 7-Co. Scale bar: 2 µm. c) Cross-sectional analysis results of few-layer

7-Co along with lines in a). 

a) b)

c)
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4.4.2 Chemical Elemental Analysis 

Diverse microscopies were used to characterize the physical morphology while 

SEM/EDX, FT-IR, and XPS were conducted to measure the chemical compositions 

and bonding states.

  The SEM/EDX analysis result is displayed in Figure 4.4.11 and it revealed the 

constitutive elements of 7-Co containing C, N, Co and Cl from the counterion while

Si in a very large proportion was from the Si substrate and O from the ambient air. 

The elemental composition of the formed nanosheet conformed to the previously 

proposed structure.

Figure 4.4.11 The SEM/EDX of 7-Co. 

  Then, the SEM / EDX in mapping mode was used to detect the elemental 

distribution of 7-Co with focus on C, N, Co, Cl, and Si (Figure 4.4.12). The

mapping images, especially the overlay image demonstrated the distinct 

distributions of the mentioned elements. Si from substrate was much apparent in 
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the blank area while C, N, and Co constitute the product 7-Co and Cl as the counter 

ion was also a part component of the nanosheet. The distribution of C was also 

conspicuous compared with N and Co, resulting from the higher content of it in the 

nanosheet. The SEM/EDX-mapping not only ensured the constitutive elements of 

7-Co but also reflected the compositional homogeneity of 7-Co as desired.    

 

 

Figure 4.4.12 The SEM/EDX mapping of 7-Co for C, N, Co, Cl, Si. Scale bar: 100 μm. 

 

  FT-IR is another powerful tool to confirm the formation of bonding between 

chelating terpyridine group and metal ion Co(Ⅱ), because the peak shift could be 

observed after complexation.  

  From the FT-IR result shown in Figure 4.4.13, the C=C stretching vibration peak 

of L7 was observed at 1583 cm-1 and shifted up to 1608 cm-1 after complexation 

with Co2+ to create 7-Co. It is a typical phenomenon for terpyridine when it was 

coordinated with the metal ion. The complexation also could be proved by the fact 



184 

 

that the stretching vibration peak of R appearing at 1600 cm-1 was similar to that 

of the polymeric 7-Co. 

 

 

Figure 4.4.13 The FT-IR spectra of 7-Co and L7.  

 

XPS is also an available technique to investigate the bonding states. The 

synthesized [Co(tpy)2](BF4)2•H2O (R) as well as CoCl2 were used as standard 

references to correct the peak intensity which is proportional to element abundance. 

The full spectra revealed information on elemental composition while narrow 

spectra displayed chemical bonding states. By comparing the full spectrum of 

ligand L7 and nanosheet 7-Co (Figure 4.4.14a and b respectively), it could be 

concluded that excluding the Si and O from substrates and atmosphere respectively, 

the elements Co and Cl were well incorporated into the prepared nanosheet through 

complexation, which was in good agreement with the EDX analysis as well as 

theoretical expectation.  
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Figure 4.4.14 The full XP spectrum of a) L7 and b) 7-Co. 

 

Besides, the remarkable difference of N 1s peak between L7 (398.57 eV) and 7-

Co (399.84 eV) manifested the forming of metal-organic bonds and the absence of 

shoulder peaks for N 1s means the completion of complexation (Figure 4.4.15). 

Moreover, the binding energy of both N 1s core level and Co 2p core level of 7-Co 

were correspondingly much similar to that of mononuclear complex R (N 1s peak 

at 399.69 eV). Therefore, the consistency in peak location of 7-Co and 

[Co(tpy)2](BF4)2•H2O provided further evidence of the completed complexation 

considering the limit of detection for XPS (around 0.1-1 atom %). As for the Cl 2p 

core level, the peak of 7-Co located at 197.70 eV which was obviously different 

from the peak of R at 193.39 eV attributed to B 1s core level. Element abundance 

of the prepared 7-Co was analyzed by using R and CoCl2 as standard molecules, 

acquiring the ratio of N: Co: Cl (6: 1.18: 1.84) which conforms to the ideal value 

(6: 1: 2). In contrast, the previously mentioned one-phase powder product yielded 

the ratio of 6: 0.54: 1.02 for N: Co: Cl, suggesting the incomplete complexation 

C
 K

LL

C
 1

s

N
 1

s

O
 K

LL

O
 1

s

x 104

0

10

20

30

40

50

60

70

80

C
PS

1000 800 600 400 200 0
Binding Energy (eV)

O
 K

LL

O
 1

s

Si
 2

p

Si
 2

s

C
 K

LL

C
 1

s

N
 1

s

C
l 2

p

C
o 

2p
1/

2
C

o 
2p

3/
2

x 104

0

10

20

30

40

50

60

70

80

C
PS

1000 800 600 400 200 0
Binding Energy (eV)

a) b) 



186 

and the presence of defect and thus revealing the superiority of this biphasic 

bottom-up preparation. 

Figure 4.4.15 The comparison of narrow XP spectra of 7-Co, referential complex R and L7

focusing on N 1s, Co 2p, and Cl 2p core levels, respectively.

The UV-Vis absorption spectrum of the solid film 7-Co supported by ITO

substrate is shown in Figure 4.4.16. The wide absorption at around 325 nm and 375 

nm could be attributed to the ligand-centered absorption band resulting from the 

terpyridine groups. Compared with the UV-Vis spectrum of the corresponding 

ligand L7 (shown in Chapter 7 Figure 7.2.33), whose tpy absorption peaks were at

225 nm and 300 nm, the generated nanosheet displayed a red-shift of the tpy 
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absorption which was generally considered as a sign of organic ligand being 

coordinated with metal ions. The MLCT band was absent probably because of the 

low absorption intensity.

Figure 4.4.16 The UV-Vis absorption spectrum of 7-Co deposited on ITO substrate. 

All the characterization of the formed 7-Co supporting the complexation and

caused layered structure as proposed, though no peak was obtained from neither 

electron nor X-ray diffraction perhaps because of the disordered distribution of Cl 

anion within interlayer or intralayer or disordered stacking mode of the layers.

4.4.3 Other Characteristic Measurements 

The multilayered nanosheet was a promising 2D material to be utilized in various 

field, such as membrane. Therefore, the mechanical strength should be an 

important consideration in terms of the processability. On the other hand, the 

mechanically strong material provided simple and efficient purification process as 
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well as the potential of recycling.  

  As mentioned in Section 1.3, the prepared nanosheet 7-Co performed 

satisfactory force intensity as it was not fragile when shaking the biphasic interface 

and it even could be directly and completely transferred or collected by using a 

tweezer from the interface. It would more clearly present the mechanical strength 

of 7-Co by the simple experiment as displayed in Figure 4.4.17. When being 

salvaged from the mixture solution of EtOH and DCM with tweezer, it rolled into 

a ropy shape but could recover the original status after being immersed into the 

solution again, disclosing the mechanical strength of the created layer-structured 

nanosheet and also depicting the robustness of the complexation bond. 

 

 

Figure 4.4.17 The mechanical strength of 7-Co. a) The original nanosheet suspended in 

EtOH/DCM solution. b) The sheet clamped with tweezer was half pulled out. c) The curled 

nanosheet after being totally exposed to atmosphere. d) The disentangled recovered 7-Co after being 

suspended into the solution. 

 

  Apart from the mechanical strength, the thermostability of 7-Co was also studied 
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by TGA and the analysis result was displayed in Figure 4.4.18. According to the 

obtained data, only 10% weight was lost when the system temperature increased 

by 500 ℃, revealing the excellent thermostability.  

 

 

Figure 4.4.18 TGA result for 7-Co. 

 

Then guest inclusion ability was also measured since the sheet possessed 

numerous pores and thus have the potential of storage. A simple guest inclusion 

test was carried out by using Rhodamine-6G (Rh6G) (structure is shown in Figure 

4.4.19a) to obtain primary information in this aspect.  

  Ligand L7 presented an obvious emission intensity at 408 nm when it was 

excited with 300 nm-light. However, no fluorescence was observed after the ligand 

coordinated with Co2+ to form 7-Co (Figure 4.4.19b). It was ascribed to the non-

irradiative dissipation of the electron. The fluorescence quenching of organic 

ligand upon complexation with some electroactive transition metal ions such as 

Co(II) and Fe(II) was a common phenomenon. It may be because the excited 

electrons in 3MLCT transferred onto the metal-centered (3MC) excited state 
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through intersystem crossing (ISC) and then from 3MC to the ground state in a non-

irradiative way. Then the nanosheet 7-Co was transferred on the quartz substrate

and then immersed into the DCM solution of Rh6G, which acted as an organic 

fluorophore. After 12 h later, the transparent substrate modified with nanosheet was 

rinsed with DCM for several times and then dried under a nitrogen blow. Finally, 

the guest inclusion nanosheet showed several emission peaks as shown in Figure 

4.4.19c under 365 nm excitation light. Compared with L7 and the bare 7-Co on

quartz, the fluorescence of 7-Co@Rh6G may be caused by two reasons. Firstly, the

emission at 475 nm was directly from the organic dye Rh6G. Secondly, the organic 

dye was electrically charged and showed a conjugated structure which facilitated a 

close interaction between the dye and the largely π-conjugated 7-Co. It may prevent

the non-irradiative migration of electron. Overall, the experimental result indicated 

that this kind of easily colored nanosheet could adsorb and even interacted with 

some organic dye molecules. Although more tests are needed to verify the storage 

potential, this simple experiment provides a basic insight in it. 

a)
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Figure 4.4.19 The photoluminescence spectra of a) L7 and 7-Co without Rhodamine-6G and b) 7-

Co treated with Rhodamine-6G. 

4.5  Application of Cobalt Complex Nanosheet 

The generated 2D nanosheet showed a layered and porous structure theoretically, 

which meant the material possesses not only a great number of lamellar spacing 

but also a relative large specific surface. The layers within this 2D sheet is easily 

separated and thus the interlayer spacing could expand to accommodate large 

species. Besides, as aforementioned, this kind of nanosheet incorporating a 

complex motif displayed excellent redox property. Therefore, the frameworks with 

active metal centers could exhibit a mixed-valence state by reductive insertion of 

cation. However, the reported anion insertion behavior of 2D layered nanosheets 

with respect to cation insertion was rare[61] or the materials were not phase 

stable.[62,63] Herein, we used 7-Co as a cathode to undergo an oxidative insertion of

anion in assembled dual-ion battery. 

  Firstly, the active material was mixed with conductive carbon black to enhance 

the conductivity and poly(tetrafluoroethylene) together to form a homogeneous 

c)b)
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slurry. Then they were rolled into a film with around 80 μm thickness and dried at 

60 °C for 24 h under vacuum. The composite film was used as a cathode after being 

assembled into a lithium-manganese dioxide structured button cell (CR-2032) in 

an argon-filled glove box. In the meantime, lithium foil functioned as an anode 

while a glass microfiber film as a separator and 1 M LiPF6 in EC/DMC/DEC 

(w/w/w 1:1:1) as the electrolyte. The detailed fabrication process will be described 

in Chapter 7. Due to the existence of Co(II) in nanosheet 7-Co, the cathode must 

permit the anion insertion so as to access the Co(II)/Co(III) couple. During 

charging process, electrons were transferred from 7-Co electrode to Li foil, 

resulting in the oxidation of Co(II) to Co(III) and accompanying by the 

intercalation of PF6
− from electrolyte into 7-Co to keep it electroneutral. In contrast, 

the inserted anion underwent deintercalation when electrons flow into 7-Co 

cathode and Co(III) was reduced to Co(II) during discharging process. To 

investigate the electrochemical performance of the 7-Co containing electrode, the 

well-constructed half-cell was subjected to a series of electrochemical 

measurements such as the cyclic voltammetry (CV), galvanostatic charge−dischar-

ge test and Nyquist impedance test with an electrochemical station at room 

temperature. The theoretical specific capacity of 7-Co was calculated to be 34 mAh 

g−1 by using molecular weight of the repeat unit with a formula of C90H58Co2N12Cl4. 

The obtained CV result is shown in Figure 4.5.1. A pair of redox peaks at around 

2. 1 V was observed, which should be attributed to the redox reaction between Co2+ 

and Co3+. At the positive scan from +1.5 V to +4.2 V, Co2+ was oxidized to Co3+, 
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while on the following negative scan, Co3+ was reduced to Co2+.

Figure 4.5.1 Cyclic voltammetry (CV) curves of fabricated 7-Co containing electrode at the 1st

cycle (0.1 mV/s.).

Figure 4.5.2 showed the charge/discharge profiles of 7-Co. As can be seen, 7-Co

electrode can deliver a capacity of approximately 40 mAh g−1 at 0.1 C, 

corresponding to a capacity of which is consistent with the proposed 2 e- 

transformation from Co(II) to Co (III) in each repeat unit. The profiles show one 

charge/discharge plateau at around 2.1 V, which is in good accordance with the 

redox peaks in the CV curve.
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Figure 4.5.2 Charge/discharge profiles of 7-Co containing electrode at the 2nd and 100th cycle

(0.1 C, 1 C = 34 mAh g−1);

According to Figure 4.5.3a, in which the cycling performance of 7-Co electrode

was displayed, and the assembled battery exhibited a capacity of 43 mAh g−1 at 

first. After scanning 100 cycles at 0.1 C, the battery still could give a capacity of 

39 mAh g−1, corresponding to a capacity retention of 93%. The small decrease in 

the capacity demonstrated a stable cycling capability. To further prove the 

electrochemical stability of 7-Co electrode, as shown in Figure 4.5.3b, the

impedance of 7-Co after 1st cycle was 90 ohm while after 100 cycles, that was

around 105 ohm, indicating a very slight increase of the internal resistance, which 

also means a high electrochemical stability of 7-Co. 

Figure 4.5.3 The electrochemical stability of 7-Co electrode. a) Cycling performance of 7-Co

electrode at 0.1 C. b) AC impedance spectrum of 7-Co electrode after the 1st cycle and 100th cycle. 

  The rate performance is shown in Figure 4.5.4. As can be observed, when the 

a) b)
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current density was increased from 0.1 C to 1 C, the charging capacity decreased 

slowly from 47 mAh g−1 to 41 mAh g−1, indicating a good rate capability of 7-Co. 

Such a rate capability should be benefited from the rapid transformation of 

electrons within 7-Co, which substantially could be attributed to the layered 

structure of 7-Co. 

 

 

Figure 4.5.4 Charge capacity of 7-Co electrode at different current density. 

 

4.6 Conclusion  

A novel four-way terpyridine ligand based cobalt complex nanosheet (7-Co) with 

submicron thickness was synthesized. Through a mild and simple liquid-liquid 

interface-mediated process, the multilayer nanosheet was obtained. Large-size 

nanosheet can be achieved by increasing the diameter of the reaction container. 

Then the 7-Co was characterized by employing SEM, TEM and AFM, revealing 

the sheet-like morphology and layered construction. XPS and FTIR were used to 

confirm the completion of the complexation between the ligand the metal ion 
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within the nanosheet. The EDX-Mapping image showed the uniform elemental 

distribution while TGA measurement displayed the thermal stability of 7-Co. 

Moreover, it was applied as a cathode to fabricate a battery device and showed 

stable redox process. In addition, the coexistence of the insolubility and moderate 

mechanical strength is beneficial for the low-cost post-treatment, such as 

purification and collection. Therefore, it demonstrated the potential application of 

tpy-metal motif containing complex nanosheet in battery electrode, exploring a 

new direction for development of electrode materials and expands the diversity of 

this type of 2D materials in both structure and functionality. Later on, the effect of 

the type of inserted anions from electrolyte on the battery performance will be 

discussed soon.   
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Chapter 5 π-Conjugated Bis(hydroxy) 

Copper(II) Complex Nanosheets  

5.1 Introduction 

The development of two-dimensional polymers has been blooming since the 

discovery of excellent properties and multifunctionalities of graphene.[1] Apart 

from the exfoliation based top-down method, the bottom-up approach, which 

constructs materials in atom or ion level.[2–4] The superiority of bottom-up method 

in structural flexibility have rendered the diversity of 2D materials in not only 

structure but also functionality. 

  On the other hand, a class of 2D materials combine the nature of metal inorganic 

materials and pure-organic polymers to form  metal-organic complex nanosheets. 

For instance, the o-semiquinone aromatic organic ligand functionalized with 

dithiolene could coordinate with transition metal ions to form a conjugated 2D 

polymers, which feature full charge delocalization with the whole plane, and thus 

show non-zero bandgaps. Benefited from their electron configuration, these 2D 

polymers could display electric conductivity.[5–7] The sixfold benzenehexathiol 

(BHT) multidentate ligand could chelate with various transition metal ions to form 

π-conjugated 2D polymers. The previous work has been done on a three-

dimensional BHT-Pb complex polymer, indicating the conductivity of BHT-metal 
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motif containing polymer.[8] Another example is the nickel-BHT coordination 

polymer used as a topological insulator.[5] The theoretical research on the bond 

properties of S-Metal provides further information of these π-conjugated 

nanosheet[9–12] and then facilitate the prediction of their potential characters and 

application areas.[13,14] Some other BHT-like organic ligands such as 2,3,6,7,10,11-

hexaiminotriphenylene (HITP)[15] and 1,2,5,6,9,10-triphenylenehexathiol (THT)[16] 

were also investigated to generate homoleptic complex polymer or hybrid 

materials.[17]  

  By taking the advantages of the bottom-up method in diverse choice of building 

block, the coordinated transition metals could be lead (Pb), platinum (Pt), nickel 

(Ni), copper (Cu) and cobalt (Co). With regard to the potential conductivity and 

magnetism of copper complexes[18,19] (such as bisdithiolene Cu(II) complexes[20] 

and N,N-dicyanoquinonediimine analogues (DCNQIs)-based Cu complexes[21,22]) 

or polymers[23,24], it is accessible to generate well-performed π-conjugated 2D 

nanosheets. Herein, a hexahydroxytriphenylene (HHTP) based Cu(II) complex 

nanosheet was prepared through a simple and conditionally facile liquid-liquid 

interface-mediated method. 

 

5.2 Synthesis of Copper Complex Nanosheet 

The structure of HHTP is shown in Scheme 5.2.1. It is a hexa-functional symmetric 

multi-hydroxyl aromatic organic molecule. The O atom with two pairs of lone pair 
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electrons could coordinate with Cu(II) ion. Due to the d9 configuration of Cu(II), it 

could form dsp2 hybrid orbitals with four O atoms in the ligands, resulting in a 

complex motif constructed in square-planar configuration[25]. 

Scheme 5.2.1 Chemical structure of L8. 

  As the aforementioned planar Cu-HHTP motif, the assembled complex 

nanosheet 8-Cu also could exhibit excellent planarity and large electron

delocalization. The ideal topological structure of 8-Cu is described in Scheme 5.2.2.

As can be seen, it possesses a hexagonal repeat unit (red marked) and theoretically 

could be extended infinitely. 
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Scheme 5.2.2 Bottom-up π-conjugated nanosheet. (top) The ideal topological structures of 8-Cu 

and (bottom) the chemical structure of repeat unit. 

 

The preparation of 8-Cu is based on orderly placing each layer of reagent 

solution in a 30 mL container. Here, L8 was totally dissolved into ethyl acetate 

solvent by sonication and CuSO4·5H2O aqueous solution was prepared. Before 

adding the solution, a small piece of substrates (e.g., silicon, quartz and glass) was 

placed. Then the water solution of Cu2+ (5.0 × 10−3 mol L−1), ethyl acetate and 

ethyl acetate solution of L8 (2.0 × 10−4 mol L−1) were added into a container in 

sequence. A flat interface was formed to work as a media to induce the 

complexation. The reaction system was kept undisturbed for 1 day at room 

temperature. After 2 hours, there was a blue semitransparent film covering the 

whole interface. 24 hours later, it became a little non-transparent and could be 

clearly observed as a dark blue film (Figure 5.2.1). Besides, the generated 

nanosheet 8-Cu is insoluble in either organic solvent or aqueous solution, reflecting 

the polymeric structure as proposed. 
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Figure 5.2.1 The photographs of the formed 8-Cu through interface-assisted synthesis process.

Scale bar: 1 cm.

5.3 Characterization Copper Complex Nanosheet 

Structural characterization for 8-Cu was achieved by several basic analytical

technologies. The obtained information include morphology, constituent elements 

and their distribution, and binding energy. 

5.3.1 Morphology of Nanosheet 

The nanosheet was transferred onto Si substrates to conduct the FE-SEM and AFM 

measurements while it was dropped onto amorphous carbon-film modified copper 

grids to carry out TEM test. The thickness analysis was achieved by AFM. 

From Figure 5.3.1a, the flat 8-Cu could be easily distinguished from Si substrate

with different contrasts. It exhibited a sheet-like morphology with domain size of 

more than 50 µm in one side. There were also some rod-like materials mixed with 

the sheet as displayed in Figure 5.3.1b. The magnification of the rod-like materials 
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(Figure 5.3.1c) clearly disclosed the layered structure. It usually grew above the 

sheet and the morphology is much similar with the HTTP-Cu complexed prepared 

though one-phase reaction. Therefore, it was probably the oligomer with small 

domain size, caused by the slightly fluctuating temperature or the inevitable shake 

during adding the solution layers or terminative coordination process under lower 

concentration of reagents and blocking of the formed sheet. In Figure 5.3.1d, a big 

crack was seen between two pieces of nanosheets, further indicating the sheet 

morphology.  

 

 

Figure 5.3.1 The scanning electron microscopy images of 8-Cu. The red circled region in a) was 

magnified as c). 

 

  The smooth surface and uniform texture were also demonstrated by the TEM 

images shown in Figure 5.3.2. The darker region was the folded or crimped part of 

a sheet, which revealed the sheet structure. Besides, in Figure 5.3.2c, the layer-by-

layer stacking mode could be verified by the existence of the terrace at the edge. In 
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addition, the TEM supported selected area electron diffraction (SAED) detection 

was conducted and a diffraction pattern was obtained as inset in Figure 5.3.2b, 

indicating the crystallization of this nanomaterial. 

 

 

Figure 5.3.2 The transmission electron microscopy images of 8-Cu on copper grid. The inset in b) 

is the selected area electron diffraction pattern of 8-Cu.  

 

With regard to the AFM results of 8-Cu on Si substrate (Figure 5.3.3), both 

height image and phase image showed an obvious difference between nanosheet 

and bare Si substrate. These images indicated the homogeneous texture within the 

selected area. The cross-sectional analysis unveiled the thickness of the prepared 

8-Cu to be around 30 nm. 
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Figure 5.3.3 The atomic force microscopy images and cross-sectional analysis of 8-Cu on Si

substrate. a) Height image. Scale bar: 1 µm. b) Phase image. Scale bar: 1 µm. c) Cross-sectional 

analysis result along with the white line in a).

5.3.2 Chemical Elemental Analysis 

Further study on elemental composition and chemical bond state of 8-Cu was

carried out by employing EDX-Mapping and XPS.

The EDX spectrum of 8-Cu (Figure 5.3.4) depicts its constituent elements.

Except the Si in a very large proportion from substrate and Au from the coated Au 

layer, the elements C, O, Cu should come from nanosheet. The signal of S from the 

counterion SO4
- was absent, maybe because the S Kα peak is very close to that of 

Au M peak and thus was hidden behind the broad peak at around 2.2 eV. Overall, 

the EDX result was in accordance with the expectation to a large extent. 

c)
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Figure 5.3.4 The SEM/EDX of 8-Cu. 

 

  EDX was also conducted in a mapping mode to detect the distribution of 

elements. According to the acquired data (Figure 5.3.5), the component elements 

were further confirmed. The elements C, O, Cu were from 8-Cu while Si from 

substrate. Moreover, the mapping images revealed the homogeneity of 8-Cu in 

elemental distribution. 

 

 

Figure 5.3.5 The SEM/EDX mapping of 8-Cu for C, O, Cu, Si. Scale bar: 10 μm. 

 

To investigate the bond state of 8-Cu, binding energies of the elements were 

detected by XPS. The wide scan spectra of L8 and 8-Cu are respectively shown in 
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To investigate the bond state of 8-Cu, binding energies of the elements were 

detected by XPS. The wide scan spectra of L8 and 8-Cu were respectively shown 

in Figure 5.3.6a and b. The component difference of them proved the complexation 

of Cu and L8. The qualitative analysis in composition was in good agreement with 

the EDX results and theoretical expectation, reflecting the proposed structure. As 

far as the narrow scan is concerned, the O 1s peak of L8 (532.09 eV) did not exhibit 

obvious shift after complexation to form 8-Cu (532.33 eV). The deconvolution for 

XPS of Cu 2p was shown as narrow scan spectrum. Both Cu 2p 1/2 (954.53 eV) 

and 2/3 peaks (934.73 eV) of 8-Cu were fitted with single Voigt curve with an area 

ration of 1.0: 2.07, very close to the theoretical value considering the detection limit 

of 0.11 atom % for XPS. The detailed data can be found in Table 5.3.1. Besides, 

the three shake-up peaks in XPS of Cu 2p core level suggested the existence of 

Cu(II) in the nanosheet. The absence of peak at 932.6 eV, which is a typical Cu(I) 

2p 3/2 peak in XPS, and shoulder peaks provided strong evidence that the original 

Cu(II) was not reduced to Cu(I) during the coordination with L8 to form a complex. 
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Figure 5.3.6 The XP spectra of L8 and 8-Cu. a) The full XP spectrum of L8. b) The full XP 

spectrum of 8-Cu. c) The comparison of narrow XP spectra of 8-Cu and L8 focusing on O 1s and 

Cu 2p core levels, respectively. 

Table 5.3.1 The key data of XPS analysis of 8-Cu for Cu 2p core level. 

Name Position FWHM R.S.F. Area %Conc. Ratio 

Cu 2p3/2 934.479 3.51734 24.05 5198.13 40.31 2.07 

Cu 2p1/2 954.567 4.15004 24.05 2505.92 19.43 1.0 

Shake-up 939.858 3.33339 24.05 2047.55 15.88 - 

Shake-up 943.685 2.96891 24.05 1567.84 12.16 - 

Shake-up 962.623 3.18336 24.05 1577.41 12.23 - 

%Conc. = Area / R.S.F. 

5.4 Conclusion 

A π-conjugated 2D copper(II) complex nanosheet 8-Cu was prepared with the 

corresponding organic ligand L8 via a biphasic approach. It was insoluble in 

neither water nor organic solvent. Several technologies were used to characterize 

c)
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the formed 2D material. For instance, a series of microscopies (SEM, TEM and 

AFM) were conducted, the results of which indicated the sheet-like structure as 

well as the thickness of it to be ca. 30 nm. The constituent elements and their 

homogeneous distribution were confirmed by EDX analysis. XPS data certified the 

chemical bond state of element Cu within the nanosheet.  
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Chapter 6 Conclusion and Future Work  

 

In this thesis, firstly, seven submicron-thick bis(terpyridine) cobalt(Ⅱ) complex 

nanosheets 1-Co to 7-Co and one π-conjugated copper(II) complex nanosheet 8-

Cu were synthesized by liquid-liquid two-phase interfacial method. This bottom-

up approach could avoid the unexpected defects in constitution, which are usually 

formed during the exfoliation from bulk mother materials. Furthermore, the 

biphasic flat interface between the organic solvent and aqueous solution could 

induce in-plane growth of building blocks in a large scale and promote autonomous 

coordination of metal ions and ligands. It was also found that the lateral size could 

be easily controlled by the diameters of the reaction container while the vertical 

size could be tuned by the reaction time and concentration of ligands solution or 

metal ion aqueous solution. It should be noted that the final thickness of these 

nanosheets has a strong dependence on the amount of the ligands as the metal ions 

were stoichiometrically excessive in all reaction systems. The generated 

nanosheets exhibited not only insolubility in neither water nor solvents but also 

strong mechanical strength to be self-standing.  

  Secondly, analysis techniques such as OM, SEM, TEM and AFM were applied, 

and the obtained data indicated the homogeneous texture and sheet-like 

morphology of these nanomaterials. Besides, these multilayer networks possess a 

large lateral domain size (usually depends on the diameter of container) but a 



219 

 

thickness of within 1 μm, that is a high aspect ratio which is a significant feature 

of generalized 2D materials. The analysis for XPS and EDX revealed their as-

proposed elemental compositions, uniform elemental distribution and completion 

of complexation. The FTIR spectroscopy provided another powerful evidence of 

the formation of cobalt-N bond by detecting the specific peak shift. The phenomena 

of guest inclusion test showed the capability of being dyed. TGA measurements 

described the good thermostability of these nanosheets. 

  Thirdly, these cobalt(II) complex nanosheets were applied to several potential 

application area mainly based on the electrochemical properties of them. As for 1-

Co, 2-Co and 5-Co, they displayed different electrochromism behavior, suggesting 

the tunability of properties by varying ligands structures. 3-Co and 6-Co provided 

further evidence for that strategy due to the distinct performance of them as media 

for Au NPs plasmonic switching. 4-Co and 7-Co showed the possibility in 

electrode material.  

The future work may mainly focus on exploring multifunctionality of this class 

of bottom-up metal complex nanosheets to make them useful nanomaterials. As the 

cobalt complex materials usually exhibit excellent electrocatalysis for water 

splitting and copper-based compounds or polymers could display good 

photoelectric or electronic properties, they are expected to make a contribution in 

related application field. On the other hand, the structure of ligands will be further 

modified, or metal ion will be re-selected to promote the performance in the present 

application area.  
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Chapter 7  Experimental Details 

 

7.1 General Procedures 

7.1.1 Materials  

All commercial chemical reagents for chemical synthesis from Acros Organics, 

J&K, Sigma-Aldrich, and TCI were used as received without further purification 

unless otherwise stated. The solvents used for ligands synthesis were analytical 

pure grade, which were carefully dried and distilled prior to use, while the solvents 

for nanosheets preparation were high-performance liquid chromatography grade. 

The inorganic metal salts used for nanosheets synthesis were recrystallized from 

D.I. water before use. All chemically synthetic reactions were monitored by silica 

gel thin-layer chromatography (TCL) with pre-coated aluminum plates from Merck. 

Starting materials triphenylamine, N-bromosuccinimide, n-BuLi, NaOH, K2CO3, 

CuI, Pd(PPh3)4, 2-acetylpyridine, NH4OH, Pd(PPh3)2Cl2, LiAlH4, KOAc, 

trimethyl-1,3,5-benzenetricarboxylate, Pd(dppf)Cl2, pyridinium chlorochromate, 

1,3,5-tribromobenzene, 4-bromobenzaldehyde, ethynyltrimethylsilane, bis(pinac-

olato)diboron, 1,2,4,5-tetrabromobenzene, 4-formylboronic acid, 4-bromoboronic 

acid were purchased from commercial sources and used as received.  
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7.1.2 Apparatus 

1H NMR and 13C NMR spectra were measured in deuterated reagents on a Bruker 

Ultrashield Plus 400 MHz FT-NMR or Bruker Ascend 400 MHz FT-NMR 

spectrometer with chemical shifts (δ in ppm) quoted with tetramethylsilane as the 

internal standard. Mass spectrometry was carried out on a Bruker Autoflex matrix 

assisted laser desorption/ionization time of flight mass spectrometer (MALDI-TOF 

MS). Optical microscope images were recorded on Fluorescence Stereomicroscopy 

with Digital Camera-Olympus. SEM and EDX were performed using LEO 1530 

Field Emission Scanning Electron Microscope mounted with an Energy Dispersive 

X-ray Spectrometer. TEM images were collected by FEI Tecnai G2 20 S-TWIN 

Transmission Electron Microscope mounted with an Energy Dispersive X-ray 

Spectrometer. A Digital Instruments NanoScope IV atomic force microscope was 

employed to study the morphology and detect the cross-sectional size. XPS was 

performed using Sengyang SKL-12 electron spectrometer assisted with VG-

CLAM-4 multichannel hemispherical analyzer. The spectra were analyzed with 

CasaXPS Software and the C1s peaking at 284.6 eV was used as the standard. Depth 

measurement was conducted with KLA-Tencor P6 surface analyzer. Fourier 

transform infrared (FTIR) spectrometry was conducted on a Nicolet Magna 550 

Series Ⅱ FTIR spectrometer by using KBr pellets. UV-visible absorption spectra 

were recorded with a Cary 100 UV-Vis spectrophotometer. Photoluminescence 

spectra were recorded with a PTI Fluorescence Master Series QM1 

spectrophotometer. TGA measurements were taken with a Perkin-Elmer TGA6 
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thermal analyzer under nitrogen. The CH Instruments Model 600 D Serials 

Potentials was employed to conduct electrochemical research works with a three-

electrode set-up (working electrode: ITO glasses modified with nanosheets, 

reference electrode: Ag/AgCl, counter electrode: Pt wire). All electrolytes were 

degassed with dry argon and all measurements were performed under an argon 

atmosphere. The dark-field scattering spectra in single-particle level were obtained 

by an Olympus BX60 optical microscopy equipped with a tungsten-halogen lamp, 

a monochromator and a charge coupled device camera. The single-particle 

electrochemical plasmonic performance data were recorded by combining the 

scattering spectrometry and electrochemical working station, as shown in Scheme 

7.1.1. 

 

Scheme 7.1.1 The schematic diagram for single-particle electrochemical plasmonic switching 

measurement.  
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7.1.3 Pretreatment of Substrates 

Various substrates were utilized including Si(111), quartz, glass, and ITO glass. 

Except for the vacuum-packed ITO glasses, which were directly used without 

further treatments, the others were washed by solvents and detergents. All the 

substrates were cut into 1 cm x 1 cm pieces and then sonicated in DCM, acetone, 

isopropanol, ethanol, and nonionic detergent in water, each 15 min in sequence. 

Then deionized water (D.I. water) was used to remove the bubbles of the detergent. 

Before being stored in D.I. water, the treated substrates were sonicated in D.I. water 

for 15 min again. The clean substrates were dried in vacuo overnight just before 

use. Si(111) substrates need hydrophobized treatment using 1,1,1,3,3,3-

hexamethyldisilazane (HMDS) to facilitate the deposition of nanosheets. The 

modification with HMDS was carried out based on the reported procedure.[1] The 

Si(111) substrates with a naturally coated silica were firstly cleaned as described 

above and then flushed with ethanol several times. After that, they were immersed 

into an ethanol solution containing 1 v/v% HMDS for 1 h, which was followed by 

being rinsed with ethanol several times, and then annealed at 130 ℃ for 0.5 h 

sequentially. The hydrophobized Si(111)/HMDS substrates were then sonicated in 

ethanol (15 min) and D.I. water (15 min) and stored in D.I. water. 

  

7.1.4 Transfer of the Nanosheets to Substrates 

Small pieces could be transferred to substrates by pipetting the suspension 
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containing nanosheets and depositing on various substrates, which were then dried 

in a nitrogen blow. The samples on carbon film covered copper grids used for TEM 

were prepared in this way.  

With respect to large scale sheets, large substrates were placed at the bottom of 

vials before organic layer was injected. When the nanosheets were formed, upper 

layer and bottom layer were removed by syringes in turn resulting in the deposition 

of large sheets on substrates. Then the modified substrates were dried in vacuo 

overnight before the measurements.  

 

7.2 Synthetic Procedures of Ligands  

7.2.1 Synthesis of L1 

Synthesis of tris(4-bromophenyl)amine (1a) 

Tris(4-bromophenyl)amine was prepared through the reported procedure.[2] In an 

ice-bath, N-bromosuccinimide (9.0 g, 50.9 mmol) in 30 mL dimethylformamide 

(DMF) was added dropwise to a DMF solution (80 mL) of triphenylamine (4.0 g, 

16.4 mmol). Then the mixture was warmed up to room temperature (r.t) and stirred 

overnight. After completion confirmed by TLC, the reaction was quenched by ice-

water and then extracted with ethyl acetate (EA). The organic layer was combined 

and washed with brine. After dried over anhydrous sodium sulfate and removal 

solvent by reduced pressure distillation, the residue underwent crystallization from 

ethanol to obtain a white solid (6.0 g, 76%). 1H NMR (400 MHz, CDCl3, δ): 7.35 
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(dd, J = 6.8 Hz, 2.0 Hz, 2H, Ar-H), 6.92 (dd, J = 6.8 Hz, 2.0 Hz, 2H, Ar-H).    

 

 

Figure 7.2.1 The 1H NMR spectrum of 1a in CDCl3. 

 

Synthesis of tris(4-formylphenyl)amine (1b) 

Tris(4-bromophenyl)amine was synthesized through the modified procedure.[3] 

Under a nitrogen atmosphere, the tris(4-bromophenyl)amine (1.2 g, 2.5 mmol) was 

dissolved in 30 mL anhydrous tetrahydrofuran (THF) and then the mixture was 

precooled to -78℃ for 5 min. A solution of n-BuLi (2.4 M in hexane, 4.2 mL) was 

injected dropwise to the system and allowed to stir for 0.5 h. After dropwise 

addition of anhydrous DMF (1.6 mL) at -78℃, the mixture was stirred at r.t 

overnight. After completion confirmed by TLC, 2 M aqueous HCl solution was 

added dropwise under an ice-bath to quench the reaction. Then the mixture was 

extracted with ethyl acetate (EA). The organic layer was combined and washed 
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with brine. After drying over anhydrous sodium sulfate and vaporizing solvent by 

reduced pressure distillation, the product was purified by silica gel column 

chromatography (ethyl acetate/hexane, 1:6) to afford a light yellow solid. Yield 823 

mg, 36%. 1H NMR (400 MHz, CDCl3, δ): 9.96 (s, 3H, -CHO), 7.85 (d, 6H, Ar-H), 

7.25 (d, 6H, Ar-H). 

 

 

Figure 7.2.2 The 1H NMR spectrum of 1b in CDCl3. 

 

Synthesis of L1 

L1 was synthesized based on the similar procedure.[4] To tris(4-

formylphenyl)amine (200.0 mg, 0.6 mmol), 2-acetylpyridine (484.6 mg, 4.0 mmol) 

and sodium hydroxide (195.2 mg, 4.9 mmol) were added to grind them together 

with mortar and pestle. When a yellow solid was formed, which means the 

completion of aggregation, the solid was transferred into a flask and suspended into 
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19 mL ethanol. After stirring at r.t for 2 h, NH4OH solution (19 mL, 28% - 30%) 

was added and then the system was warmed to reflux for 20 h. The precipitate was 

filtered and washed with ethanol. After crystallization from ethanol, aluminum 

oxide column chromatography eluting with dichloromethane (DCM) was 

employed for further purification of product. A yellow solid was obtained (152.1 

mg, 27%). 1H NMR (400 MHz, CDCl3, δ): 8.76 (s, 6H, Py-H3´,5´), 8.75 (d, 6H, Py-

H6,6´´), 8.70 (d, 6H, Py-H3,3´´), 7.91-7.89 (m, 12H, Py-H4,4´´, Ar-H), 7.38-7.32 (m, 

12H, Py-H5,5´´
, Ar-H); 13C NMR (400 MHz, CDCl3, δ): 156.4, 155.9, 149.7, 149.2, 

136.9, 128.5, 128.3, 124.5, 123.8, 121.9, 121.4, 118.5, 118.4; MALDI-TOF-MS 

(m/z): [M+H]+ calculated for C63H43N10, 939.36; found, 939.31. 

Figure 7.2.3 The UV-vis spectrum of L1 in CH2Cl2. 
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Figure 7.2.4 The 1H NMR spectrum of L1 in CDCl3. 

 

 

Figure 7.2.5 The 13C NMR spectrum of L1 in CDCl3. 
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7.2.2 Synthesis of L2 

Synthesis of tris(4-formylbiphenyl)amine (2b) 

Tris(4-formylbiphenyl)amine was synthesized according to the modified 

procedure[5]. Under a nitrogen atmosphere, the tris(4-bromophenyl)amine (771.2 

mg, 1.6 mmol) and 4-formylboronic acid (720 mg, 4.8 mmol) were dissolved in 

100 mL anhydrous tetrahydrofuran (THF) and then 2 M aqueous K2CO3 solution 

(50 mL) was injected to the mixture. After that, bis(triphenylphosphine)-

palladium(II) dichloride (50 mg) was added into the oxygen-free system and 

allowed to stir for 12 h. After completion, saturated aqueous NH4Cl solution was 

added to quench the reaction. Undissolved precipitate was filtered out and the 

mixture was extracted with ethyl acetate (EA) twice (100 mL × 2). The organic 

layer was combined and washed with brine. After drying over anhydrous sodium 

sulfate and vaporizing solvent by reduced pressure distillation, the product was 

purified by silica gel column chromatography (ethyl acetate/hexane, 1:4) to afford 

a yellow solid. Yield 642 mg, 72%. 1H NMR (400 MHz, CDCl3, δ): 10.05 (s, 3H, 

-CHO), 7.96 (d, 6H, Ar-H), 7.76 (d, 6H, Ar-H), 7.61 (d, 6H, Ar-H), 7.28 (d, 6H, 

Ar-H). MALDI-TOF-MS (m/z): M+ calculated for C39H27NO3, 557.198; found, 

557.198. 
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Figure 7.2.6 The 1H NMR spectrum of 2b in CDCl3. 

 

Synthesis of L2 

L2 was synthesized similarly as described above for L1 except that tris(4-

formylbiphenyl)amine was used instead of tris(4-formylphenyl)amine. Tris(4-

formylbiphenyl)amine (0.52 g, 0.90 mmol), 2-acetylpyridine (0.74 g, 6.0 mmol), 

NaOH (0.30 g, 7.5 mmol), 80 mL aqueous NH3.H2O and 80 mL ethanol were used 

to afford a white solid. Yield 273 mg, 26%. 1H NMR (400 MHz, CDCl3, δ): 8.82 

(s, 6H, Py-H3´,5´), 8.75 (d, 6H, Py-H6,6´´), 8.70 (d, 6H, Py-H3,3´´), 8.02 (d, 6H, Ar-H), 

7.90 (dt, 6H, Py-H4,4´´), 7.78 (d, 6H, Ar-H), 7.65 (d, 6H, Ar-H), 7.37 (m, 12H, Py-

H5,5´´), 7.32 (d, 6H, Ar-H); 13C NMR (400 MHz, CDCl3, δ): 156.3, 156.0, 149.8, 

149.2, 147.1, 141.2, 136.9, 134.9, 130.4, 128.0, 127.8, 127.1, 124.6, 123.9, 121.4, 

118.7; MALDI-TOF-MS (m/z): [M+H]+ calculated for C81H55N10, 1167.46; found, 

1167.46. 
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Figure 7.2.7 The UV-vis spectrum of L2 in CH2Cl2. 

Figure 7.2.8 The 1H NMR spectrum of L2 in CDCl3. 
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Figure 7.2.9 The 13C NMR spectrum of L2 in CDCl3. 

7.2.3 Synthesis of L3 

Synthesis of 1,3,5-tris(hydroxymethyl)benzene (3a) 

1,3,5-Tris(hydroxymethyl)benzene was prepared according to the reported 

procedure.[6] LiAlH4 (0.45 g, 11.8 mmol) was suspended in 35 mL anhydrous THF 

before the slow addition of trimethyl-1,3,5-benzenetricarboxylate (1.0 g, 3.95 

mmol) in 15 mL anhydrous THF through a pressure-equalized addition funnel at 

N2 atmosphere under an ice-bath. Then the mixture was allowed to warm to r.t. 

After stirring for 4h, the reaction was quenched with a 1:1 mixture of KHSO4 and 

Celite. Then the sediment was filtered off and washed with methanol. The solvent 

was vaporized by reduced pressure to afford a white solid of 465 mg in 70% yield. 

1H NMR (400 MHz, DMSO-d6, δ): 7.14 (s, 3H, Ar-H), 5.15 (t, 3H, -OH), 4.49 (d, 
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6H, -CH2-).

Figure 7.2.10 The 1H NMR spectrum of 3a in DMSO-d6. 

Synthesis of 1,3,5-triformylbenzene (3b) 

1,3,5-Triformylbenzene was synthesized through the reported procedure.[6] To a 

suspension of 1,3,5-tris(hydroxymethyl)benzene (0.5 g, 3.0 mmol) in 15 mL DCM, 

pyridinium chlorochromate (PCC, 2.8 g, 13.1 mmol) was added and the mixture 

was stirred for 0.5 h. After dilution of the system with 5 mL acetone, a further 3 h 

of stirring was continued. After conformed by TLC, the insoluble salt was filtered 

off and washed with DCM. The organic layer was washed with saturated aqueous 

Na2CO3 solution three times. After separation, the organic layer was dried over 

anhydrous Na2SO4 and vacuum system. Purification was conducted through silica 

column chromatography (DCM/EA, 4:1) to obtain a white solid of 145.9 mg in 30% 
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yield. 1H NMR (400 MHz, CDCl3, δ): 10.21 (s, 3H, -CHO), 8.64 (s, 3H, Ar-H). 

 

 

Figure 7.2.11 The 1H NMR spectrum of 3b in CDCl3. 

 

Synthesis of L3 

L3 was synthesized similarly as described above for L1 except that 1,3,5-

triformylbenzene was used instead of tris(4-formylphenyl)amine. 1,3,5-

Triformylbenzene (0.3 g, 1.9 mmol), 2-acetylpyridine (1.5 g, 12.2 mmol), NaOH 

(0.6 g, 14.8 mmol), 40 mL aqueous NH3
.H2O and 40 mL ethanol were used to 

afford a white solid. Yield 357 mg, 25%. 1H NMR (400 MHz, CDCl3, δ): 8.90 (s, 

6H, Py-H3´,5´), 8.74 (d, 6H, Py-H6,6´´), 8.72 (d, 6H, Py-H3,3´´), 8.42 (s, 3H, Ar-H), 

7.90 (dt, 6H, Py-H4,4´´
), 7.37 (m, 6H, Py-H5,5´´

); 13C NMR (400 MHz, CDCl3, δ): 

156.2, 156.1, 150.0, 149.2, 140.6, 136.9, 127.1, 123.9, 121.5, 119.5; MALDI-TOF-

MS (m/z): [M+H]+ calculated for C51H34N9, 772.293; found, 772.293. 
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Figure 7.2.12 The UV-vis spectrum of L3 in CH2Cl2. 

Figure 7.2.13 The 1H NMR spectrum of L3 in CDCl3. 

7.17.27.37.47.57.67.77.87.98.08.18.28.38.48.58.68.78.88.99.09.19.2 ppm

7
.
2
6
1

7
.
3
5
0

7
.
3
5
3

7
.
3
6
2

7
.
3
6
5

7
.
3
6
9

7
.
3
7
2

7
.
3
8
1

7
.
3
8
4

7
.
8
8
5

7
.
8
8
9

7
.
9
0
4

7
.
9
0
9

7
.
9
2
3

7
.
9
2
8

8
.
4
1
3

8
.
7
0
9

8
.
7
2
9

8
.
7
3
2

8
.
7
3
5

8
.
7
3
7

8
.
7
4
5

8
.
7
4
7

8
.
7
4
9

8
.
8
9
0

2
.0

4

2
.1

3

0
.9

7

4
.1

0

2
.0

0

lyr-L3

HKBU_PROTON



236 

 

 

Figure 7.2.14 The 13C NMR spectrum of L3 in CDCl3. 

 

7.2.4 Synthesis of L4 

Synthesis of 1,3,5-tris(4-formylphenylbenzene (4a) 

The modified procedure[7] was applied to prepare 1,3,5-tris(4-formylphenyl)ben-

zene. After the removal of oxygen, 1,3,5-tribromobenzene (0.20 g, 0.64 mmol) and 

4-formylphenylboronic acid (0.29 g, 1.88 mmol) were dissolved into 20 mL 

anhydrous THF. Then the catalyst bis(triphenylphosphine)palladium dichloride (50 

mg) and 2 M aqueous K2CO3 (10 mL) were added into the mixture to react 

overnight. When the completion confirmed with TLC, saturated aqueous NH4Cl 

solution was added to quench the reaction. Precipitate was removed, and the 

mixture was extracted with DCM twice (50 mL × 2). The organic layer was 

combined and washed with brine. Solvent was removed at reduced pressure and 
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the product was purified by silica gel column chromatography (ethyl 

acetate/hexane, 1:4) to afford a white solid. Yield 240 mg, 96%. 1H NMR (400 

MHz, CDCl3, δ): 10.10 (s, 3H, -CHO), 8.02 (d, 6H, Ar-H), 7.91 (s, 3H, Ar-H), 7.87 

(d, 6H, Ar-H). 

 

 

Figure 7.2.15 The 1H NMR spectrum of 4a in CDCl3. 

 

Synthesis of L4 

L4 was prepared similarly as described for L1 except that tris(4-

formylphenyl)benzene was used instead of tris(4-formylphenyl)amine. 1,3,5-

tris(4-formylphenyl)benzene (100 mg, 0.26 mmol), 2-acetylpyridine (205 mg, 1.69 

mmol), NaOH (83 mg, 2.08 mmol), 8 mL aqueous NH3.H2O and 8 mL ethanol 

were used to afford a white solid. Yield 78 mg, 30%. 1H NMR (400 MHz, CDCl3, 

δ): 8.84 (s, 6H, Py-H3´,5´), 8.77 (d, 6H, Py-H6,6´´), 8.71 (d, 6H, Py-H3,3´´), 8.10 (d, 
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6H, Py-H4,4´´), 7.97 (s, 3H, Ar(B)-H2,4,6), 7.93−7.88 [m, 12H, Ar(A)-H3,5 and Ar(A)-

H2,6], 7.39−7.36 (m, 6H, Py-H5,5´´); 13C NMR (400 MHz, CDCl3, δ): 156.3, 156.0, 

149.8, 149.2, 141.9, 141.7, 137.8, 136.9, 128.0, 127.9, 125.5, 123.9, 121.4, 118.8; 

MALDI-TOF-MS (m/z): [M+Na]+ calculated for C69H45N9Na, 1022.369; found, 

1022.364. 

Figure 7.2.16 The UV-vis spectrum of L4 in CH2Cl2. 

Figure 7.2.17 The 1H NMR spectrum of L4 in CDCl3. 
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Figure 7.2.18 The 13C NMR spectrum of L4 in CDCl3. 

 

7.2.5 Synthesis of L5 

Synthesis of 1,3,5-tris((trimethylsilyl)ethynyl)benzene (5a) 

1,3,5-Tris((trimethylsilyl)ethynyl)benzene was prepared according to the modified 

procedure.[8] After removing the oxygen, 1,3,5-tribromobenzene (1.0 g, 3.1 mmol), 

CuI (29.6 mg, 155.6 μmol), and PdCl2(PPh3)2 (66.2 mg, 93.4 μmol) were added 

into an oven dried schlenk tube and then 20 mL anhydrous THF and 4 mL iPr2NH 

were injected into the mixture which degassed with N2. After the slow addition of 

ethynyltrimethylsilane, the system was degassed again. After stirring at 60℃ 

overnight, the reaction was quenched with saturated aqueous NH4Cl and extracted 

with DCM. The organic layer was combined, washed with 1 M aqueous HCl and 

saturated aqueous NaCl solution in sequence, and dried over anhydrous Na2SO4. 
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After removing the solvent under vacuum, the residue was purified with silica 

column eluting with hexane to afford a white solid of 577 mg in 51% yield. 1H 

NMR (400 MHz, CDCl3, δ): 7.49 (s, 3H, Ar-H), 0.23 (s, 27H, -CH3). 

Figure 7.2.19 The 1H NMR spectrum of 5a in CDCl3. 

Synthesis of 1,3,5-triethynylbenzene (5b) 

1,3,5-Triethynylbenzene was prepared based on the modified procedure.[8] 1,3,5-

Tris((trimethylsilyl)ethynyl)benzene (577 mg, 1.6 mmol) was dissolved into 5 mL 

DCM before adding a mixture of 5mL MeOH and NaOH solid (377 mg, 9.4 mmol). 

The system was bubble purged with N2 and stirred at r.t for 12 h. Then the solvent 

was vaporized under vacuum, the residue was extracted with DCM, and the 

sediment was filtered off. After that, the solvent was removed through reduced 

pressure to obtain a crude product, which was further purified with silica column 
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eluting with DCM to afford a white solid of 150 mg in 62% yield. 1H NMR (400 

MHz, CDCl3, δ): 7.57 (s, 3H, Ar-H), 3.11 (s, 3H, ≡CH). 

Figure 7.2.20 The 1H NMR spectrum of 5b in CDCl3. 

Synthesis of 1,3,5-tris(4-formylphenylethynyl)benzene (5c) 

1,3,5-Triethynylbenzene (130 mg, 0.9 mmol), CuI (5 mg, 26 μmol), and 4-

bromobenzaldehyde (722 mg, 3.9 mmol) were placed into an oven vacuum-dried 

schlenk tube before 10 mL anhydrous THF and 1.5 mL iPr2NH were added. The 

mixture was bubbled with N2. After the slow addition of Pd(PPh3)4 (30 mg, 26 

μmol), the system was degassed again. After stirring at 50℃ for 20 h, the mixture 

was concentrated and extracted with DCM. The organic layer was combined, 

washed with 1 M aqueous HCl and saturated aqueous NaCl solution in sequence, 

and dried over anhydrous Na2SO4. After removing the solvent through reduced 
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pressure, the residue was purified with silica column eluting with hexane/DCM 

(1:2) to afford a white solid of 208 mg in 52% yield. 1H NMR (400 MHz, CDCl3, 

δ): 10.05 (s, 3H, -CHO), 7.91 (d, 6H, Ar-H), 7.75 (s, 3H, Ar-H), 7.69 (d, 6H, Ar-

H); 13C NMR (400 MHz, CDCl3, δ): 191.3, 135.8, 134.8, 132.3, 129.7, 128.8, 123.7, 

91.1 (-C≡C-), 90.0 (-C≡C-); MALDI-TOF-MS (m/z): [M]+ calculated for C33H18O3, 

462.13; found, 462.13. 

Figure 7.2.21 The 1H NMR spectrum of 5c in CDCl3. 
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Figure 7.2.22 The 13C NMR spectrum of 5c in CDCl3. 

Synthesis of L5 

L5 was synthesized following an analogous procedure as described for L1. 1,3,5-

Tris(4-formylphenylethynyl)benzene (180 mg, 0.4 mmol), 2-acetylpyridine (424 

mg, 3.5 mmol), NaOH (140 mg, 3.5 mmol), 20 mL aqueous NH3
.H2O and 20 mL 

ethanol were used to afford a white solid. Yield 112 mg, 27%. 1H NMR (400 MHz, 

CF3COOD, δ):, 9.18 (d, 6H, Py-H6,6´´), 8.98 (d, 6H, Py-H3,3´´), 8.87-8.90 (m, 6H, 

Py-H4,4´´
), 8.86 (s, 6H, Py-H3´,5´), 8.24 (t, 6H, Py-H5,5´´

), 7.95 (d, 6H, Ar-H), 7.81 (d, 

6H, Ar-H), 7.69 (s, 3H, Ar-H); 13C NMR (400 MHz, CF3COOD, δ): 155.7, 149.1, 

148.0, 147.6, 143.2, 133.6, 128.9, 127.7, 125.4, 124.6, 123.7, 119.8, 117.0, 115.9, 

114.2, 113.1; MALDI-TOF-MS (m/z): [M+H]+ calculated for C75H46N9, 1072.39; 

found, 1072.4. 
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Figure 7.2.23 The UV-vis spectrum of L5 in CH2Cl2. 

Figure 7.2.24 The 1H NMR spectrum of L5 in CF3COOD. 
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Figure 7.2.25 The 13C NMR spectrum of L5 in CF3COOD. 

7.2.6 Synthesis of L6 

Synthesis of 1,3,5-tris(4-bromophenyl)benzene (6a) 

The 1,3,5-tris(4-bromophenyl)benzene was obtained according to the modified 

reported procedure[3]. Under the protection of N2 atmosphere, 4-bromophenylboro-

nic acid (945 mg, 4.70 mmol) was added into 50 mL anhydrous THF solution of 

1,3,5-tribromobenzene (500 mg, 1.60 mmol). Before injection of 2 M aqueous 

solution of K2CO3 (15 mL), the catalyst bis(triphenylphosphine)palladium 

dichloride (100 mg) was added. Stirred overnight and confirmed with TLC, the 

reaction was quenched by pouring saturated aqueous NH4Cl solution. Precipitate 

was filtered out of the mixture and the filtrate was extracted with DCM twice (100 

mL × 2). The combined organic layer was washed with brine. After drying over 
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anhydrous sodium sulfate and vaporizing solvent by reduced pressure distillation, 

then silica gel column chromatography (dichloromethane/hexane, 1:4) was applied 

for purification to afford a white solid. Yield 745 mg, 86%. 1H NMR (400 MHz, 

CDCl3, δ): 7.72 (s, 3H, Ar-H), 7.64 (d, 6H, Ar-H), 7.57 (d, 6H, Ar-H). 

Figure 7.2.26 The 1H NMR spectrum of 6a in CDCl3. 

Synthesis of 1,3,5-tris(4-formylbiphenyl)benzene (6b) 

Following an analogous procedure as described for 1,3,5-tris(4-bromophenyl)-

benzene, 1,3,5-tris(4-formylbiphenyl)benzene was synthesized through Suzuki 

coupling reaction. 1,3,5-Tris(4-bromophenyl)benzene (500 mg, 0.95 mmol) and 4-

bromophenylboronic acid (415 mg, 2.85 mmol) with bis(triphenylphosphine)-

palladium dichloride (100 mg) was added into the mixture of anhydrous THF (50 

mL) and 2 M aqueous solution of K2CO3 (15 mL) to afford a white solid. Yield 510 
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mg, 87%. 1H NMR (400 MHz, CDCl3, δ): 10.09 (s, 3H, -CHO), 8.01 (d, 6H, Ar-

H), 7.92 (s, 3H, Ar-H), 7.85 (m, 12H, Ar-H), 7.80 (d, 6H, Ar-H). MALDI-TOF-MS 

(m/z): M+ calculated for C45H30O3, 618.219; found, 618.219. 

Figure 7.2.27 The 1H NMR spectrum of 6b in CDCl3. 

Synthesis of L6 

L6 was synthesized similarly as described for L1 except that tris(4-

formylbiphenyl)benzene was used instead of tris(4-formylphenyl)amine. 1,3,5-

Tris(4-formylbiphenyl)benzene (400 mg, 0.64 mmol), 2-acetylpyridine (517 mg, 

4.26 mmol), NaOH (204 mg, 5.12 mmol), 40 mL aqueous NH3.H2O and 40 mL 

ethanol were used to afford a white solid. Yield 243.7 mg, 31%. 1H NMR (400 

MHz, CDCl3, δ): 8.82 (s, 6H, Py-H3´,5´), 8.76 (d, 6H, Py-H6,6´´), 8.70 (d, 6H, Py-

H3,3´´), 8.06 (d, 6H, Ar(A)-H3,5), 7.95 (s, 3H, Ar(C)-H2,4,6), 7.84-7.92 (m, 24H, 
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Ar(A)-H2,6, Ar(B)-H2,6, Ar(B)-H3,5, and Py-H4,4´´), 7.37 (m, 6H, Py-H5,5´´); 13C 

NMR (400 MHz, CDCl3, δ): 156.3, 156.0, 149.8, 149.2, 142.0, 141.3, 140.4, 139.8, 

137.5, 136.9, 127.9, 127.8, 127.7, 127.6, 125.1, 123.9, 121.4, 118.7; MALDI-TOF-

MS (m/z): [M+Na]+ calculated for C87H57N9Na, 1250.46; found, 1250.43. 

Figure 7.2.28 The UV-vis spectrum of L6 in CH2Cl2. 

Figure 7.2.29 The 1H NMR spectrum of L6 in CDCl3. 
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Figure 7.2.30 The 13C NMR spectrum of L6 in CDCl3. 

7.2.7 Synthesis of L7 

Synthesis of 4´-(4-bromophenyl)-2,2´:6´,2´´-terpyridine (7a) 

4-Bromobenzaldehyde (9.2 g, 49.7 mmol), 2-acetylpyridine (12.1 g, 100 mmol) 

and sodium hydroxide (4 g, 100 mmol) were placed together into a flask containing 

200 mL ethanol. After stirring at r.t for 2 h, NH4OH solution (120 mL, 28% - 30%) 

was added and then the system was refluxed for 20 h. The precipitate was filtered 

and washed with ice ethanol. After crystallization from ethanol, a white solid was 

obtained (15.8 g, 82%). 1H NMR (400 MHz, CDCl3, δ): 8.73 (d, 2H, Py-H6,6´´) 8.70 

(s, 2H, Py-H3´,5´), 8.67 (d, 2H, Py-H3,3´´), 7.89 (dt, 6H, Py-H4,4´´
), 7.78 (d, 2H, Ar-

H), 7.64 (d, 2H, Ar-H), 7.36 (m, 2H, Py-H5,5´´
). 
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Figure 7.2.31 The 1H NMR spectrum of 7a in CDCl3. 

Synthesis of 4´-(4-pinacolatoboronphenyl)-2,2´:6´,2´´-terpyridine (7b) 

4´-(4-Pinacolatoboronphenyl)-2,2´:6´,2´´-terpyridine was synthesized according to 

the reported procedure.[9] Bis(pinacolato)diboron (1.3 g, 5.2 mmol), Pd(dppf)Cl2 

(64 mg, 76.4 μmol), and KOAc (755 mg, 7.71 mmol) were placed into an oven 

vacuum-dried schlenk tube before 15 mL anhydrous 1,4-dioxane was added. The 

mixture was bubbled with N2. After the slow addition of 4´-(4-bromophenyl)-

2,2´:6´,2´´-terpyridine (1 g, 2.6 mmol), the system was degassed again. Under N2 

atmosphere, the mixture was allowed to react for 12 h at 80℃. Then the precipitate 

was filtered and washed with ice ethanol. After crystallization from ethanol, a white 

solid was obtained. Yield 447 mg, 40%. 1H NMR (400 MHz, CDCl3, δ): 8.75 (s, 

2H, Py-H3´,5´), 8.73 (d, 2H, Py-H6,6´´), 8.67 (d, 2H, Py-H3,3´´), 7.94 (q, 4H, Ar-H), 

7.88 (dt, 2H, Py-H4,4´´
), 7.36 (m, 2H, Py-H5,5´´

). 
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Figure 7.2.32 The 1H NMR spectrum of 7b in CDCl3. 

Synthesis of L7 

L7 was synthesized through Suzuki-Miyaura reaction. Under oxygen-free N2

atmosphere, the 50 mL THF solution of 1,2,4,5-tetrabromobenzene (76 mg, 0.2 

mmol) and 4´-(4-Pinacolatoboronphenyl)-2,2´:6´,2´´-terpyridine was mixed with 

Pd(PPh3)4 (23 mg, 20 μmol). Then 2 M aqueous K2CO3 solution was injected. The 

system was warmed to reflux for 12 h. After that, the precipitate was separated by 

filtration and washed with water, methanol, and THF to afford a light purple solid 

with the yield of 71 mg, 27%. 1H NMR (400 MHz, CF3COOD, δ):, 9.29 (d, 8H, 

Py-H6,6´´), 9.13 (d, 8H, Py-H3,3´´), 9.04 (s, 8H, Py-H3´,5´), 9.0 (m, 8H, Py-H4,4´´
), 8.40 

(t, 8H, Py-H5,5´´
), 8.11 (d, 8H, Ar-H), 8.01 (s, 2H, Ar-H), 7.89 (d, 8H, Ar-H),; 13C 

NMR (400 MHz, CF3COOD, δ): 155.0, 148.5, 147.2, 147.0, 144.5, 142.2, 139.4, 
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133.4, 131.3, 128.1, 127.0, 124.9, 123.1; MALDI-TOF-MS (m/z): [M+H]+ 

calculated for C90H58N12, 1307.49; found, 1307.49. 

Figure 7.2.33 The UV-vis spectrum of L7 in CH2Cl2. 

Figure 7.2.34 The 1H NMR spectrum of L7 in CF3COOD. 
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Figure 7.2.35 The 13C NMR spectrum of L7 in CF3COOD. 

  The PL spectra of all ligands were also recorded as shown in Figure 7.2.36. These 

organic ligands all exhibited fluorescence caused by the π-π* charge transfer. The 

obvious red-shift for L1 and L2 relative to L3 to L7 could be attributed to existence 

of electron-donating N center together with tpy to form a “pull-push” electron 

structure. Besides, the larger conjugation (larger electron delocalization) would 

also result in bathochromic shift of emission. 

Figure 7.2.36 The UV-vis spectra of a) L1 to L2 and b) L3 to L7 in CH2Cl2. 

a) b) 
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7.3 Synthesis of Nanosheets and Referential Complex R 

7.3.1 General Procedures of Nanosheet Synthesis 

The commercially available vials with various diameters and volumes were washed 

similarly as described for substrates. The cleaned vial was employed as container 

for the synthesis of nanosheets. 

Firstly, the organic ligand was totally dissolved into HPLC grade DCM by 

sonication. Before being added into the cleaned vial, the solution was filtered with 

membrane filter. Then an equal amount of D.I. water was slowly poured to cover 

the organic layer to act as a buffer layer and keep the formed interface calm during 

the addition of Co2+ aqueous layer. The system remained undisturbed for 2 h, after 

which Co2+ aqueous solution was carefully layered above the buffer layer to finally 

form a flat two-phase interface. Over time, a flat multilayered nanosheet would be 

seen. Then the water layer was removed by pipette and pure D.I. water was slowly 

poured into. After filtration, the nanosheet was collected.  

 

7.3.2 Synthesis of Nanosheets and Small Molecule R 

Synthesis of 1-Co 

The L1 was employed to form the DCM solution of ligand (0.05 mM) while 

CoCl2•6H2O was used as the metal source to prepare the metal ion aqueous solution 

(50 mM). Both 30 mL and 50 mL vials were used. After 7 d, red nanosheets 
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appeared in the interfaces.  

 

 

Figure 7.3.1 (Left) The 1-Co in the interfaces of the two phases in 30 mL vial. (Right) Substrate-

supported 1-Co. Scale bar: 5 mm. 

 

Synthesis of 2-Co 

 

Figure 7.3.2 (Left) The 2-Co in the interfaces of the two phases in 30 mL vial. (Right) Suspended 

2-Co in EtOH. Scale bar: 1 cm. 

 

Synthesis of 3-Co 
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Figure 7.3.3 (Left) The 3-Co in the interfaces of the two phases in 30 mL vial. (Right) Substrate-

supported 3-Co. Scale bar: 5 mm. 

 

Synthesis of 4-Co 

 

Figure 7.3.4 (Left) The 4-Co in the interfaces of the two phases in 30 mL vial. (Right) Substrate-

supported 4-Co. Scale bar: 5 mm. 

 

Synthesis of 5-Co 

 

Figure 7.3.5 (Left) The 5-Co in the interfaces of the two phases in 30 mL vial. (Right) Substrate-
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supported 5-Co. Scale bar: 1 cm. 

 

Synthesis of 6-Co 

 

Figure 7.3.6 (Left) The 6-Co in the interfaces of the two phases in 30 mL vial. (Right) Substrate-

supported large size 6-Co. Scale bar: 1 cm. 

 

Synthesis of 7-Co 

 

Figure 7.3.7 (Left) The 7-Co in the interfaces of the two phases in 30 mL vial. (Right) overview of 

the metallically lustrous 7-Co. 

 

  1-C to 6-Co were all generated with three-way tpy-based ligands. These metal 

complex nanosheets all displayed specific colors as the small complex molecules. 

1-Co and 2-Co were red while others were yellow dominant. 
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Figure 7.3.8 The photograph of the formed nanosheets 1-Co to 6-Co. 

 

Synthesis of [Co(tpy)2](BF4)2 
•H2O (R) 

To an aqueous solution (10 mL) of Co(BF4)2•6H2O (62.2 mg, 168.6 μmol), 2,2´:6

´,2´´-terpyridine (85.2 mg, 366 μmol) was added. After being vigorously stirred 5 

h, the precipitant was filtered out and excess ammonium tetrafluoroborate water 

solution (1g in 10 mL water) was poured into the filtrate. The lustrous orange solid 

was precipitated and filtered. Then it was washed by a small amount of water, ice 

methanol and oven-dried. Finally, 15 mg was yield (12.4%). Element analysis was 

conducted, and the result is shown in Table 7.3.1; calculated for C30H22N6B2F8Co • 

H2O, N 11.72, C 50.25, H 3.62. 

  

Table 7.3.1 The elemental analysis results of R. 

Experiment Number Weight(mg) N(%) C(%) H(%) 

1 2.012 11.61 50.61 3.22 

2 2.048 11.69 50.54 3.232 
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7.3.3 Thickness Control of Nanosheets 

As previously mentioned, the effect factors for thickness of nanosheets were 

mainly involved in the reaction time, concentration of ligand solution and metal 

ion solution. Besides, the influence of the ligands structure on thickness were also 

investigated. In all reaction systems, 6 mL 0.05 mM ligand solution (L1 to L6), 6 

mL D-I water and 6 mL 50 mM Co2+ solution were orderly added into a 30 mL vial 

to keep undisturbed for 3 weeks. The average thickness of each nanosheet was 

compared in Figure 7.3.9. There was no obvious linear relationship between 

thickness and ligand structure, but generally the ligand with shorter arm-length was 

more likely to form a thicker product. The specified data were respectively 

summarized in the following tables.  

 

 

Figure 7.3.9 The average thickness of each nanosheet under the same preparation condition. 
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Table 7.3.2 Effect of reaction time to the thickness of nanosheet 1-Co 

Exp. 

No.a 

Thb-1 

[nm] 

Th-2 

[nm] 

Th-3 

[nm] 

Th-4 

[nm] 

Th-5 

[nm] 

Thavec 

[nm] 

A1 33 34 30 36 33 33 

A2 141 139 140 136 137 139 

A3 261 252 258 255 260 257 

A4 260 262 265 263 264 263 

A5 288 282 281 286 282 284 

aExp. No. = the experiment serial number. The experiment A1 to A5 lasted for 24 h, 72 h, 1 week, 

3 weeks and 5 weeks, respectively. bTh = thickness of the selected area of the nanosheet. The number 

Suffix of it means the different selected area. cThave = average of the series of thickness values. 

 

Table 7.3.3 Effect of ligand concentration to the thickness of nanosheet 1-Co. 

Exp. 

No.a 

Th-1 

[nm] 

Th-2 

[nm] 

Th-3 

[nm] 

Th-4 

[nm] 

Th-5 

[nm] 

Thave 

[nm] 

B1 39 39 42 40 39 40 

B2 125 126 122 123 125 124 

B3 264 293 284 280 274 279 

B4 510 504 504 505 506 506 

B5 1131 1122 1108 1117 1126 1121 

aAs in Table 7.3.2, Exp. No. = the experiment serial number. The experiment B1 to B5 utilized 

ligand solution with concentration of 0.01 mM, 0.025 mM, 0.05 mM, 0.1 mM, 0.2 mM, respectively.  

 

Table 7.3.4 Effect of Co2+ concentration to the thickness of nanosheet 1-Co. 
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Exp. 

No.a 

Th-1 

[nm] 

Th-2 

[nm] 

Th-3 

[nm] 

Th-4 

[nm] 

Th-5 

[nm] 

Thave 

[nm] 

C1 183 185 179 182 183 182 

C2 231 228 229 229 230 229 

C3 237 245 244 243 240 242 

C4 285 291 285 285 283 286 

C5 296 291 306 308 300 300 

aAs in Table 7.3.2, Exp. No. = the experiment serial number. The experiment C1 to C5 utilized Co2+ 

solution with concentration of 5 mM, 10 mM, 20 mM, 25 mM, 50 mM, respectively. 

 

Table 7.3.5 Effect of reaction time to the thickness of nanosheet 4-Co. 

Exp. 

No.a 

Th-1 

[nm] 

Th-2 

[nm] 

Th-3 

[nm] 

Th-4 

[nm] 

Th-5 

[nm] 

Thave 

[nm] 

D1 110 109 108 110 109 109 

D2 159 173 159 165 162 164 

D3 218 229 227 226 223 224 

D4 225 223 233 229 226 227 

D5 231 233 228 232 232 231 

aAs in Table 7.3.2, Exp. No. = the experiment serial number. The experiment D1 to D5 lasted for 

24 h, 72 h, 1 week, 3 weeks and 5 weeks, respectively. 

 

Table 7.3.6 Effect of ligand concentration to the thickness of nanosheet 4-Co. 

Exp. 

No.a 

Th-1 

[nm] 

Th-2 

[nm] 

Th-3 

[nm] 

Th-4 

[nm] 

Th-5 

[nm] 

Thave 

[nm] 



262 

 

E1 42 47 42 45 44 44 

E2 111 124 110 114 116 115 

E3 239 243 239 240 241 241 

E4 385 387 380 383 385 384 

E5 511 532 486 496 504 506 

aAs in Table 7.3.2, Exp. No. = the experiment serial number. The experiment E1 to E5 utilized 

ligand solution with concentration of 0.01 mM, 0.025 mM, 0.05 mM, 0.1 mM, 0.2 mM, respectively.  

 

Table 7.3.7 Effect of ligand concentration to the thickness of nanosheet 4-Co. 

Exp. 

No.a 

Th-1 

[nm] 

Th-2 

[nm] 

Th-3 

[nm] 

Th-4 

[nm] 

Th-5 

[nm] 

Thave 

[nm] 

F1 87 87 86 87 87 87 

F2 86 92 87 89 88 88 

F3 127 112 120 121 118 120 

F4 139 140 147 134 139 140 

F5 162 164 155 152 158 158 

aAs in Table 7.3.2, Exp. No. = the experiment serial number. The experiment F1 to F5 utilized Co2+ 

solution with concentration of 5 mM, 10 mM, 20 mM, 25 mM, 50 mM, respectively. 

 

Table 7.3.8 Effect of reaction time to the thickness of nanosheet 7-Co. 

Exp. 

No.a 

Th-1 

[nm] 

Th-2 

[nm] 

Th-3 

[nm] 

Th-4 

[nm] 

Th-5 

[nm] 

Thave 

[nm] 

G1 54 66 66 57 61 61 

G2 124 106 108 109 108 111 
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G3 218 205 209 206 211 210 

G4 290 276 312 280 291 290 

G5 466 476 462 465 462 466 

G6 696 730 725 706 737 719 

G7 694 733 754 722 698 720 

G8 739 742 737 731 739 738 

G9 730 722 742 733 746 735 

aAs in Table 7.3.2, Exp. No. = the experiment serial number. The experiment G1 to G9 lasted for 1 

h, 3 h, 6 h, 10 h, 24 h, 75 h, 1 week, 3 weeks and 5 weeks, respectively. 

 

Table 7.3.9 Effect of ligand concentration to the thickness of nanosheet 7-Co. 

Exp. 

No.a 

Th-1 

[nm] 

Th-2 

[nm] 

Th-3 

[nm] 

Th-4 

[nm] 

Th-5 

[nm] 

Thave 

[nm] 

H1 75 87 88 88 88 85 

H2 144 141 140 139 150 143 

H3 221 226 232 225 229 226 

H4 355 357 349 351 355 353 

H5 776 722 749 749 756 751 

aAs in Table 7.3.2, Exp. No. = the experiment serial number. The experiment H1 to H5 utilized 

ligand solution with concentration of 0.005 mM, 0.01 mM, 0.02 mM, 0.03 mM, 0.06 mM, 

respectively.  

 

Table 7.3.10 Effect of Co2+
concentration to the thickness of nanosheet 7-Co. 
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Exp. 

No.a 

Th-1 

[nm] 

Th-2 

[nm] 

Th-3 

[nm] 

Th-4 

[nm] 

Th-5 

[nm] 

Thave 

[nm] 

I1 269 271 271 270 271 270 

I2 291 292 309 300 295 297 

I3 314 317 324 318 320 319 

I4 328 306 348 329 340 330 

I5 391 412 415 411 399 405 

aAs in Table 7.3.2, Exp. No. = the experiment serial number. The experiment I1 to I5 utilized ligand 

solution with concentration of 2.5 mM, 5 mM, 12.5 mM, 25 mM, 50 mM, respectively.  

 

Table 7.3.11 The cross-sectional analysis results of different nanosheets.  

Nanoshe

et 

Th-1 

[nm] 

Th-2 

[nm] 

Th-3 

[nm] 

Th-4 

[nm] 

Th-5 

[nm] 

Thave 

[nm] 

1-Co 273 284 258 271 274 272 

2-Co 120 120 123 122 120 121 

3-Co 345 332 325 325 330 331 

4-Co 226 229 232 234 219 228 

5-Co 270 268 262 266 267 266 

6-Co 300 323 312 311 311 311 
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