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ABSTRACT 

The hollow space inside a single-walled carbon nanotube (SWCNT) gives rise to 

a very unique adsorption field as the surface potentials from all inner walls overlap. The 

encapsulated molecules are stabilized by the above-mentioned strong adsorption field 

of SWCNTs. This stabilizing effect of SWCNTs can be used to develop new battery 

electrode active materials. Previous studies revealed that molecules that have high 

potential as electrode materials but easily dissolve in the electrolyte and have low 

conductivity, work as good electrode active materials when encapsulated in SWCNTs. 

Chapter 2 explores the reason why polyiodide ions encapsulated in SWCNTs 

drastically improve the electric conductivity and the water dispersibility of SWCNTs 

at low temperature, through performing in situ Raman measurements on polyiodide 

ions encapsulated in three kinds of SWCNTs of different mean tube diameters under 

low temperature down to -100ºC. It was found that for all the three samples, the Raman 

peak intensities of polyiodide ions increase, and the G-band peak position of SWCNTs 

shifts toward higher wavenumber side with decreasing temperature. It means that the 

charge transfer from SWCNTs to the encapsulated iodine molecules increased with 

decreasing temperature and that the hole doping level of SWCNTs increased at low 

temperature. Furthermore, the Raman peak profiles drastically changed with 

temperature for polyiodide ions encapsulated in the SWCNT sample having the largest 

mean tube diameter of 2.5 nm. The change indicates the structural transformation of 

polyiodide ions in SWCNTs. These experimental results can be explained by the 

promotion of chain-like polyiodide ion formation at low temperature. It was discussed 

with the control experiment using amylose, that the promotion of the polyiodide ion 

formation at low temperature is characteristic for iodine molecules encapsulated in 

SWCNTs. 



 

II 

In addition, an electrolyte redox electrochemical capacitor (EREC) using the redox 

reaction of bromide ions in SWCNTs was demonstrated. The maximum cell voltage of 

Br EREC increased up to about 1.5 V without oxygen evolution. The energy density of 

EREC was greatly improved by using the redox reaction of bromide ions instead of 

iodide ions used in a previous work. It was found by monitoring the capacitance 

retention that SWCNT electrode can firmly hold the inserted Br molecules. The 

structure and insertion site of the Br molecules inserted in SWCNTs was also 

investigated by Raman and XRD measurements. Raman measurements revealed the 

existence of (Br2)n chain-like molecules and Br3
- ions. Br molecules are likely to occupy 

the triangular lattice space of SWCNT bundles, because the diffraction lines of SWCNT 

bundle structure disappeared after Br insertion. 

In chapter 3, Li and Na ion charge–discharge experiments of 9,10-phenanthrene 

quinone (PhQ) molecules encapsulated in SWCNTs with mean tube diameters of 1.5 

and 2.5 nm were performed at room temperature and also at low temperatures. The Na 

ion reversible capacity of PhQ encapsulated in the larger diameter SWCNTs, measured 

at 0°C, remained as high as that measured at room temperature (RT), while the capacity 

of PhQ in the smaller diameter SWCNTs at 0°C was about a half of that at RT. The 

diameter dependence of the capacity should be attributed to the difference in the 

interactions between the encapsulated PhQ molecules and the host SWCNTs, which 

was revealed by Raman peak profile analysis. Charge-transfer reaction from metallic 

tubes to PhQ molecules encapsulated in the smaller diameter SWCNTs was detected 

by Raman measurements. The electrostatic interaction between charged SWCNTs and 

PhQ molecules, induced by the charge transfer reaction, would partly contribute to the 

stabilization of PhQ molecules in the smaller diameter SWCNTs, while only van der 

Waals interaction stabilizes PhQ molecules in the larger diameter SWCNTs. The 

difference in the stability was confirmed by thermogravimetric (TG), X-ray 

photoelectron spectroscopy (XPS), and Raman measurements. Charge–discharge 
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curves of PhQ encapsulated in SWCNTs were also discussed based on the stability 

difference. 

In chapter 4, 9,10-anthraquinone (AQ) and PhQ were grafted onto two kinds of 

SWCNTs samples having different mean tube diameters by diazo coupling reaction. 

The structural details of PhQ grafted SWCNT (PhQ/SWCNT) samples were analyzed 

by XRD and Raman measurements. It was discussed that a few nanometer-thick layer 

of polymerized PhQs covers the outside of SWCNT bundles. The obtained 

PhQ/SWCNT samples worked very well as electrodes for lithium-ion battery (LIB) and 

sodium-ion battery (SIB), not only at room temperature but also at 0°C. It should be 

noted that the cycle performance of PhQ/SWCNT electrode was much better than that 

of PhQ encapsulated in SWCNT (PhQ@SWCNT). The molecular base reaction 

energies were calculated by DFT calculations to gain qualitative insight into the 

observed discharge potentials of PhQ/SWCNT electrode. 

Finally, in chapter 5, a new-concept aqueous electrolyte secondary battery was 

developed by combining redox reactions of iodide ions in SWCNTs and alkali metal 

ions with quinone molecules. The new-concept battery consisting only of abundant 

elements utilizes the fast ion movements of both the cation and anion in a safe aqueous-

electrolyte medium. AQ and PhQ were used as active quinone molecules. Both redox 

reactions of the cation and anion of an alkali metal halide aqueous electrolyte were 

investigated by electrochemical measurements, such as cyclic voltammetry and 

chronopotentiometry. The redox reaction of iodide ion was observed by 

chronopotentiometry, revealing a very flat charge/discharge potential plateau at about 

0.45 V vs. Ag/AgCl. On the other hand, PhQ redox reactions showed a gradient 

potential plateau. It was also found that the discharge plateau potential of PhQ electrode 

measured with NaI aqueous electrolyte is about 0.1 V lower than that with LiI. 
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CHAPTER 1 

General Introduction 

1.1 Electrochemical Energy Storage Devices 

1.1.1 Lithium ion battery 

1.1.1.1 Overview 

Lithium-ion secondary batteries (LIBs) were commercialized by SONY in 1991 

and developed rapidly in recent years [1]. Benefiting from the highest energy density 

among other successful rechargeable batteries like Nickel metal hydride battery, Lead 

acid battery and other traditional batteries, LIBs have been used as the major power 

source in portable electric devices such as mobile phone, portable computer [2,3]. 

However, with the development of new electric vehicles (EVs) in recent years, it is 

becoming increasingly difficult for commonly used LIBs to meet demand, due to 

demerits [4-6]. 

LIBs include a cathode, an anode, an electrolyte and a separator. During the 

discharge process, lithium ions are extracted from the anode material to pass through 

the separator between the anode and cathode, then be inserted into the cathode material. 

At the same time, a flow of electrons from the anode to the cathode occurs through the 

external circuit. The opposite happens during the charge process. A typical LIBs is 

usually made with lithium cobaltate (LiCoO2) as the cathode material and graphite as 

the anode material. The total reaction schemes are shown as follows: 

2Li0.5CoO2 + Li+ + e- ⇋ LiCoO2                                  (1.1) 

LiC6 ⇋ C6 + Li+ e-                                                  (1.2) 

2Li0.5CoO2 + LiC6 ⇋ 2LiCoO2 + C6                              (1.3) 
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Right arrows and left arrows represent the processes of discharge and charge. The 

theoretical capacity of graphite is calculated to be 372 mAh/g. On the other hand, 

LiCoO2 cannot deeply release Li ion less than Li0.5CoO2 results in capacity fade. This 

capacity fade has been attributed to the structural distortions around x=0.5 in Li1-xCoO2. 

Therefore, the practical capacity is only 140 mAh/g, although the theoretical capacity 

is about 280 mAh/g. 

Lithium ions move back and forth between the cathode and the anode, and there 

is no lithium metal produced in the whole process. Because of their working 

characteristics, lithium ion batteries are also called “Rocking-chair Batteries” [7]. 

Benefiting from this process, LIBs can be repeatedly charged and discharged for 

hundreds of times. Namely, LIBs own a very long cycle life. Unlike the traditional 

energy storage battery, LIBs use organic liquid as electrolyte. The organic electrolyte 

can safely operate at high voltage, and the average output voltage of LIBs is more than 

3.6 V, which is three times greater than those of traditional energy storage batteries [8]. 

1.1.1.2 Cathode material  

Layered lithium transition metal oxides represent the most successful category of 

cathode material. Their composition is expressed by the formula LiMO2 (M: Mn, Co, 

and Ni), and they crystallize in a layered structure in which the Li+ and M ions occupy 

the alternate (111) planes of the rock salt structure, to give a layer sequence of -O-Li-

O-M- as shown in Fig. 1.1. The gaps between the MO2 sheets allow the reversible 

extraction/insertion of lithium ions from/into the lithium planes and diffusion pathways. 

The Li ion extraction/insertion process can continue for hundreds of cycles whilst 

retaining a high energy density. Among these LiMO2 materials, considerable research 

focused on LiCoO2 because of its high energy density and good cycle performance [9]. 
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Fig. 1. 1: Structure picture of LiCoO2. 

LiCoO2 exhibits many of the essential properties required for a reliable cathode 

material. The most important point is the potential of LiCoO2 which is sufficiently high 

to guarantee a high energy density. Although lithium ion battery can work on high 

voltage, the organic electrolyte does not decompose even on this voltage. Furthermore, 

the Li extraction/insertion process causes only little structural change in Li2CoO2. 

Fig.1.1 shows the crystal structure of LiCoO2 having layered structure. The excellent 

ordering structure should be synthesized at temperatures higher than 800℃. Li+ and 

Co+ ions arranged on the alternate (111) planes of the rock salt lattice. 

1.1.2 Sodium ion battery 

According to the U. S. Geological Survey report [10], lithium resources are mainly 

distributed in South America. The abundance of lithium in the earth crust is 0.002 %. 

With the rapid expansion in the EVs market, lithium resources will not be able to satisfy 
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the demand of EVs that need to be equipped with large-scale LIBs. Therefore, the 

development of alternative rechargeable batteries is required for the expansion in the 

production of EVs. 

Sodium and lithium are located in the first main family of the Periodic Table and 

their properties have many similarities. The abundance of sodium in the earth crust is 

2.83 %, far more than lithium, and it’s widely distributed around the world. Sodium ion 

batteries (SIBs) should be one of the most promising candidates, because the risk of 

exhausting sodium resources can be ignored. Additionally, the price of sodium is much 

cheaper than lithium. If sodium-ion batteries can replace lithium-ion batteries, EVs will 

be widely used in the world. It is foreseeable that the price of EVs will be greatly 

reduced, thereby decreasing the use of fossil fuels. 

There are still many challenges on the road towards the successful commercial 

rocking-chair type SIBs [11-13]. One of the reasons is that sodium ion hardly intercalates 

into graphite (which is the most common anode material used in LIBs), probably due 

to the larger ion size of sodium compared to that of lithium. The low sodium storage 

capacity hinders the use of graphite as anode of SIBs. Therefore, there is a need for 

other ion-storing strategies for SIBs electrode. The development of new anode material 

is one of these strategies. 

1.1.3 Electric double layer capacitors 

The electric double-layer capacitor (EDLC) is an electrochemical system that is 

used as energy storage system. EDLC can be described as an electrolyte (solid or liquid) 

that fills the space between two electrodes separated by an ion-conducting but electron-

insulating membrane that prevents facing electrodes from contacting each other. Upon 

the application of electric potential on the one of the electrodes, the two opposite 

charges accumulate on the interface between the electrode and surrounding electrolyte. 

The electrode side has a real surface made of an electronically conducting material 
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(metal, semiconductor and carbon material). In the electrolyte phase, there exists a 

virtual surface that consists of charged particles traveling from the bulk of the 

electrolyte. By loading voltage to the EDLC, ions are drawn to the surface of the 

electrical double layer and the EDLC is charged. Conversely, they move away when 

discharging EDLC. This is how the EDLC is charged and discharged. 

Compared to commercially available secondary batteries (e.g. Ni-MHs, LIBs), 

EDLCs have much higher power density and longer cycle life, which makes them 

suitable for occasions requiring high power delivery. Benefiting from their mechanism 

of charge storage, which is mainly a physical process, EDLCs are capable of fast 

delivery of stored charge without any limitations caused by the electrochemical kinetics 

found in batteries. On the other hand, the major drawback of EDLCs is their lower 

energy density, which is bound by the available surface area for ion adsorption, 

resulting in less energy stored per unit mass compared to that of rechargeable batteries 

[14]. 

1.2 Organic molecules as battery’s electrode 

Organic molecules such as quinones, disulfides, nitroxides, and hydrazides offer 

merits that are not easily available in inorganic compounds. They are potentially low in 

cost due to the absence of expensive rare-metal elements from their structure. Also, 

since most of them are lighter in molecular weight than existing cathode materials, they 

have higher theoretical Li ion storage capacity per unit weight. Therefore, organic 

molecules are fascinating materials as electrode materials for LIBs. With intercalation 

materials reaching their intrinsic limits, finding new electrode materials among 

inorganics becomes more and more difficult and a renaissance of organic electrodes is 

called upon. Among all organic electrode materials, radical compounds and conducting 

polymers have long been investigated [15, 16]. On the other hand, non-radical and non-

polymeric organic molecules have recently been adapted not only to LIBs, but also to 



 

6 

sodium, magnesium, zinc ion batteries and air batteries. However, it is not very easy to 

use the organic molecules as electrode materials because most of them are easily 

dissoluble into organic electrolytes [17]. 

Quinone -hydroquinone couples are the examples of organic redox systems, and 

their electrochemical behavior has been studied in recent years. Usually one quinone 

molecule includes two carbonyl groups, and each carbonyl group undergoes reversible 

one-electron reduction to form a radical monoanion that can bind to a cation (H, Li, 

Na). PhQ that consists of only C, O and H, can store two Li ions per one molecule. The 

theoretical Li ion storage capacity of PhQ can be calculated to be 258 mAh/g. Therefore, 

PhQ would be a good candidate as a high-capacity and low-cost electrode material. 

However, the storage capacity of PhQ bulk sample greatly decreases with charge-

discharge cycles because of the dissolution of PhQ molecules in organic electrolytes. 

In order to suppress the dissolution, several solutions have been attempted. The most 

effective method is polymerization [18]. In fact, organic polymers having redox active 

functional groups show superior cyclability compared to simple organic molecules. 

This method also suffers from the demerit of the observed practical capacity of organic 

polymers being usually much smaller than the theoretical capacity [19]. The poor 

electron conductivity and low ion accessibility might cause this deterioration of 

performance. To address that hypothesis, a single-walled carbon nanotubes (SWCNTs) 

encapsulation system has been used to attempt to solve the above-mentioned problems. 

1.3 Single-walled carbon nanotubes encapsulation 

system 

Since carbon nanotubes (CNTs) were discovered by Dr. Iijima of the Japanese 

electronics company (NEC) in 1991, they received extensive attention due to their 

excellent electrical conductivity, high surface area and good mechanical properties. 

CNTs are currently classified by the number of walls into multi-walled carbon 
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nanotubes, double-walled carbon nanotubes, and single-walled carbon nanotube 

(SWCNT). Among them, single-walled carbon nanotubes received much more 

attention, because of their light weight, easy modification, huge surface area, and also 

tunable porosity.  

1.3.1 The basic structure of Single-walled carbon nanotubes 

A SWCNT can be described as a graphene sheet that is rolled up into a continuous 

cylinder whose tip ideally terminates with a fullerene-like cap or hemisphere. Being 

one atom in thickness and about micron in length, a single-walled carbon nanotube has 

a high aspect ratio [104 – 105], due to which it can be classified as a one-dimensional 

nanostructured material [20]. Carbon atoms in SWCNTs are bound by sp2 hybrid orbitals 

that allow them to form hexagons, and occasionally pentagon and heptagon units by in-

plane σ bonding and out-of-plane π bonding. The tube curvature results in σ-π 

rehybridization or mixing, in which three σ bond are slightly out of plane [21]. That 

makes SWCNTs mechanically stronger, and electrically and thermally more conductive 

than graphite. 

SWCNTs can be open-end or closed-end with caps of fullerene hemispheres, 

depending on the synthesis process. Each cap contains six pentagons and an appropriate 

number and placement of hexagons that are selected to fit perfectly into the long 

cylindrical section [20]. The process of rolling a graphene to form a SWCNT results in 

a cylinder with axial symmetry and a spiral conformation, called chirality. The tube 

chirality is the outcome of the different possible orientations of the six-membered 

carbon ring (hexagon) in the honeycomb lattice relative to the axis of the nanotube. It 

is the most important feature that defines SWCNTs, and separates them from other 

graphitic allotropes, because it reflects directly on their electronic structure and – as 

will be revealed for the first time in the next chapter – their electrochemical behavior 

as well. The manner of rolling the graphene sheet determines its chirality as will be 
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explained in more detail below. SWCNTs do not exist individually; rather, they tend to 

group into bundle-like structures because they are held together by the non-covalent 

Van der Waals forces to form a two-dimensional triangular lattice with a lattice constant 

of 1.7 nm, and an inter-tube separation of 0.315 nm at closest approach within a rope. 

The unit cell of SWCNT is shown in Fig. 1.2 as the rectangle bound by two vectors, 

the chiral vector Ch and the translation vector T [22].  

 

Fig. 1. 2: 2D graphene sheet shown along with the chiral vector that specifies the 

chiral nanotube and translation vector 

The chiral vector Ch is described as the vector that joins two equivalent points on 

the original graphene lattice. The chiral vector is defined on the honeycomb lattice as 

follows: 

Ch = na1 + ma2                                                        (1.4) 

Where (n, m) are two integer indices (n ≥ m) that demote the number if unit 

vectors na1 and ma2 in the hexagonal honeycomb lattice contained in the vector, and 

taken respectively in the direction of a1 and a2, which are the unit cell base vectors of 
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the graphene sheet. The vector a1 lies along the “zigzag”, while vectors can be 

mathematically determined as follow: 

a1 = (
√3

2
𝑎,

𝑎

2
) , a2 =  (

√3

2
𝑎, ‐ 

𝑎

2
)                       (1.5) 

Where a is the here a = ac-c ×  √3 = 2.46 Å the lattice constant of the honeycomb 

lattice in the rolled graphene layer, where ac-c is the nearest-neighbor C-C distance (1.42 

Å in SWCNT) 

1.3.2 Single walled carbon nanotubes encapsulation system 

As described in section 1.3.1, SWCNTs have a huge hollow space that gives rise 

to a very unique adsorption field as the surface potentials from all inner walls overlap. 

In 1998, Smith et al. reported the synthesis of C60 peapods in which C60 molecules exist 

in the hollow core of SWCNT in a very stable state, due to that unique adsorption field 

[23]. Since the discovery of C60 peapod, a variety of foreign molecules have been inserted 

inside SWCNTs. So far, fullerenes (e.g. C60, C70, metal encapsulated fullerenes), water 

[24], organic molecules (e.g. tetracyanoquinodimethane [25], carotene [26], coronene [27, 

28]) and elemental molecules (e.g. iodine [29, 30], sulphur [31], phosphorus [32]) are known 

to have been encapsulated in SWCNTs. The encapsulated molecules are stabilized by 

the strong adsorption of the above-mentioned field inside SWCNTs. For example, C60 

molecules in C60 peapods do not exit from the tubes to dissolve in organic solvents such 

as toluene, in which they usually dissolve very easily [33]. Recently, this stabilizing 

effect of SWCNTs has been used to develop new battery electrode active materials [34, 

35]. Namely, molecules that have high potential as electrode materials but dissolve easily, 

can be used as electrode materials. In order to improve the electrochemical performance 

of these molecules, they are encapsulated inside the inner hollow core of SWCNTs. 

Interestingly, some of the molecules encapsulated in nanopores show unique structural 

and physicochemical properties different from their bulk forms. That difference is 

worth discussing in future chapters. 



 

10 

1.4 Aqueous electrolyte secondary battery 

In order to ensure a wider spread of EVs, we have to solve some of the problems 

of LIBs. The major problems of LIBs are safety, cost and slow-charging speed. There 

have recently been frequent fire and explosion accidents involving LIBs, which 

researchers believe to be caused by the use of flammable organic electrolytes. On the 

other hand, organic electrolytes also cause LIBs to charge slowly. EVs usually need 

few hours to charge the battery, while normal cars only need a few minutes to fill up 

the fuel tank. Due to the ion mobility in organic electrolytes that is much lower than 

that in aqueous electrolytes, this time-consuming charging process of LIBs hinders the 

market growth of EVs. 

Aqueous electrolyte rechargeable LIBs were promoted by some researchers as 

providing a possible long-term solution. However, there are shortcomings that still need 

to be overcome. An electric motive force (EMF) of LIBs higher than 3.5V leads to the 

high energy density. Compared to LIBs, the voltage of batteries which use aqueous 

electrolytes should be less than 2V, because aqueous electrolytes would decompose by 

such high EMF, making aqueous batteries incapable of delivering enough instantaneous 

power to drive the EVs. In order to overcome this flaw, aqueous electrolyte 

rechargeable lithium batteries need new electrode materials which can provide high 

current density. 

The high cost of LIBs is another problem for the wider distribution of EVs. One 

of the main reasons behind the high cost is the use of rare metals such as Co, Ni, Li in 

LIBs. Therefore, and as pointed out above, the wider distribution of EVs requires us to 

solve the problems of safety, cost and slow-charging. 

Here, I propose a new secondary battery having the following three specifications 

to solve the three problems mentioned above. (i) The new battery uses alkali metal 

halide aqueous electrolytes instead of the flammable organic electrolytes used in LIBs. 
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The use of aqueous electrolytes is not only much safer than organic electrolytes, but 

also advantageous to cost and fast-charging, because alkali metal halides such as NaCl, 

LiCl, NaI consist only of abundant elements, and the ion mobilities of both alkali metal 

ions and halogen ions in water are much faster than those in organic electrolytes. (ii) I 

used quinone molecules as a negative electrode in the new battery. Quinone molecules, 

which consist of only abundant elements, can catch/release alkali metal ions effectively. 

(iii) I used empty single-walled carbon nanotubes (SWCNTs) as the positive electrode. 

Halogen ions are oxidized inside the empty SWCNTs, and caught as a form of diatomic 

molecule inside SWCNTs [29, 30]. The redox reactions of halogen ions inside SWCNTs 

are much faster than the intercalation reaction in LIBs. By combining (i)-(iii), It is 

possible to develop safe, economical and fast-charging secondary batteries. 

The energy density of the new aqueous electrolyte battery using quinone electrode 

is estimated to be about 50 Wh/kg which is much smaller than that of LIBs, because 

the EMF obtained by the combinations of the quinone electrode and iodine electrode 

would be very small (< 0.5 V). However, it is possible to improve the energy density 

of the new battery by developing new quinone molecules. Then, the expected energy 

density of the safe, economical and fast-charging aqueous electrolyte battery would be 

comparable to that of the LIBs intended for high power usage. 

1.5 Objectives and outline of this thesis 

In order to construct the next generation energy society, high performance of the 

storage device is required. Quinone and halogen molecules are known to perform fast 

redox reactions. However, the quinone molecule and the halogen molecule have fatal 

defects that is low electron conductivity and easily dissolved in the organic electrolyte. 

In my current study, I tried to overcome demerits mentioned above by adopting the 

SWCNTs encapsulation system to increase the conductivity and stability of molecules. 
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In chapter 2, I clarified the phase transformation of halogen molecules with the 

change of temperature in SWCNT. I also evaluated the performance of the new type of 

capacitor (electrolytic redox capacitor) using the redox reaction.  

In chapter 3, I inserted quinone molecules in two kinds of SWCNT samples with 

different mean tube diameters, and examined the diameter dependence of Li and Na ion 

battery electrode properties of the quinone molecules encapsulated in SWCNTs, both 

at room temperature (RT) and at low temperatures as well. 

In chapter 4, I grafted PhQ molecules onto SWCNTs (PhQ/SWCNT) to endow 

them with higher stability, and investigated the Li and Na ion storage performance of 

PhQ/SWCNT electrode at low temperature. Furthermore, I used density functional 

theory (DFT) calculations to understand the detailed features of charge-discharge 

profiles of PhQ/SWCNT electrode. Based on the calculations, I discussed the difference 

in discharge potential between Li and Na ions. 

Finally, in chapter 5, I developed a safe, low cost, fast rechargeable aqueous 

electrolyte secondary battery, by combining redox reactions of iodide ions in SWCNTs 

and alkali metal ions with quinone molecules. I investigated both electrode reactions 

by CV and charge/discharge experiments in LiI and NaI aqueous electrolyte  
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Chapter 2 

The physical property and electrochemistry of halogen 

molecules encapsulated in single walled carbon 

nanotube  

2.1 Overview 

As mentioned on the chapter 1, EDLCs have attracted much interest from 

researchers because of their much higher power properties compared to secondary 

batteries [39-41]. However, the energy density stored in EDLCs is much lower than that 

of secondary batteries, which makes increasing the capacitance of EDLCs a crucial 

requirement for their successful implementation in renewable energy systems. To that 

end, an approach to improve the energy density of EDLC is through the addition of 

pseudo-capacitance. Pseudo-capacitors realize high energy densities owing to the redox 

reactions of the electrode active materials.  

Recently, a new type of electrochemical capacitor which can work using redox 

reactions of iodide ions in SWCNTs is demonstrated [30]. The schematic picture of the 

electrolyte redox electrochemical capacitor (EREC) shown in Fig. 2.1, shows that the 

redox reaction of anions and the physisorption of cations occur at the positive and 

negative electrodes, respectively. In conventional EDLCs, both anions and cations are 

physically adsorbed at electrodes during charge process, so both negative and positive 

electrode potentials change with the amount of the adsorbed ions (Fig. 2.2 (A)). 

However, in the case of EREC, the positive electrode potential should be fixed at the 

redox potential of anions (Fig. 2.2 (B)). If I charge EDLC and EREC up to the same 

cell voltages, whose limit should be determined by the potential window of the 

electrolyte (e.g. ca. 1.5 V for aqueous electrolyte), the stored energy of EREC can be 

much greater than that of EDLC as shown in Fig. 2.2.  
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On the other hand, EREC can use the redox reaction of iodide ions in a neutral NaI 

aqueous electrolyte as positive electrode reaction [29]. In this case, the negative electrode 

potential can be decreased down to the lower limit of the potential window of the 

electrolyte, which is the hydrogen gas evolution potential. The hydrogen electrode 

potential E depends on the pH value of the electrolyte, and can be expressed as E = -

0.059 pH (Fig. 2.3). As shown in Fig. 2.3, the maximum cell voltage of iodine EREC 

is estimated to be about 1 V, which was nearly achieved for the iodine EREC in 

previous study. A glance at Fig. 2.3 shows that it may be very difficult to increase the 

cell voltage of EREC beyond this value. However, we should take into consideration 

the overpotential required for hydrogen and oxygen gas evolutions, and the actual 

potential windows of aqueous electrolytes, which are much greater than 1.23 V 

especially in the high pH region. Furthermore, the oxygen overpotential is much greater 

than the hydrogen overpotential in general. It would therefore be a good idea to increase 

the cell voltage by replacing iodide ions with other ions that have higher redox 

potentials. This chapter reported on Br EREC. The redox potential of Br is about 0.5 V 

higher than that of I. Therefore, the cell voltage of Br EREC to be much higher than the 

other EREC that uses the redox reaction of iodide ions. 

On the other hand, the iodine molecules inserted into SWCNTs, which have 

cylinder pores as amylose has, and reported that the iodine doping greatly improve the 

electric conductivity and the water dispersibility of SWCNTs [29]. The improvement of 

the dispersibility can be explained by the electrostatic repulsion between SWCNTs due 

to the surface charges induced by the charge transfer from SWCNTs to the encapsulated 

iodine molecules. It should be noted that the dispersibility of SWCNTs increased with 

decreasing temperature. The increase of the dispersibility at low temperature indicates 

the increase of charge-transfer at low temperature. However, the mechanism why the 

charge-transfer increases at low temperature has not been clarified yet. It has not been 

clarified yet on how polyiodide ions behave at low temperature in a confined nano-

space of SWCNTs. Therefore, I investigate in this chapter the low temperature structure 
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changes of polyiodide ions encapsulated in SWCNTs, by performing in-situ Raman 

measurements at low temperature for polyiodide ions encapsulated in three kinds of 

SWCNT samples having different mean tube diameters. 

 

Fig. 2. 1: Schematic picture of EREC using SWCNT electrode. A+ and X- refer to 

alkali metal ions and halogen ions, respectively. 

 

Fig. 2. 2: Electrode potentials of (A) EDLC and (B) EREC as a function of stored 

charge. In both (A) and (B), (a) and (b) corresponds to negative and positive 

electrodes, respectively. 
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Fig. 2. 3: Expected maximum cell voltages of Br and I EREC. Red and blue lines 

indicate the potential of hydrogen and oxygen evolutions, respectively. 

2.2 Experimental  

2.2.1 Iodine molecules encapsulated in SWCNTs 

Three kinds of SWCNT samples having different mean tube diameters: HiPco type 

(supplied by NanoIntegris Technologies Inc.), and SO type and EC type (both supplied 

by Meijo NanoCarbon Co.) has been used. All the three samples were annealed at high 

temperature under vacuum. The high temperature annealing not only decreases the 

surface defects of SWCNTs but also closes the tube ends by forming half fullerene caps 

at the ends [42]. Subsequently, air-oxidation treatments performed to open the closed 

ends by burning the half fullerene caps at an appropriate temperature for each SWCNT 

sample that was carefully determined by prior thermogravimetric (TG) measurement. 

The tube openings were confirmed by N2 adsorption measurements. By these series of 

treatments, high crystalline open-end SWCNT samples prepared. The Raman 

measurements performed to check the crystallinity and synchrotron by high brightness 

synchrotron X-ray diffraction (XRD) measurements at BL-18C at the Photon Factory 

(PF; High Energy Accelerator Organization, Tsukuba, Japan, employing X-rays (λ = 
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0.614 Å), monochromatized by a Si (111) double-crystal monochromator.) to determine 

the mean tube diameter. The nanostructure of the obtained samples was observed using 

a TEM (JEOL z-2500) operated at 100 kV. 

Iodine molecules were inserted into SWCNTs by electrochemical oxidation of 

iodide ions in electrolytic solution. To achieve electrochemical iodine doping, three-

electrode configuration cells were fabricated: paper form SWCNT working, Pt counter, 

and Ag/AgCl reference electrodes. 1 M NaI aqueous solution was used as an electrolyte, 

and applied 1.8 V to SWCNT electrode for a few minutes. After the encapsulation 

treatments, the SWCNT samples were washed by distilled water to remove the iodine 

molecules deposited on the outer surfaces of SWCNTs and I dried the washed samples. 

The amounts of the encapsulated iodine molecules were determined by TG 

measurements. 

2.2.2 Bromine molecules encapsulated in SWCNTs 

SO type and EC type of SWCNTs having different mean tube diameters were used 

as samples in the present study. The diameter distribution and level of defects of the 

samples were obtained from Raman spectra excited with two excitation sources: green 

Nd:YAG laser (λ = 532 nm, EL = 2.33 eV), and red helium-neon laser (λ = 633 nm, EL 

= 1.96 eV), collected using an NRS-3300 (JASCO) spectrometer. The structural 

characterization was performed using a JEOL z2500 transmission electron microscope 

(TEM) operated at 200 kV.  

The Br insertion experiments were done in H-shaped glass tubes. One end of the 

H-type tube was filled with a sufficient amount of pure bromine liquid, and a paper-

form SWCNT sample was placed in the other end. Then, the H-shaped glass tube was 

evacuated while keeping the Br side at liquid nitrogen temperature to freeze the Br 

liquid, and the SWCNT side at 100ºC to remove the water and gases adsorbed in 

SWCNTs. After the evacuation of the reaction glass tube, liquid nitrogen was removed 
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from the Br side, and Br vapor was formed in the reaction tube. The obtained Br-

inserted SWCNT samples were thoroughly characterized by Raman, XRD, 

thermogravimetric (TG) experiments and so on. 

2.2.3 Low temperature Raman measurements  

In order to know the structure changes of polyiodide ions encapsulated in 

SWCNTs, low temperature Raman measurements were performed using a JASCO 

NRS-3300 spectrometer and a Linkam 10036L temperature control stage. I@SWCNTs 

sample was sealed in a glass capillary, which is originally used for XRD measurement, 

and the glass capillary was set on the cooling metal block. Temperature sensor was 

attached with the cooling block. I started Raman measurements at each temperature a 

few minutes after temperature reached to the target temperature. The low temperature 

Raman measurements of I@SWCNTs samples were done with two excitation lasers 

(λex = 532 nm and 633 nm). 

In order to assign the vibration mode of Raman peaks, ab initio calculations were 

performed. Structural optimizations and vibrational frequency calculations of 

polyiodide ions were performed based on the second order Møller–Plesset (MP2) 

perturbation theory using Gaussian09 software [43]. Dunning’s augmented double-zeta 

correlation consistent basis set with small-core relativistic pseudopotentials [44] (aug-

cc-pVDZ-PP) was used for the calculation.  

2.2.4 EREC measurement  

For charge-discharge experiments, a three-electrode cell was used. A self-

supported paper-form SWCNT sample (Bucky paper) was used as the cathode. The 

electrode sheet used as the anode was prepared by kneading a mixture of 8 : 1 : 1 of 

activated carbon (Kuraray YP50F) : carbon black : polytetrafluoroethylene (PTFE). 

Platinum mesh current collectors were used for both electrode samples. An Ag/AgCl 
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was used as reference electrode, and 1 M NaBr aqueous solution was used as the 

electrolyte solution. Charge-discharge experiments were conducted using a 

potentiostat/galvanostat (VersaSTAT3, Princeton Applied Research) controlled by a 

computerized system. 

2.3 The phase transformation of polyiodide ions 

encapsulated in SWCNTs on the low temperature 

 

Fig. 2. 4: Room temperature Raman spectra of (a) HiPco, (b) SO, and (c) EC 

SWCNTs. Two types of excitation laser were used for the measurements: (left 

panel) 532 nm, (right panel) 633 nm. 

Fig. 2.4 shows Raman spectra of three SWCNT samples (HiPco, SO, EC) used in 

the present study. D-band peaks observed at around 1330 cm−1 are so weak that it is 

very hard to find D-band peaks for SO and EC samples. Although D-band peak of 

HiPco sample is relatively high compared to the other two samples, its intensity ratio 

to G-band peak observed at around 1590 cm−1 is quite small. Therefore, I can judge that 

all the three SWCNT samples have high crystallinity. In low wavenumber region (<500 

cm−1), radial breathing modes (RBMs) were observed. It is well known that the peak 
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position of RBM of a SWCNT is in inverse proportion to its tube diameter and that 

some empirical equations were proposed to evaluate tube diameter (dSWCNT) from 

RBM peak position (ωRBM) [45-47]. Among the equations, tube diameter is often 

evaluated by a simple equation (dSWCNT = 248/ωRBM) proposed by A. Jorio [46]. However, 

since the Raman scattering from SWCNTs is dominantly in resonance process and only 

a very small set of tubes in diameter distribution participate in this process for a single 

excitation laser, I should avoid to discuss the diameter distribution based on a single 

Raman spectrum. So, I also observed Raman spectra for the SWCNT samples using 

different excitation lasers, and estimated tube diameters of three SWCNT samples: 

HiPco (1.0 ± 0.3 nm), SO (1.5 ± 0.2 nm), EC (2.5 ± 0.3 nm). I also observed XRD 

patterns of the SWCNT samples. As shown in Fig. 2.5, clear XRD patterns due to 

ordered bundle structures were observed for SO and EC samples. However, only broad 

halo pattern was observed for HiPco sample because tube diameter of HiPco sample is 

not uniform and thereby an ordered bundle structure is hardly formed. I performed XRD 

pattern simulation using two parameters [48, 49] (mean tube diameter dmean and tube 

center-to-center distance a) for SO and EC samples. The tube diameter value 

determined by XRD simulation is closer to the average tube diameter than that 

determined by Raman measurement, because XRD pattern reflects over all the tubes in 

the samples. It is known that distance between two tubes is less than layer distance 

(0.335 nm) of graphite. In the present study, I could get best fit of simulation pattern to 

observed pattern with tube distance of about 0.31 nm. The mean tube diameters of SO 

and EC samples were determined to be 1.5 ± 0.1 nm and 2.5 ± 0.2 nm, respectively. 

These values are consistent with the diameter distributions determined by Raman 

measurements. For convenience, I will refer to SO and EC samples as SWCNT-1.5 and 

-2.5 to express their mean tube diameter. Although I could not determine the mean tube 

diameter for HiPco sample, by XRD simulation, I will express it as SWCNT-1.0 using 

the representative diameter value. TEM observations (Fig. 2.6) confirmed that these 

three SWCNT samples have high purity. 
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Fig. 2. 5: Powder XRD patterns of (a) SWCNT-1.0, (b) SWCNT-1.5, and (c) 

SWCNT-2.5, before (black lines) and after (red lines) the encapsulation of iodine 

molecules. 

 

Fig. 2. 6: TEM images of (A) HiPco, (B) SO, and (C) EC SWCNTs. 
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Fig. 2. 7: Room temperature Raman spectra of (a) SWCNT-1.0, (b) SWCNT-1.5, 

and (c) SWCNT-2.5, before (black lines) and after (red lines) the encapsulation of 

iodine molecules. Two types of excitation laser were used in the measurements: 

(left panel) 532 nm, (right panel) 633 nm. 

 

Fig. 2. 8: (A) Kataura plot, and electronic density of states (DOSs) of (B) 

semiconducting and (C) metallic SWCNTs. In the DOS figures, the positions of 

Fermi energy (EF) are set as 0 eV and Valence levels are filled with red. 

Raman spectra of the SWCNT samples drastically changed by iodine 

encapsulation. First, I discuss the changes in G-bands (Fig. 2.7). Using the Kataura 



 

23 

plots (Fig. 2.8) that summarizes the relations between tube diameters and the energy 

gaps of van Hove (vH) singularity points of several chirality SWCNTs, the chirality of 

SWCNT can be predicted in relation to its diameter [50]. Using the diameter values 

estimated from the XRD and Raman measurements, I find that the 532 nm laser is 

resonant with metallic tubes in SWCNT-1.0, semiconducting tubes in SWCNT-1.5, and 

semiconducting tubes in SWCNT -2.5. On the other hand, 633 nm laser was resonant 

with semiconducting tubes in SWCNT-1.0, metallic tubes in SWCNT-1.5, and metallic 

tubes in SWCNT-2.5. As expected above, the G-bands of SWCNT-1.5 (532 nm 

excited) and SWCNT-1.5 (633 nm excited) show broad profiles having long tails on 

the lower wavenumber side that are Breit-Wigner-Fano (BWF) profiles seen for 

metallic SWCNTs [51]. On the other hand, BWF profile of SWCNT-2.5 (633 nm 

excited) is not very clear probably because metallic tubes of SWCNT-2.5 might have 

less number of free electrons than those of SWCNT-1.0 and -1.5. The BWF profiles of 

SWCNT-1.0 (532 nm) and -1.5 (633 nm) disappeared by iodine encapsulations and 

sharp G-band profiles were observed (Fig. 2.7). These profile changes indicate the 

removal of free electrons of SWCNTs, that is, charge-transfer from SWCNTs to iodine 

molecules [52,38]. With these profile changes, the peak positions of G-bands shifted 

toward higher wavenumber side by iodine encapsulations. The G-band peak shifts were 

observed not only for metallic tubes but also for semiconducting tubes. The blue-shifts 

of G-bands of SWCNTs by iodine or other acceptor doping have been reported in 

previous papers and it has been discussed that the magnitude of the shift is highly 

dependent on the hole doping level corresponding to the charge-transfer level [53-56]. It 

is interesting that the G-band shift of metallic tubes is greater than that of 

semiconducting tubes for the same SWCNT sample. It means that the amount of 

charge-transfer from metallic tubes to iodine molecules is greater than that from 

semiconducting tubes probably because active electrons at around of Fermi level of 

metallic tubes are easier to move to iodine molecules.  



 

24 

  

Fig. 2. 9: Raman spectra of I@SWCNT-2.5 measured at (a) 25°C, (b) −20°C, (c) 

−40°C, (d) −60°C, (e) −80°C, and (f) −100°C. A 532-nm laser was used as the 

excitation source. 

Fig. 2.9 shows change in Raman spectra of I@SWCNT-2.5 (532 nm excited) with 

decreasing temperature. In low wavenumber region, several Raman peaks of polyiodide 

ions were observed: Raman peak of I3
− was observed at about 110 cm−1 and peaks in 

160–175 cm−1 should be assigned to I5
− and/or longer polyiodide ions. These polyiodide 

ions are made by the charge-transfer from SWCNTs to I2 molecules after iodine 

encapsulation because previous electrochemical quartz-crystal microbalance (EQCM) 

measurements revealed that iodine molecules are inserted into SWCNTs as a form of 

I2 molecule by the electrochemical oxidation treatments [30]. The polyiodide ion 

formation by the charge-transfer was also observed for I@SWCNTs produced by I2 gas 

phase reaction [57]. Some overtones of the polyiodide ion peaks are often observed in 

higher wavenumber region. The peak intensities of polyiodide ions (relative to the 

SWCNT G-band peak intensity) increase with decreasing temperature. Furthermore, it 

was also observed that the G-band peak position of I@SWCNT-2.5 shifted toward 

higher wavenumber side with decreasing temperature. Although the G-band peak of 
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empty SWCNTs also shows blue shift at low temperature, the shift is much smaller 

than that of I@SWCNTs. These experimental data indicate that the number of 

polyiodide ions and the magnitude of the charge-transfer from SWCNTs to iodine 

molecules increase with decreasing temperature. These two phenomena can be 

explained if the following reactions (e.g. 5I2 + 2e− → 2I5
− or 7I2 + 2e− → 2I7

−) would 

be promoted with decreasing temperature. The assumption is plausible because the 

reactions are exothermic reactions and are promoted at low temperature.  

 

Fig. 2. 10: G-band peak position vs. temperature plots of (left panels) SWCNT-

1.0, (center panels) SWCNT-1.5 and (right panels) SWCNT-2.5 observed with 

two excitation lasers (upper panels: 532 nm, lower panels: 633 nm). 

Fig. 2.10 summarizes the G-band peak shifts with temperature for three SWCNT 

samples observed with two excitation lasers. As shown in Fig. 2.10, the peak shifts of 

SWCNT-1.5 (532 nm) and -2.5 (532 nm) are much greater than others. Both two Raman 

spectra of SWCNT-1.5 (532 nm) and -2.5 (532 nm) are mainly from semiconducting 

tube. The temperature-induced shift in the G-band position of SWCNT-1.5 (532 nm) 

and -2.5 (532 nm) in the range of −100 – 0°C are −0.029 and −0.067 cm−1/K, 
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respectively. In the same temperature range, the slope of SWCNT-1.0 (633 nm) is 

−0.014 cm−1/K. It means that semiconducting SWCNTs having greater tube diameter 

show the greater temperature gradient of G-band shift. On the other hand, the gradients 

of metallic tubes regardless of tube diameter are very small. These phenomena should 

relate to the electronic structures of I@SWCNTs. One of the characteristic points of 

electronic structure of SWCNTs is an appearance of vH singularity points where 

density of states (DOSs) greatly increases. The depth from fermi level to the highest 

vH point in the valence band (or the energy gap between this vH point and the 

corresponding energy levels in the conduction band: S11 for semiconducting tube and 

M11 for metallic tube) decreases with increasing tube diameter. It is also known that 

M11 is much larger than S11 for SWCNTs having similar diameters. (See Fig. 2.8) For 

SWCNT-1.0, -1.5 and -2.5, S11 is about 0.85, 0.59 and 0.34 eV, and M11 is about 2.45, 

1.68 and 1.01 eV, respectively. These energy relations might explain the temperature 

gradients of G-band shifts. At room temperature where charge-transfer from SWCNTs 

to iodine molecules is small, as I already wrote, the reason why the G-band shifts of 

metallic tubes are greater than those of semiconducting tubes can be explained by that 

active electrons of metallic tubes at around of fermi energy are easier to be transferred 

to iodine molecules. On the other hand, the temperature dependence of G-band shift of 

semiconducting tubes are greater than those of metallic tubes at low temperature. The 

magnitude of charge-transfer from SWCNTs to iodine molecules increases with 

decreasing temperature and thereby the polyiodide ion formation is promoted at low 

temperature. It means that the energy levels of the SWCNT electrons transferring to 

iodine molecules decrease with decreasing temperature. If the energy level goes down 

to the first vH singularity point of semiconducting SWCNTs, semiconducting SWCNTs 

have the greater number of electrons that can move to iodine molecules than metallic 

tubes have. Such a situation might occur in SWCNT-1.5 and -2.5. It would be the reason 

for the greater temperature dependence of G-band shifts of SWCNT-1.5 and -2.5. In 

the case of SWCNT-1.0, the first vH singularity point of semiconducting tubes is too 
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deep to increase the charge-transfer electrons. Of course, the first vH points of metallic 

tubes of three SWCNT samples are much deeper than the first vH point of 

semiconducting SWCNT-1.0. 

 

Fig. 2. 11: Temperature dependent Raman spectra of (A) I@SWCNT-1.0, (B) 

I@SWCNT-1.5 and (C) I@SWCNT-2.5 measured with 532-nm excitation laser. 
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Fig. 2. 12: Theoretical Raman spectra of polyiodide ions. 

Next, I will see change in Raman peak profiles of polyiodide ions with temperature. 

As I wrote already, Raman peak observed at about 110 cm−1 and peaks in 160–175 cm−1 

should be assigned to I3
− and longer polyiodide ions, respectively. Fig. 2.11 shows 

change in Raman spectrum (532 nm excited) of polyiodide ions encapsulated in 

SWCNT-2.5. For longer iodide ions, peak profile consists of two peaks of 160 cm−1 

and 175 cm−1. At room temperature, the peak of 160 cm−1 has greater intensity than 175 

cm−1 peak. However, the peak of 175 cm−1 grows with decreasing temperature and it 

becomes to be the dominant peak at low temperature. For SWCNT-1.0 and -1.5, already 

at room temperature, 175 cm−1 peaks are the main peak and 160 cm−1 peaks are 

observed as shoulder peaks. It should be noted for the peak profile observed in the 

wavenumber region that the peak profile observed by 532 nm excitation laser is very 

different from that observed by 633 nm for all the three SWCNT samples. For example, 

for SWCNT-2.5, doublet peak profile of 160 cm−1 and 175 cm−1 peaks were clearly 

observed by 532 nm laser while singlet peak of 160 cm−1 was observed by 633 nm. It 
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means that 175 cm−1 peak is a resonant Raman peak. Although I wrote 160 and 175 

cm−1 peaks are of longer polyiodide ions In
− (n > 3), I’ll discuss possible forms for these 

two peaks. One possibility is to assign these two peaks to different forms of I5
−. In the 

previous papers, V-shape and Linear I5
− have different Raman peak positions [58]. 

However, the peak positions of I5
−(V) and I5

−(L) were reported to be 157.4 and 165.0 

cm−1, respectively, which are not in good agreement with 160 and 175 cm−1 observed 

in the present study. It would be possible that the frequency modes of I5
−(V) and I5

−(L) 

were hardened in SWCNTs. This possibility is dismissed as follows. The frequency 

mode of I5
−(L) was always observed at higher wavenumber side of I5

−(V) peak. In fact, 

the order of the wavenumbers of I5
−(V) and I5

−(L) frequencies is reproduced by our ab 

initio calculations as shown in Fig. 2.12. Therefore, if the 160 and 175 cm−1 peaks are 

attributed to two forms of I5
−, I have to assign 160 and 175 cm−1 peaks to I5

−(V) and 

I5
−(L), respectively. In this case, Raman peak of I5

−(L) should be in resonance with 532 

nm laser, as I discussed that 175 cm−1 peak is a resonant Raman peak. In order to check 

whether the Raman peak of I5
−(L) is resonant process or not, I performed an experiment 

using amylose. Amylose has a helix structure and polyiodide ions are encapsulated in 

amylose [59-65]. The observed Raman spectra of amylose having linear polyiodide ions 

in its helix pores are shown in Fig. 2.13. In the Raman spectra, 110 cm−1 peak of I3
− and 

160 cm−1 peak, which is assigned to I5
−(L), are observed. The relative intensity of 160 

cm−1 peak to I3
− peak at 110 cm−1 observed by 532 nm laser is almost the same as that 

observed by 633 nm. It means that the frequency mode of I5
− (L) is not in a resonance 

process for 532 nm excitation. The resonance wavelength of I5
− might be smaller than 

532 nm. In the previous papers, it was reported that 110 cm−1 and 160 cm−1 peaks are 

enhanced by 458–477 nm and 488–514 nm lasers, respectively [66]. Therefore, the 

assignments of 160 cm−1 and 175 cm−1 peaks to different forms of I5
− should be wrong.  
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Fig. 2. 13: Raman spectra of (A) I@SWCNT-2.5 and (B) I@amylose. Excitation 

wavelength of green and red lines are 532 nm and 633 nm, respectively. 

I’ll think about second possibility: 160 and 175 cm−1 peaks are assigned to I5
− and 

I7
−, respectively. In this case, the frequency mode of I7

− should be in resonance to 532 

nm. It would be reasonable that the resonance wavelength of I7
− should be longer than 

that of I5
− (488–514 nm), because larger polyiodide molecules should have smaller 

HOMO-LUMO gaps. Based on this assignment, I’ll discuss the following observations: 

(1) 175 cm−1 peak intensity increases compared to 160 cm−1 peak with decreasing 

temperature for SWCNT-2.5, (2) 175 cm−1 peaks are the dominant peak for SWCNT-

1.0 and -1.5 already at room temperature. For the former observation, one can explain 

it by the transformation from I5
− to I7

− through the reaction of I5
− + I2 → I7

−. However, 

as shown in the Raman spectra observed by 633 nm, 160 cm−1 peak intensity does not 

change with temperature. It means that the number of I5
− does not decrease with 
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decreasing temperature. Therefore, instead of the transformation from I5
− to I7

−, I have 

to think simple increase of I7
− (e.g. 7I2 + 2e− → 2 I7

−). This idea is consistent with the 

observation that the relative peak intensity of polyiodide ions to SWCNT G-band 

increases with decreasing temperature. Since the peak intensity of I5
− in amylose does 

not change with temperature, the increase of polyiodide Raman peak is characteristic 

feature of SWCNTs. As I wrote already, iodine molecules are inserted into SWCNTs 

as a form of I2 molecule. Therefore, in the case of iodine molecules encapsulated in 

SWCNTs, certain amounts of I2 molecules exist in SWCNTs. Although no strong 

Raman peak of I2 molecules was observed, it does not indicate the absence of I2 

molecules, but it is due to the small extinction coefficient of I2: Raman scattering 

activities of I2 molecule estimated by an ab initio calculation performed on the present 

study is about 140 times smaller than that of the linear I5
− molecule. It should be due to 

the existence of I2 molecules in SWCNTs that the intensity of polyiodide Raman peaks 

of I@SWCNTs increases with decreasing temperature unlike in the case of amylose. 

Although the I2 molecules are probably randomly adsorbed in the hollow cores of 

SWCNT-2.5 at room temperature, they would be gathered on the inner surface of 

SWCNTs with decreasing temperature and transformed to polyiodide ions by charge-

transfer from SWCNTs. On the other hand, since tube diameters of SWCNT-1.0 and -

1.5 are so small, long polyiodide ions having Raman peak of 175 cm−1 are dominantly 

formed by capillary condensation effect even at room temperature.  
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2.4 Bromine aqueous electrolyte redox capacitor using 

SWCNTs 

 

Fig. 2. 14: Raman spectra of (A) SWCNT-2.5 and (B) SWCNT-1.5, (a) before and 

(b) after Br insertion. 

The Fig. 2.14 shows the observed Raman spectra of Br-inserted SWCNT sample. 

Since the peak intensity of D-band at about 1330 cm-1 does not increase, the Br insertion 

treatment does not cause damage to the crystallinity. On the other hand, in low-

wavenumber region, I observed strong Raman peaks due to Br insertion. For SWCNT-

2.5, I observed two peaks at around 240 and 160 cm-1. The peak at about 240 cm-1 was 

also observed in Raman spectrum of Br-inserted SWCNT-1.5. Although the peak at 

160 cm-1 was not very clear because of the overlapping with RBM peaks, the change 

of the RBM peak profile might indicate the existence of the Br peak at 160 cm-1 in Br-

inserted SWCNT-1.5. The two Br Raman modes observed at 240 and 160 cm-1 can be 

assigned to the Br-Br stretching modes in (Br2)n chains and Br3
- poly-bromide ions, 

respectively [67]. However, it should be noted that the (Br2)n chain might carry a charge 

due to charge transfer reaction with SWCNTs, and that long poly-bromide ions (e.g. 

Br5
- (Br3

-·Br2)) can be included in the charged (Br2)n chain [67]. As mentioned above the 
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structure and its temperature change of the inserted iodine molecules depend on the 

diameter of the host SWCNTs. However, in the case of Br, and as shown in Fig. 2.14, 

the structures of the Br molecules inserted in SWCNT-1.5 and -2.5 should be the same, 

because the observed Raman patterns of the inserted Br molecules are identical to each 

other. Furthermore, I confirmed that the temperature changes of these Br Raman peaks 

are almost the same for SWCNT-1.5 and -2.5. Therefore, Br and I molecules are likely 

to be inserted in different sites of SWCNTs. Namely, the insertion position of iodine 

molecules in SWCNTs is the hollow core of each nanotube. On the other hand, bromine 

molecules might be preferentially inserted in the triangle lattice space of SWCNT 

bundles, because the ion size of Br is much smaller than that of I. 

 

Fig. 2. 15: Schematic picture of SWCNT (solid circle) bundle triangular space 

(dashed circle). 
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Fig. 2. 16: XRD pattern of (A) SWCNT-2.5 and (B) SWCNT-1.5, (a) before and 

(b) after Br insertion. G(002) indicates the 002 diffraction of graphitic impurities. 

Both SWCNT-1.5 and -2.5 samples used in the present study have good 

crystallinity and form well-ordered bundle structure (Fig. 2.15). Therefore, I observed 

strong diffraction patterns from the quasi-two-dimensional bundle structures (Fig. 2.16). 

Fig. 2.15 shows a part of the bundle triangle lattice, where R is the radius of SWCNT, 

dv is van der Waals distance between two tubes, and r is the radius of the triangular 

space surrounded by three tubes. The three parameters can be related to each other by 

equation 2.1.  

𝑟 = (
2

√3
− 1) 𝑅 +

1

√3
𝑑v                        (2.1) 

 

It is well known that the interlayer distance of graphite is 0.335 nm, and that the 

intertubular distance of SWCNTs is quite smaller than that value. If I assume that dv is 

0.33 nm, the value of r can be determined to be 0.3 and 0.38 nm for SWCNT-1.5 and -

2.5, respectively. The obtained values indicate that Br might be preferentially inserted 

in the triangular lattice space. It is plausible that the insertion of Br molecules in 

triangular space would cause disorder in the SWCNT bundle structure. In my study, the 

diffraction lines of the bundle structures completely disappeared after Br insertion for 
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both SWCNT-1.5 and -2.5. It should be noted that only 100 diffraction loses its intensity 

and that higher order diffractions are usually observed when guest molecules are 

inserted in the hollow cores of SWCNTs [68]. This was shown in section 2.3 in which 

higher order diffractions were observed for iodine molecules encapsulated in SWCNTs. 

In other words, iodine and bromine molecules are likely inserted in the hollow cores 

and bundle triangular spaces of SWCNTs, respectively. The diffraction line observed 

at around 26.5º in Fig. 2.16 is the diffraction of graphitic impurities. The peak was still 

observed after the Br insertion, although the peak position shifted to lower angle side. 

The shift to lower angle is probably due to Br intercalation into the layered structure of 

the graphitic impurities. 

 

Fig. 2. 17: (a) Positive electrode and (b) negative electrode potentials, and (c) cell 

voltage of the EREC cell as a function of accumulated/released charges, using 

(A) SWCNT-2.5 and (B) SWCNT-1.5. The profiles were measured at a constant 

current density of 1 A/g. 

Fig. 2.17 shows charge-discharge curves obtained with a test cell consisting of 

SWCNT positive electrode and activated carbon negative electrode. Fig. 2.17 shows 

that the negative electrode potential changes proportionally with accumulated charge. 

Namely, the negative electrode behaves as a typical EDLC electrode. On the other hand, 
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the values of the positive electrode potential are almost constant irrespective of the 

value of charge. Also, these values were almost the same for both SWCNT-1.5 and -

2.5, and were found to correspond to the redox potential of bromide ions. Namely, I 

was able to operate Br EREC in a neutral NaBr aqueous electrolyte without oxygen 

evolution, probably due to the large overpotential. As I expected, I was able to increase 

the cell voltage up to 1.5 V, which is about 0.5 V higher than that of the iodine EREC 

reported in the previous paper [30]. As the energy stored in EREC is proportional to the 

square of the cell voltage, the 0.5 V increase leads to a large improvement of the energy 

density of the device.  

In the section 2.1, I explained with Fig. 2.3 how EREC can store much more 

energy than EDLC. Here, I would like to add another advantage point of EREC towards 

storing high energy density. The specific capacitance of general carbon materials is 

about 5-10 μF/cm2 [69]. Assuming 1 g carbon materials having a specific capacitance of 

5 μF/cm2 and specific surface area of 1000 m2/g is used as negative electrode for EREC, 

the negative electrode will store 75 C (5 (μF/cm2) 1000(m2/g)  1.5 (V)), when the 

cell is charged to 1.5 V.  

 

Fig. 2. 18: TG curve of the Br-inserted SWCNT-2.5 sample. 

To determine the amount of SWCNTs required to store the charge of 75 C at 

positive electrode, I analyze the TG curve of the Br-inserted SWCNT-2.5 shown in Fig. 

2.18. The TG curve shows that SWCNT-2.5 can store 50 wt.% Br. To charge 75 C, 

about 0.062 g (79.9(g/mol)  75 (C)) / F(C/mol)) Br is required. To store 0.062 g Br, 
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0.062 g SWCNTs is required. Namely, the active materials for positive electrode (redox 

electrode) can be significantly less than that for EDLC electrode. The smaller amount 

of electrode material is another factor that contributes to improving the energy density 

of the device. 

 

Fig. 2. 19: (A) The observed Raman spectra for leakage test. (B) The observed G-

band peak positions as a function of time after Br insertion. 

Finally, I investigated the capacity retention of the positive electrode (Br redox 

electrode). Usually, the capacity retention of the electrode is measured by the electrode 

potential change with time. However, this method is not applicable in the case of EREC, 

because the positive electrode potential should be kept at the Br redox potential. 

Therefore, I monitored the Raman G-band peak position of SWCNT positive electrode 

after electrochemical Br insertion. As I already mentioned, the G-band peak position of 

SWCNT is blue-shifted by Br insertion because of the charge transfer from SWCNTs 

to Br molecules. The amount of shift corresponds to the amount of the inserted Br 

molecules. Fig. 2.19 (A) shows the G-band peak position of the SWCNT electrode as 

a function of time after the Br insertion, and Fig. 2.19 (B) shows the magnitude of that 

shift with time. The peak position in Fig. 2.19 (B) up-shifted to 1610 cm-1 by Br 

insertion. After the circuit was opened (i.e. oxidation of Br ions was stopped), the peak 
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position gradually decreased. However, no significant change in the peak position was 

observed after 30-40 min. Assuming the encapsulation amount to be proportional to the 

G-band shift, about 70% of the inserted Br molecules remained in SWCNTs after 

removing the externally applied potential. So, about 30% Br molecules might leak from 

SWCNTs. However, the leaking Br molecules are likely to have remained near the 

electrode, because no significant irreversible capacity was observed. 

2.5 Conclusion 

In conclusion, polyiodide ion formation in SWCNTs at low temperature is 

summarized as follows. First, I2 molecules are encapsulated in SWCNTs and they start 

to aggregate by inter-molecular interactions. Charge-transfer from SWCNTs to the 

aggregated I2 molecules adsorbed on the inner surface of SWCNTs produces polyiodide 

ions. At low temperature, the aggregation and polyiodide ion formation are promoted 

because the formation reaction is exothermic. The polyiodide ions, on the whole, would 

have a chain-like structure along to the hollow core of SWCNTs while the microscopic 

structures of the polyiodide ions should be written as small units (e.g. I3
−, I5

−, I7
−). 

An electrolyte redox electrochemical capacitor (EREC) using the redox reaction 

of bromide ions in single-walled carbon nanotubes (SWCNTs) was demonstrated. I was 

able to increase the cell voltage of Br EREC up to about 1.5 V without oxygen evolution. 

The energy density of EREC was greatly improved by using the redox reaction of 

bromide ions instead of iodide ions used in a previous work. It was found by monitoring 

the capacity retention, that SWCNT electrode can firmly hold the inserted Br molecules. 

I also investigated the structure and insertion site of the Br molecules inserted in 

SWCNTs by Raman and XRD measurements. Raman measurements revealed the 

existence of (Br2)n chain-like molecule and Br3
- ions. The Br molecules are likely to be 

inserted into the triangular lattice space of SWCNT bundles, because the diffraction 

lines of SWCNT bundle structure disappeared after the Br insertion. 
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Chapter 3 

Quinone molecules encapsulated in SWCNTs for low-

temperature Na ion batteries 

3.1 Overview 

As discussed in chapter 1, there have some problems should be overcome in order 

to extend the use of Lithium ion battery (LIB) to large-scale applications. One of the 

problems is high cost of LIBs caused partly by the usage of rare-metals in cathode 

electrode materials. In order to solve this problem, Itried to develop electrodes using 

rare-metal-free materials like organic molecule. Quinone molecule as one kind of 

organic molecule has big Li ion storage capacity (258 mAh/g). However, the quinone 

molecules are easily dissolved in electrolyte and this demerit is very hard to solve. LIBs 

can’t choose quinone molecules for electrode as long as researcher can’t stop the 

dissolution of quinone molecules into electrolyte. There has a method to solve this 

problem, which is single-walled carbon nanotube encapsulation system. On this chapter, 

quinone encapsulated in two kinds of SWCNTs having different mean tube diameters 

are prepared and discuss the difference of the stabilization of the two samples. Charge-

discharge curves of PhQ encapsulated in SWCNTs were also discussed based on the 

stability difference. 

3.2 Experimental 

Annealed and opened SWCNT-1.5 and -2.5 had been used and the preparation 

method mentioned on the chapter 2. PhQ molecules were inserted into the two kinds of 

SWCNTs by heat-treatment at 200°C of the opened SWCNTs and PhQ molecules in 

an evacuated glass-tube. After the heat-treatment, recovered samples were washed with 
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organic solvents to remove excess quinones deposited on outer side of the SWCNTs. 

Self-supported films (buckypaper) were obtained in this step.  

The paper-form PhQ@SWCNT sample on a Cu-foil was used for Li and Na ion 

charge-discharge experiments. Li and Na metal foils were used as counter electrodes. 

1 mol L-1 LiClO4 in a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) 

solution (EC : DEC = 1 : 1 in volume ratio) and 1 mol L-1  NaClO4 dissolved in 

propylene carbonate (PC) were used as electrolytes for Li and Na ion charge-discharge 

experiments, respectively. The charge-discharge measurements using a conventional 

two-electrode-type cell (Hohsen, HS-Cell) were conducted by a galvanostat (Toyo 

System, TOSCAT-3200). The cell assembly was performed in an Ar-filled glove box 

in order to avoid air exposure and contamination. Charge-discharge experiments were 

done with a temperature chamber (Espec SU-241) to control the temperature of the test 

cell. 

3.3 results and discussion 

 

Fig. 3. 1: TG of (a) bulk PhQ, (b) PhQ@SWCNT-2.5, (c) PhQ@SWCNT-1.5. 

Fig. 3.1 shows the TG curves of PhQ@SWCNT-1.5, PhQ@SWCNT-2.5, and also 

of bulk PhQ sample. While the weight loss due to sublimation of PhQ molecules starts 

at around 200 °C for the PhQ bulk sample, the threshold temperatures of weight loss of 

PhQ@SWCNT-1.5 and PhQ@SWCNT-2.5 are shifted toward higher temperatures. 
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This indicates that PhQ molecules are stabilized in SWCNTs. Since the threshold 

temperature of sublimation of PhQ in SWCNT-1.5 is higher than that in SWCNT-2.5, 

PhQ molecules might be more stabilized in smaller SWCNTs than in the larger ones. 

The stabilization difference of PhQ molecules in SWCNT-1.5 and -2.5 is discussed in 

the following section. The shifts of the threshold temperature of PhQ molecule 

sublimation indicate that the washing treatment after encapsulation treatment removed 

PhQ molecules deposited on the outer surface of SWCNTs very well, because the 

threshold temperature of PhQ molecules on the outer surface should be similar to that 

of the PhQ bulk sample. In the TG curves taken subsequent to the sublimation of PhQ 

molecules encapsulated in SWCNTs (Fig. 3.1), the onset of weight loss for SWCNTs 

is seen at 550 °C and 600 °C for PhQ@SWCNT-1.5 and PhQ@SWCNT-2.5, 

respectively. Since SWCNT-1.5 and SWCNT-2.5 were produced by arc-discharge and 

e-Dips methods, respectively, SWCNT-1.5 has slightly better crystallinity than 

SWCNT-2.5, and so the threshold temperature at which SWCNT-1.5 starts to burn is 

higher than that for SWCNT-2.5. The weight loss observed prior to the burning 

temperature of SWCNTs, corresponds to the amount of the encapsulated PhQ 

molecules. The PhQ amounts were evaluated to be 22% and 38% for SWCNT-1.5 and 

SWCNT-2.5, respectively. 
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Fig. 3. 2: XPS spectra of (a) SWCNT-1.5, (b) PhQ@SWCNT-1.5, (c) SWCNT-2.5 

and (d) PhQ@SWCNT-2.5. 

Tab. 3. 1: O/C ratio of obtained samples estimated by the XPS spectra. 

 C1s (atomic %) O1s (atomic %) O/C 

SWCNT-1.5 96.5 3.46 0.0358 

PhQ@SWCNT-1.5 95.4 4.51 0.0473 

SWCNT-2.5 98.0 1.99 0.0203 

PhQ@SWCNT-2.5 93.1 6.01 0.0645 

The PhQ amounts can also be estimated by x-ray photoelectron spectroscopy 

(XPS) measurement. Figure 3.2 shows XPS spectra of SWCNT-1.5 and SWCNT-2.5 

before and after the encapsulation treatment. For both samples, O/C atomic ratio 

increases after PhQ encapsulation treatment (table 3.1). The amounts of PhQ in 

SWCNT-1.5 and SWCNT-2.5 evaluated by the increase of O/C ratio after the 

encapsulation are 6.5% and 27.9%, respectively. Although these values are slightly 

different from the values determined by TG measurements, the PhQ amount in 

SWCNT-2.5 is greater than that in SWCNT-1.5 for both measurements. In the 



 

43 

following sections, the ion storage capacities of the encapsulated PhQ molecules are 

discussed based on the PhQ amounts determined by TG measurements, because XPS 

data might reflect only local surface information. As shown in figure Fig. 3.2, both O1s 

peak positions of SWCNT-1.5 and -2.5 shift toward the low energy side after PhQ 

encapsulation. The energy shift can be explained as follows. For PhQ@SWCNT 

samples, the observed O1s XPS spectra correspond to oxygen atoms of PhQ, namely 

oxygen atoms of C=O, while slightly included impurity oxygen atoms such as the 

oxygen atom of the C−O−H group were observed for pristine SWCNTs. On the other 

hand, no significant change was observed for C1s spectra by PhQ encapsulation. It 

indicates that the encapsulation treatment does not cause any changes to the SWCNT 

framework structure. 
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Fig. 3. 3: Raman spectra of (a) SWCNT-1.5 and (b) PhQ@SWCNT-1.5. Two 

types of excitation laser were used: (A) 532 nm, (B) 633 nm. 

Next, I discuss the changes in Raman spectrum of SWCNTs by PhQ encapsulation. 

As discussed in the chapter 2, I used two kinds of lasers having the wavelengths of 532 

and 633 nm. According to the Kataura plot, for both SWCNT-1.5 and -2.5 samples, 

semiconducting and metallic tubes are in resonance with 532 and 633 nm laser, 

respectively. This is consistent with the observed G-band of SWCNT-1.5 in figure 

3.3(B), which shows a broad profile having a long tail on the lower wavenumber side, 

and is known as the Breit–Wigner–Fano (BWF) profile, typically seen for metallic 

SWCNTs. On the other hand, the G-band of SWCNT-1.5 observed by the 532 nm laser 

(figure 3.3(A)) is relatively sharp. The G-band peak profile of SWCNT-1.5 probed 
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using the 532 nm laser does not change by PhQ encapsulation. Contrary to that, the G-

band peak profile probed with the 633 nm laser changes greatly by the encapsulation. 

The profile becomes sharp, by losing the BWF feature after the encapsulation. As 

chapter 2 discussed, The BWF feature comes from the plasma oscillation of free 

electrons of metallic tubes. Therefore, the loss of the BWF feature means the decrease 

of the number of free electrons in metallic tubes by PhQ encapsulation. It indicates 

charge-transfer from metallic SWCNTs to the encapsulated PhQ molecules and This 

transfer also occurred in the sample of iodine molecules encapsulated in SWCNTs. 

Since active electrons near the Fermi level of metallic tubes are easier to move to PhQ 

molecules, the charge-transfer reaction is likely to have occurred only from metallic 

tubes, and not from semiconducting tubes. On the other hand, in the case of SWCNT-

2.5, the G-band peak profile does not change by PhQ encapsulation regardless of the 

excitation laser (figure 3.3). Namely, the charge-transfer reaction does not seem to 

occur from metallic nor from the semiconducting SWCNTs of PhQ@SWCNT-2.5. The 

reason for the threshold temperature of PhQ sublimation of SWCNT-1.5 being higher 

than that of SWCNT-2.5, may be related to the stabilization of PhQ molecules in 

SWCNTs, as a result of the charge transfer induced electrostatic interaction between 

charged SWCNTs and PhQ molecules of PhQ@SWCNT-1.5, in addition to the stronger 

interaction that smaller tubes have with the encapsulation molecules. 
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Fig. 3. 4: Charge-discharge curves of the (A) PhQ@SWCNT-1.5 and (B) 

PhQ@SWCNT-2.5 electrodes used for LIB. The measurements were performed 

at room temperature. Horizontal axes are calculated from the weight of PhQ 

molecules in the electrodes. All the measurements were performed at a constant 

current density of 100 mA/g. 

Here, I discuss Li ion charge–discharge properties of PhQ@SWCNT-1.5 and -2.5 

(Fig. 3.4). As discussed in a previous report, the capacity fading with charge–discharge 

cycle observed for the bulk PhQ sample diminished greatly by encapsulation [34]. The 

improvement of the cycle performance was found for both SWCNT-1.5 and SWCNT-

2.5. However, the reversible capacities of PhQ@SWCNT-1.5 and PhQ@SWCNT-2.5 

are quite different. In the case of PhQ@SWCNT-1.5, the observed reversible capacity 
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is almost as high as the theoretical capacity of the PhQ molecule (258 mAh g−1), while 

the reversible capacity of PhQ@SWCNT-2.5 is about a half of the theoretical value. In 

other words, only half of the encapsulated PhQ molecules in SWCNT-2.5 worked as 

electrode materials. The low utilization rate may be explained by kinetic reasons. 

However, the reversible capacity observed under a very low charging rate is still far 

from the theoretical value. Therefore, I need to consider other reasons. As I discussed 

with TG and Raman data, PhQ molecules strongly interact with SWCNT-1.5 while 

PhQs are loosely bound with SWCNT-2.5. Due to the loose interaction, some PhQ 

molecules in SWCNT-2.5 cannot form a current flow path, and cannot work as 

electrode materials. 

 

Fig. 3. 5: Charge-discharge curves of bulk PhQ electrode. The measurement was 

performed at a constant current density of 100 mA/g. 

Next I will examine the charge–discharge curve profiles in more detail. Two clear 

plateaus at 2.8 and 2.4 V are seen on the discharge profile of the PhQ bulk sample 

(figure 3.5), and both are quite flat in shape. On the other hand, although two steps are 

observed on discharge profiles of PhQ@SWCNT-1.5 and PhQ@SWCNT-2.5 (figure 

3.4), they are not quite flat, but rather have the form of gentle slopes. In particular, the 

gradient of the slope of SWCNT-1.5 is steeper than that of SWCNT-2.5. Also, the 

threshold potential of lithiation of PhQ@SWCNT-1.5 is slightly higher than that of 
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PhQ@SWCNT-2.5. These differences may be attributed to the difference in the 

interaction between the encapsulated molecules and their host SWCNTs.  

 

Fig. 3. 6: Charge-discharge curves of the (A) PhQ@SWCNT-1.5 and (B) 

PhQ@SWCNT-2.5 electrodes used for SIB. The measurements were performed 

at room temperature. Horizontal axes are calculated from the weight of PhQ 

molecules in the electrodes. All the measurements were performed at a constant 

current density of 100 mA/g. 

One of the purposes of my investigation is to elucidate the SIB electrode properties 

of PhQ@SWCNT. As shown in Fig. 3.6, both PhQ@SWCNT-1.5 and -2.5 can work as 

SIB electrodes. Their Na ion adsorption properties (reversible capacities and discharge 
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profiles) are quite similar to their Li ion adsorption properties. Although many materials 

are known to work as both Li and Na ion battery electrodes, the adsorption properties 

for Li and Na ions are usually very different [70,71]. In particular, the electrode materials 

using nanospace or alloy reactions often show very different properties for Li and Na 

ions, because their ion storage reactions are strongly affected by the ion size [72]. 

However, the present PhQ@SWCNT electrodes show almost the same ion adsorption 

properties for both Li and Na ions. This would be explained by ion adsorption path of 

PhQ@SWCNT. Ions in electrolyte should be inserted into SWCNTs through the tube 

edge and migrate inside the tubes. Since the diameter of the present SWCNTs are much 

greater than the Li and Na ion sizes, the adsorption path does not discriminate between 

these two ions. Therefore, the reversible capacities and the charge–discharge profiles 

of PhQ@SWCNT are quite similar for Li and Na ions. It indicates that PhQ@SWCNT 

might be applicable to other kinds of ion battery electrodes as well. As shown in figure 

3.6, it was found that the charge capacities were slightly greater than the discharge 

capacities in each cycle. It was also observed that the decrease of the charge capacity 

with cycle was much greater than that of the discharge capacity. These results indicate 

that not only a Na ion extraction reaction but also other kinds of irreversible reactions 

should be occurr in the discharge process and that the amount of the materials causing 

the irreversible reaction decreased with the charge–discharge cycles. Although I could 

not reveal what caused the irreversible reaction, it would be plausible that some kinds 

of impurities might be included in the electrolyte used in the Na ion experiments 

because such an over-charge phenomenon was not observed in the case of the Li ion 

experiments. 
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Fig. 3. 7: Charge-discharge curves of the (A, C) PhQ@SWCNT-1.5 and (B, D) 

PhQ@SWCNT-2.5 electrodes observed at 0°C. Panel A and B shows Li-ion 

storage properties. Panel C and D shows Na-ion storage properties. Horizontal 

axes are calculated from the weight of PhQ molecules in the electrodes. All the 

measurements were performed at a constant current density of 100 mA/g. 

Fig.3.7 shows Li and Na ion charge–discharge curves of PhQ@SWCNT observed 

at a low temperature of 0°C. Firstly, for Li ions, both PhQ@SWCNT-1.5 and 

PhQ@SWCNT-2.5 can adsorb and desorb ions reversibly. It is well known that low 

temperature battery performance of commercial LIBs is not very good. Therefore, the 

encapsulation system would be a good approach to solve the low temperature problem. 

However, the reversible capacities of PhQ@SWCNT-1.5 and PhQ@SWCNT-2.5 
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observed at 0°C are much smaller than those at RT. The capacity decrease might be due 

to kinetic problems, such as the increase of the internal resistance. In fact, the capacity 

observed under a very slow charging rate was as high as the theoretical capacity even 

at 0°C. Interestingly, the capacity decrease at low temperatures for Na ions is very small 

for both PhQ@SWCNT-1.5 and PhQ@SWCNT-2.5, especially the reversible capacity 

of PhQ@SWCNT-2.5 at 0°C, which is almost as high as that at RT. It is probable that 

Na ions can diffuse in SWCNT-2.5 easily even at a low temperature. Although I do not 

have any experimental evidence that supports such facilitated diffusion, the present 

results clearly suggest that PhQ@SWCNT-2.5 would be a good candidate for low 

temperature SIB electrode materials.  

 

Fig. 3. 8: Room temperature cycling performance of the (A) PhQ@SWCNT-1.5 

and (B) PhQ@SWCNT-2.5 electrodes used for SIB at current densities of (a) 100, 

(b) 200, (c) 400, (d) 800 mA g/1 
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Fig. 3. 9: Room temperature cycling performance of the (A) PhQ@SWCNT-1.5 

and (B) PhQ@SWCNT-2.5 electrodes used for LIB at current densities of (a) 

100, (b) 200, (c) 400, (d) 800 mA/g 

In order to further understand the SIB electrode behavior of PhQ@SWCNT 

samples, I investigated their rate and cycle performance. As shown in Fig. 3.8 and Fig. 

3.9, PhQ@SWCNT-1.5 shows a monotonous capacity decrease with the charge–

discharge cycle regardless of the charging rate, while PhQ@SWCNT-2.5 shows an 

increase in the capacity with cycle for some charging rates. As discussed already, PhQ 

molecules in SWCNT-2.5 are loosely bound with SWCNTs. Some of the molecules do 

not provide current flow path and are not used for ion storage. However, during charge–

discharge cycles, such inactive PhQ molecules might become activated. The weak 
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interaction between PhQ molecules and SWCNTs in SWCNT-2.5 would allow the 

position changes of the encapsulated PhQ molecules. 

3.4 Conclusions 

In conclusion, I have performed Li and Na ion charge–discharge experiments of 

PhQ molecules encapsulated in SWCNT-1.5 and -2.5, at RT and 0°C. In order to 

understand the manner at which PhQ molecules are stabilized in SWCNTs, I 

investigated the threshold temperature of sublimation of PhQ molecules encapsulated 

in SWCNTs by TG measurements. It was found that the threshold temperature of PhQs 

in SWCNT-1.5 is higher than that of PhQs in SWCNT-2.5. It was also found by analysis 

of the Raman G-band peak profiles, that charge transfer from metallic SWCNTs to PhQ 

molecules should occur in the case of SWCNT-1.5. The electrostatic interaction 

between charged SWCNTs and PhQ molecules, induced by the charge-transfer reaction, 

would partly contribute to the stabilization of PhQ molecules in SWCNTs. For Li-ion 

charge–discharge experiments, the observed reversible capacity of PhQ@SWCNT-1.5 

was almost as high as the theoretical capacity of the PhQ molecules, while that of 

PhQ@SWCNT-2.5 was about half of the theoretical capacity. On the other hand, the 

two samples showed similar behavior for Na ions storage. Since the Na ion reversible 

capacity of PhQ@SWCNT-2.5 measured at a low temperature of 0°C remained as high 

as that measured at RT, PhQ@SWCNT-2.5 should be an interesting candidate as an 

electrode material for a low temperature Na ion battery. 
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Chapter 4 

Alkali Metal Ion Storage of Quinone Molecules Grafted 

on Single-walled Carbon Nanotubes at Low Temperature 

4.1 Overview 

On the chapter 3, the encapsulation treatment of PhQ molecules in single-walled 

carbon nanotubes (SWCNTs) was a good method to prevent the dissolution and 

improve the cycle performance of PhQ electrode. However, unfortunately, this method 

could not stop the capacity fading completely. On the chapter 4, I tried to graft PhQ 

molecules onto SWCNTs in order to obtain higher stability.  

4.2 Experimental Methods 

I purchased all the chemicals used in the present study: 9,10-anthraquinone (AQ) 

(Wako pure chemical industries), and 9,10-PhQ (Sigma-Aldrich). Two kinds of 

SWCNT samples SWCNTs-1.0 and SWCNTs-2.5 were also purchased (SWCNTs-1.0: 

NanoIntegris Inc., SWCNTs-2.5: Meijo Nanocarbon). For SWCNT samples, I 

performed purification treatment using acid and annealing treatment to obtain higher 

crystallinity. The detailed purification procedure is described in chapter 2. 

As SWCNTs having huge π-conjugation system should be chemically very stable, 

it is not very easy to do chemical modification for SWCNTs. First, PhQ powder sample 

was refluxed with nitric acid at 130°C for 1 h to obtain nitrated PhQ. Then the obtained 

nitrated PhQ was dissolved in 2% NaOH aqueous solution, and excess amount of 

sodium hydrosulfite was added to the solution to replace the nitro groups by amino 

groups. Subsequently, PhQs were grafted onto SWCNTs by diazo coupling reactions 
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as shown in Fig. 4.1 (a). For comparison, I also prepared PhQ encapsulated SWCNTs 

(PhQ@SWCNTs) using a process described in chapter 3 

PhQ derivatives were characterized by Fourier transform infrared spectroscopy 

(FT-IR) and nuclear magnetic resonance (NMR) measurements. The final products 

(PhQ/SWCNT composites) were thoroughly investigated by high resolution 

transmission electron microscope (HRTEM), scanning electron microscopy (SEM), 

Raman spectroscopy, XRD, thermogravimetric (TG) analysis, and X-ray photoelectron 

spectroscopy (XPS) measurements. 

The paper-form PhQ/SWCNT sample obtained by vacuum filtration was used for 

Li and Na ion charge-discharge experiments. Li and Na metal foils were used as counter 

electrodes. 1 mol L−1 LiClO4 dissolved in a mixture of ethylene carbonate (EC) and 

diethyl carbonate (DEC) solution (EC : DEC = 1 : 1 in volume ratio) and NaClO4 

dissolved in a mixture of EC and DEC solution (EC : DEC = 1 : 1 in volume ratio) were 

used as electrolytes for Li and Na ion charge-discharge experiments, respectively. The 

charge-discharge measurements using a conventional two-electrode-type cell (Hohsen, 

HS-Cell) were conducted using a galvanostat (Toyo System, TOSCAT-3200). The cell 

was assembled in an Ar-filled glove box in order to avoid air exposure and 

contamination. Charge-discharge experiments were done inside a thermostatic chamber 

(Espec, SU-241) to control the temperature of the test cell. 

Density functional theory (DFT) calculations were performed using Gaussian 09 

software [73]. Here, I used the B3PYP exchange-correlation hybrid functional [74] with 

Dunning’s double-zeta correlation consistent basis sets [75] (cc-pVDZ). 



 

56 

4.3 Results and discussion 

 

Fig. 4. 1: (a) Preparation of PhQ-grafted SWCNT using diazo coupling reaction. 

(b) Schematic structure of PhQ@SWCNT electrode. 

As shown in the Fig. 4.1. In the case of encapsulation system (Fig. 4.1 (b)), 

electrolyte ions should approach to the encapsulated quinone molecules through open 

tube-edges. On the other hand, the grafted quinone molecules (Fig. 4.1 (a)) seem to be 

more easily accessible to the ions. I investigated the Li ion and also the Na ion storage 
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properties of the synthesized sample of PhQ grafted on SWCNT (PhQ/SWCNT). If 

PhQ/SWCNT can store Na ion effectively, it can be used as Na ion battery (SIB) 

electrode material. I also investigated the low temperature performance of 

PhQ/SWCNT electrode for Li and Na ions. Furthermore, density functional theory 

(DFT) calculations were performed to understand the detailed features of charge-

discharge profiles of PhQ/SWCNT electrode. Based on the calculation, I discussed the 

discharge potential difference for Li and Na ions. 

Although I performed AQ and PhQ grafting treatments for the two samples, in this 

chapter, I discuss mainly the electrode properties of PhQ-grafted SWCNT-2.5 sample 

(PhQ/SWCNT-2.5) in comparison with other combinations. As discussed on chapter 2, 

since SWCNT-2.5 has less defective, narrow diameter distribution, and well bundled 

form, its physical characterization reveals a weak Raman D-band peak and very clear 

X-ray diffraction peaks (Fig. 2.4 and Fig. 2.5). The high purity was also confirmed by 

TEM observation (Fig. 2.6). I analyzed the bundle diameter size using the TEM picture 

and estimated a mean bundle diameter of about 35 nm (Fig. 4.2).  

 

Fig. 4. 2: Diameter distribution of bundled SWCNT-2.5 obtained by an analysis 

of TEM images. 
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Fig. 4. 3: Raman spectra of (a) SWCNT-2.5 and (b) PhQ/SWCNT-2.5 

 

Fig. 4. 4: (a) Observed and (b) simulated synchrotron powder XRD pattern of 

SWCNT-2.5. 
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Fig. 4. 5: HRTEM images of PhQ/SWCNT-2.5. 

Fig. 4.3 shows that the intensity of the D-band peak of SWCNT-2.5 increases by 

the PhQ grafting treatment. This increase indicates the formation of sp3 carbon on the 

surface of SWCNTs by the reaction with diazo-PhQ molecules. On the other hand, I 

could not observe any significant changes in XRD pattern of the quasi two-dimensional 

hexagonal lattice of SWCNT-2.5 bundle after the grafting treatment, which means that 

the bundle form is maintained after the PhQ grafting treatment. Judging from these 

observations, I conclude that PhQ molecules were grafted on the outer SWCNTs of the 

bundle surface, and that the inner SWCNTs were kept as they were. I also performed 

TEM observation of PhQ/SWCNT-2.5 sample. However, I could not see the PhQ 

grafted phase in the HRTEM pictures of PhQ/SWCNT-2.5 (Fig. 4.5). 

 

Fig. 4. 6: TG curves of (a) bulk PhQ, (b) PhQ/SWCNT-2.5, and (c) SWCNT-2.5. 
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The amount of PhQ grafted on SWCNTs was evaluated by two approaches: TG 

and XPS. The sublimation temperature of PhQ molecule is about 200°C, and the drastic 

weight loss from 200°C was clearly observed in TG curve in the case of PhQ crystal 

(Fig. 4.6). On the other hand, the oxidation temperature of the untreated SWCNT-2.5 

is about 590°C as shown in Fig. 4.6. The rather high oxidation temperature also 

confirms the high crystallinity of SWCNT-2.5. Since the temperature difference of the 

two TG threshold temperatures of PhQ and SWCNT is very large (~400°C), the amount 

of PhQ in PhQ/SWCNT-2.5 sample should be evaluated by TG measurement. In fact, 

a two-step TG curve was observed for PhQ/SWCNT-2.5 as expected. However, the 

observed two steps are not very clear because PhQ molecules are stabilized by the 

connection with SWCNTs, and the crystallinity of SWCNTs should be lowered by the 

grafting. Therefore, it is very difficult to determine the critical temperature needed to 

evaluate the PhQ content in the sample. If I assume the SWCNT oxidation threshold 

temperature of PhQ/SWCNT-2.5 to be 590°C as that of the untreated SWCNT-2.5, the 

PhQ content can be determined as 33 wt.%. Although this value overestimates the 

amount of grafted PhQ, because some of the SWCNTs of PhQ/SWCNT-2.5 should 

have lower oxidation temperature due to the defects formed by PhQ grafting, I can treat 

this value as the maximum PhQ content in the sample. 
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Fig. 4. 7: XPS spectra of (a) SWCNT-2.5 and (b) PhQ/SWCNT-2.5. 

I also performed XPS measurements to evaluate the PhQ content as I did for the 

SWCNT encapsulation sample (Fig. 4.7). As explained in chapter 3, the PhQ content 

can be estimated by the increase of O/C atomic ratio. The O1s peak on the XPS 

spectrum of SWCNT-2.5 drastically changed by PhQ grafting. For PhQ/SWCNT-2.5, 
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the O1s peak corresponding to oxygen atoms of PhQ, namely oxygen atoms of C=O. 

The signal from C=O group was observed at around 284.8 eV in the C1s spectra. On 

the other hand, slightly included impurity oxygen atoms such as oxygen atom of C-O-

H group were observed for the untreated SWCNT-2.5 at around 286.7 eV. The PhQ 

amount of PhQ/SWCNT-2.5 evaluated by the increase of O/C ratio is 28.1%. Although 

this value is very close to the value determined by TG measurement, I should note that 

the value determined by XPS also overestimates the PhQ content, because of the 

following reason: as mentioned above, PhQ molecules are grafted only on the outer 

SWCNTs of the bundles having mean diameter of 35 nm. Since Al Kα X-ray was used 

for the XPS measurement, I could not get any information from SWCNTs in the inner 

part of the bundle. Therefore, although I could not obtain the correct PhQ amount value 

by either TG or XPS measurements, I estimate that the PhQ content should be less than 

33 wt.%. 

 

Fig. 4. 8: Schematic structure of quinone molecules grafted on SWCNTs. 

Now I discuss how PhQ molecules are grafted on SWCNT-2.5. The mean tube 

diameter D and lattice constant a of the quasi two-dimensional bundle hexagonal lattice 
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were determined from XRD simulation, and had the values of 2.5 and 2.8 nm, 

respectively (Fig. 4.4). The tube-to-tube distance, calculated from D and a, is 0.3 nm, 

and the value is very reasonable for a SWCNT bundle. Using these values, I calculated 

the bundle to contain one SWCNT per 6.79 nm2 of its cross section. Therefore, an 

average bundle having diameter of 35 nm should consist of about 142 SWCNTs. Here 

I think about a structural model of PhQ/SWCNT-2.5 such that a layer of PhQ x nm in 

thickness covers the SWCNT bundle of 35 nm diameter (Fig. 4.8). Assuming the PhQ 

content to be 33 wt.% and the density of PhQ layer to be 1.4g cm−3 as that of PhQ 

crystal, the layer thickness x is calculated to be 1.3 nm. Since this x value is much larger 

than PhQ molecular size, the PhQ layer should not be a monolayer. The grafting method 

used in the present study can create bonds not only between PhQ molecules and 

SWCNTs, but also between PhQ molecules themselves. Namely, polymerized PhQ 

molecules having average thickness of 1.3 nm are attached to the outer surface of the 

SWCNT bundle. Unfortunately, the thickness of the PhQ polymer is too thin to be 

observed by HRTEM (Fig. 4.5). 
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Fig. 4. 9: Room temperature charge/discharge curves of PhQ/SWCNT-2.5 used 

for LIB. The measurement was performed at a constant current density of 

100mA/g, where “g” means total weight of the composite electrode 

(PhQ/SWCNT-2.5). 

 

Fig. 4. 10: Room temperature galvanostatic charge/discharge curves of SWCNT-

2.5 used for LIB. 
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From here I discuss the electrode properties of PhQ/SWCNT-2.5. First, I found 

that PhQ/SWCNT-2.5 can adsorb/desorb Li ions reversibly as shown in Fig. 4.9. Two 

step plateaus are clearly visible on the charge-discharge profiles at around 2.4 and 2.8V, 

which are characteristic features of PhQ electrode, indicating that the PhQ molecules 

grafted on SWCNTs can work as Li ion battery electrode materials. Here I note that 

lithium storage capacity of SWCNTs in this voltage region is negligible because lithium 

insertion/extraction to/from carbon materials generally occurs at a lower potential 

region less than 1.0 V vs. Li/Li+ (see Fig. 4.10). In Fig. 4.9, the charge-discharge 

capacity values per the total amount of electrode and also per unit PhQ weight are 

shown. The capacity value per PhQ weight is calculated assuming 33wt.% PhQ content. 

Although the reversible capacity of 150 mAh/g shown in Fig. 4.9 was smaller than the 

theoretical capacity of PhQ molecule (258 mAh/g), it should be noted that the 33wt.% 

used for the Fig. 4.9 is probably overestimated. Taking that into account, I can assume 

that most of PhQ molecules even in their polymerized form could adsorb Li ions, and 

that electron transfer through the polymer to SWCNT should be possible as well. 
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Fig. 4. 11: Room temperature charge/discharge curves of PhQ/SWCNT-2.5 used 

for SIB. The measurement was performed at a constant current density of 

100mA/g, where “g” means total weight of the composite electrode 

(PhQ/SWCNT-2.5). 

As shown in Fig. 4.11, the charge-discharge curves of PhQ/SWCNT-2.5 observed 

for Na ions are almost similar to those observed for Li ions. Using the redox potentials 

of Li/Li+ (−3.05 V) and Na/Na+ (−2.73 V), I can compare the plateau potential of the 

discharge curves of PhQ/SWCNT-2.5 for Li and Na ions. It was found by this analysis 

that the discharge potential for Na ion is about 700 mV lower than that for Li ion, 

although the discharge profiles for Li and Na ions are quite similar. The discharge 

potential difference will be discussed later. 
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Fig. 4. 12: Cycle performance of (a) PhQ/SWCNT-1.0, (b) PhQ@SWCNT-2.5, 

and (c) simple mixture of PhQ and carbon black electrode used for LIB. 

 

Fig. 4. 13: Room temperature galvanostatic charge/discharge curves of 

PhQ/SWCNT-1.0 used for LIB. Red and blue lines shows 1st and 50th cycle data, 

respectively. The measurement was performed at a constant current density of 

100mA/g, where “g” means total weight of the composite electrode 

(PhQ/SWCNT-1.0). 
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Fig. 4. 14: Room temperature charge/discharge performance of PhQ/SWCNT-2.5 

used for SIB at current densities of (a) 20, (b) 50, (c) 100, and (d) 200 mA/g. 

Capacity values are calculated from the total weight of the composite electrode 

(PhQ/SWCNT-2.5). 

Fig. 4.12 shows the 100 cycles charge-discharge data of PhQ/SWCNT-2.5 for Li-

ion battery. In the case of bulk PhQ sample with carbon black conductive additive, 

severe capacity fading was observed in a few cycles because of the dissolution of PhQ 

molecules into electrolyte. In the chapter 3, The dissolution of PhQ molecules was 

suppressed by the encapsulation treatment. The capacity loss of PhQ/SWCNT-2.5 is 

much smaller than that of PhQ@SWCNT-2.5, because PhQs are covalently connected 

to SWCNTs. as shown in Fig. 4.12, it was found that the PhQ grafting is much more 

effective for the improvement of cycle performance than the encapsulation treatment. 

Clear plateaus originating from the electrochemical behavior of grafted PhQ molecules 

were maintained even after 50 cycles as shown in Fig. 4.13. On the other hand, the rate 

performance of PhQ/SWCNT-2.5 shown in Fig. 4.14 is not very good, although it is 

reported that the redox reactions of quinone molecules including PhQ are very fast [76-

79]. The internal resistance of PhQ/SWCNT-2.5 probably increases due to the long-

winded electron path through polymerized PhQs. As shown in Fig. 4.12(a), a small 
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capacity drop was observed between 50 and 60 cycles. The reason why the capacity 

dropped is not clarified. However, PhQ/SWCNT showed higher capacity than 

PhQ@SWCNT after the capacity drop. 

 

Fig. 4. 15: Galvanostatic charge-discharge curves of PhQ/SWCNT-2.5 used for 

(A) LIB and (B) SIB. The measurements were performed at 0°C and a constant 

current density of 100mA/g, where “g” means total weight of the composite 

electrode (PhQ/SWCNT-2.5). 
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Interestingly, the low temperature performance of PhQ/SWCNT electrodes is very 

good. The present commercial LIB using intercalation reactions shows a reduction in 

its cell performance at low temperature. The redox reactions of quinone molecules 

would not be affected very much by decreasing temperature. Figs. 4.15(A) and 4.15(B) 

show Li and Na ion charge-discharge curves of PhQ/SWCNT-2.5 at 0°C. As shown in 

Figs. 4.15(A) and 4.15(B), although the reversible capacities of PhQ/SWCNT-2.5 for 

both Li and Na ions are about 60% of the values observed at the room temperature (RT), 

almost the same charge-discharge profiles are kept at low temperature, except for slight 

increases in the charge-discharge hysteresis. This indicates that ion adsorbing sites are 

kept at low temperature while the activation energy for ion adsorption depends on 

temperature. This profile change at low temperature looks quite like the change with 

the increase in charging rate. Both profile changes can be explained by the increase in 

the over-potential for ion adsorption due to iR drop. Of course, the increase in the 

current and internal resistance lead to the larger hysteresis with the increase in the 

charging rate and the decrease in temperature, respectively. Although the increase in 

the internal resistance at low temperature should be related to various reasons, the 

change in ion mobility would be the main reason. In the case of PhQ@SWCNT 

encapsulation electrode, ion diffusion into the inner tube space of SWCNTs is 

necessarily for ion adsorption to occur. On the other hand, PhQ/SWCNT-2.5 does not 

require the diffusion process because PhQs are attached to the outer surface of the 

SWCNT bundle. That would be the reason for the better low-temperature performance.  

I also performed DFT calculation to discuss the electrode properties of 

PhQ/SWCNT-2.5. It is well known that the open circuit voltage of a battery can be 

predicted by DFT calculations [80-84]. This approach is applicable to the present quinone 

electrode batteries. I denote the quinone electrode by Qsolid. The total reaction of 

quinone battery can be expressed as follows. 

Qsolid + 2Lisolid → Li2Qsolid                            (4.1) 
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Therefore, the open circuit voltage (electromotive force) E can be calculated by 

the following equation. 

𝐸 = −
G(Li2Qsolid) −  G(Qsolid) −  2G(Lisolid)

2F
                     (4.2) 

Where G(M) expresses the Gibbs free energy of M, and F denotes Faraday 

constant. 

However, it is very difficult to discuss Gibbs free energy of PhQ/SWCNT-2.5, 

because the exact structure of PhQ/SWCNT-2.5 is not known. However, it would be 

meaningful to calculate the free energy difference ΔG of molecular entities in reactions 

(4.3) and (4.4) below, instead of calculating ΔG for the undefined solid-state structures 

in equation (4.2). 

PhQ + Li+ + e− → LiPhQ                            (4.3) 

LiPhQ + Li+ + e− → Li2PhQ                          (4.4) 

In this case, however, it is very hard to perform quantitative comparison between 

the calculated values and experimentally observed data. Furthermore, it should be noted 

that equation (4.2) can predict the open circuit voltage, while kinetic parameters should 

be considered when discussing discharge potentials. In this paper, I calculated 

molecular base reaction energies such as (4.3) and (4.4) for several combinations of 

electrode molecules (AQ and PhQ) and electrolyte ions (Li and Na) to gain a qualitative 

insight into the observed discharge potentials. The values of Gibbs free energy obtained 

by the DFT calculation are summarized in Table 4.1. 
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Tab. 4. 1: Gibbs free energies obtained by the DFT calculations. 

 G / Hartree 

particle−1 

 G / Hartree 

particle−1 

AQ -688.7 LiPhQ -696.3 

LiAQ -696.2 Li2PhQ -703.9 

Li2AQ -703.8 NaPhQ -851.1 

NaAQ -851.0 Na2PhQ -1013.4 

Na2AQ -1013.4 Li -7.3 

PhQ -688.7 Na -162.1 

First, I discuss the very different charge-discharge profiles of AQ and PhQ, 

although these two molecules have the same chemical formula. AQ and PhQ show one-

step and two-step plateau discharge curves, respectively (see Fig. 4.15 and 9).  
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Fig. 4. 16: Room temperature charge-discharge curves of AQ/SWCNT-2.5 used 

for LIB. The measurement was performed at a constant current density of 

100mA/g, where “g” means total weight of the composite electrode. 

For PhQ, the difference between the two ΔG values for reaction (4.3) and (4.4) is 

quite large for both Li and Na. On the other hand, the difference for AQ is very small. 

Namely, AQ can adsorb the second Li or Na ion very easily after capturing the first ion, 

while PhQ requires relatively high energy to catch the second ion, probably due to the 

repulsion between adsorbed alkaline ions (Fig. 4.17). 
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Fig. 4. 17: Molecular structure of (a) Li2PhQ and (b) Na2PhQ obtained by DFT 

calculations. (C: brown; O: red; H: white; Li: green; Na: yellow) 

Next, I compare the discharge potentials of PhQ/SWCNT-2.5 for Li and Na ions. 

As discussed in the previous paragraph, it was found that the discharge potential for Na 

ion is about 700 mV lower than that for Li ion. Of course, I should consider the kinetic 

parameters. However, it is well known that Na ion has smaller solvation energy and 

larger ion mobility than Li ion has. So, if the discharge potential difference is caused 

by kinetic effects, the potential for Li ion should be lower. Therefore, I should think 

about another reason. According to our calculations, the stabilization energies of the 

reaction products (LiPhQ and Li2PhQ) are larger than those of NaPhQ and Na2PhQ, 

probably because Li should have stronger covalent bond with PhQ than Na. The 

stabilization energy difference would lead to the observed discharge potential 

difference.  
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Finally, I discuss the discharge profiles of PhQ/SWCNT-2.5. The discharge 

profiles of PhQ/SWCNT-2.5 show two step plateaus similar to those of PhQ bulk 

crystal and PhQ@SWCNT samples. However, the plateaus of PhQ/SWCNT-2.5 are 

not very flat compared to other PhQ samples. In the cases of PhQ bulk crystal and 

PhQ@SWCNT samples, all the PhQ molecules are equivalent and the discharge 

potentials should be determined by reaction (4.3) or (4.4). However, PhQ molecules in 

PhQ/SWCNT-2.5 form a variety of polymers and are therefore not equivalent. Each 

molecule should have slightly different redox potential from the values determined by 

(4.3) or (4.4). Therefore, PhQ/SWCNT-2.5 should have a non-flat plateau in the 

discharge profile. 

4.4 Conclusion 

In conclusion, I prepared AQ and PhQ derivatives having amino groups and 

grafted quinone molecules onto SWCNTs by diazo coupling reactions. The coupling 

reactions introduced bonds not only between quinone molecule and SWCNT, but also 

between the quinone molecules themselves. Consequently, polymerized quinone 

molecules were connected to SWCNTs. The structural details of PhQ/SWCNT-2.5 

sample were analysed by XRD and Raman measurements. It was discussed that a few 

nanometres thick layer of polymerized PhQs covered the outside of SWCNT bundles. 

The obtained PhQ/SWCNT-2.5 work very well as LIB and SIB electrodes not only at 

RT but also at 0°C. It should be noted that the cycle performance of PhQ/SWCNT-2.5 

electrode is much better than PhQ@SWCNT encapsulation electrode. I also calculated 

the molecular base reaction energies by DFT calculations to offer a qualitative insight 

into the factors influencing the observed discharge potentials of PhQ/SWCNT-2.5 

electrode. 
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Chapter 5 

Safe, economical and fast-charging secondary batteries 

using single-walled carbon nanotubes 

5.1 Overview 

I propose a new secondary battery having the following three specifications to 

solve the three problems mentioned above in chapter 1 (Fig. 5.1): (i) The new battery 

uses alkali metal halide aqueous electrolytes instead of the flammable organic 

electrolytes used in LIBs. The use of aqueous electrolytes is not only much safer than 

organic electrolytes, but also advantageous to cost and fast-charging, because alkali 

metal halides such as NaCl, LiCl, NaI consist only of abundant elements, and the ion 

mobilities of both alkali metal ions and halogen ions in water are much faster than those 

in organic electrolytes. (ii) As a negative electrode in the new battery, I use quinone 

molecules. (iii) Empty SWCNTs are used as a positive electrode. Halogen ions are 

oxidized inside the empty SWCNTs and caught as a form of diatomic molecule inside 

SWCNTs. The redox reactions of halogen ions inside SWCNTs are much faster than 

the intercalation reaction in LIBs. By combining (i)-(iii), a safe, economical and fast-

charging secondary battery developed. 

The above-mentioned electrode reactions (ii) and (iii) are explained in the chapter 

2 and chapter 3 as follows. I chose iodide ion redox reaction as the positive electrode 

reaction. Chapter 2 reported that diatomic iodine molecules (I2) are effectively 

encapsulated in SWCNTs by oxidizing iodide ions (I-) at SWCNT electrode. I 

succeeded in preparing electrolyte redox capacitor using the redox reaction of iodide 

ions in SWCNTs. In this chapter, I use the similar electrode reaction as the electrolyte 

redox capacitor. On the other hand, Chapter 3 and chapter 4 reported that AQ and PhQ 

encapsulated in SWCNTs (AQ@SWCNT and PhQ@SWCNT) work as LIB electrodes. 
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Namely, AQ@SWCNT and PhQ@SWCNT can catch/release Li ions reversibly in LIB 

electrolyte. Here, I investigate whether or not those two molecules can work in aqueous 

electrolyte. If either molecule can work, I can develop the safe, economical and fast-

charging secondary battery by combining the quinone electrode and the iodine electrode. 

The energy density of the new aqueous electrolyte battery using AQ or PhQ as 

quinone electrode is estimated to be about 50 Wh/kg which is much smaller than that 

of LIBs, because the EMF obtained by the combinations of the quinone electrode and 

iodine electrode would be very small (< 0.5 V). However, I can improve the energy 

density of the new battery by developing new quinone molecules which have lower 

redox potentials than AQ and PhQ. Then, the expected energy density of the safe, 

economical and fast-charging aqueous electrolyte battery would be comparable to that 

of the LIBs tuned for high power usage. 

 

Fig. 5. 1: Schematic picture of new concept aqueous electrolyte secondary battery 
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5.2 Experimental methods 

I used a SWCNT-2.5 and reagent-grade AQ and PhQ powder samples were 

purchased from Wako Pure Chemical Industries. SWCNT and quinone (AQ or PhQ) 

powder samples were sealed in a vacuum glass tube, and heated at 200℃ for 10 h. 

During that time, quinone molecules were sublimed and introduced into SWCNTs. 

After the heat treatment, the recovered samples were washed with organic solvents 

(N,N-dimethylformamide for AQ, acetone for PhQ) to remove any excess quinones 

deposited on the outer surface of the SWCNTs. Self-supported films (buckypaper) were 

obtained in this step.  

The nanostructure of the obtained samples was observed using a transmission 

electron microscope (TEM; JEOL JEM-z2500) operated at 100 kV, and a scanning 

electron microscope (SEM; JEOL JSM-6010LA) operated at 10 kV. Fourier transform 

infrared (FTIR) spectra were measured by means of a spectrometer (JASCO, FT/IR-

6300) using the attenuated total reflection (ATR) method. A ZnSe single crystal was 

used for the ATR measurement. Raman spectrum measurements were performed using 

a JASCO NRS-3300 spectrometer equipped with a 532 nm-wave length laser source. 

Synchrotron powder X-ray diffraction measurements were performed using the beam 

line BL-18C at the photon factory (PF) in High-Energy Accelerator Research 

Organization (KEK), Tsukuba, Japan. The X-ray beam was monochromatized by a 

Si(111) double crystal monochromator and collimated by a pinhole collimator of 100 

mm in diameter. In the measurements, the incident X-ray wavelength was set to λ = 

0.0614 nm (20 keV).  

The electrochemical measurements were performed using a 

potentiostat/galvanostat (Autolab PGSTAT) in a three electrodes cell. AQ@SWCNT 

or PhQ@SWCNT samples (anodes) were paired with an empty SWCNT electrode 

(cathode). For CV measurements, I used Ag/AgCl reference electrode. Aqueous 
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electrolytes of 1 mol/L LiI or NaI were used. All the measurements were performed at 

room temperature. 

5.3 Results and discussion 

The encapsulation of AQ, PhQ molecules in SWCNTs has previously been 

confirmed not only by TEM observation but also by other spectroscopic measurements 

such as FT-IR, XRD, XPS and other measurement techniques in chapter 3. The 

observed data are shown in chapter 3 [34]. The content of encapsulated molecules per 

SWCNT weight was determined by TG measurements, and found to be 50.0 and 38.0 

wt% for AQ and PhQ molecules, respectively.  

 

Fig. 5. 2: CV curves of (a) AQ@SWCNT measured at a scan rate of 1 mV/s and 

(b) PhQ@SWCNT measured at scan rates of 1-10 mV/s in LiI aqueous 

electrolyte. 

Fig. 5.2 shows the cyclic voltammograms (CVs) of AQ@SWCNT and PhQ＠

SWCNT measured in LiI aqueous electrolyte. The measurements were done to judge 

whether these quinone molecules can catch/release alkali metal ions reversibly in 

aqueous electrolyte within the potential window of water. In the case of AQ@SWCNT 

(Fig. 5.2 (a), sweep rate: 1 mV/s), hydrogen evolution peak profile overlaps with the 
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tail of reduction peak corresponding to Li ion addition to AQ. Therefore, AQ molecule 

is not appropriate for the proposed battery shown in Fig. 5.1. On the other hand, 

reversible reduction/oxidation peaks were observed for PhQ molecule as shown in Fig. 

5.2 (b). Since the peak current values for the reduction (Li ion addition) and oxidation 

(Li ion removal) are almost the same regardless of the potential sweep rate, the 

reversibility of PhQ electrode is quite high. However, I should think about the partial 

irreversibility of the process because the peak separation between reduction and 

oxidation potentials increases with increasing sweep rate. The remaining measurements 

were performed only for the PhQ@SWCNT electrode. 

 

Fig. 5. 3: Charge/discharge curves of (a) AQ@SWCNT and (b) PhQ@SWCNT in 

LiI aqueous electrolyte. Five cycle charge/discharge data are shown. 

Using LiI aqueous electrolyte, Li ion charge/discharge curves 

(chronopotentiograms) were observed for PhQ@SWCNT electrode (Fig. 5.3 (a)). The 

capacity value (mAh/g) in Fig. 5.3 (a) was calculated based on the weight of the 

encapsulated PhQ molecules. Assuming that two Li ions are caught by one PhQ 

molecule, the capacity limit of PhQ electrode is calculated to be 258 mAh/g. Compared 

to the calculated value, the observed reversible capacity (ca. 50 mAh/g) is quite small. 

In the case of organic electrolyte, it was observed that PhQ@SWCNT can store Li ions 

as much as the calculated value. One possible explanation for such a small reversible 
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capacity in aqueous electrolyte is that the aqueous electrolyte does not easily penetrate 

inside SWCNTs because of the hydrophobic nature of SWCNTs. It should be noted that 

PhQ@SWCNT electrode showed a two-step discharge potential plateau in organic 

electrolyte, while one plateau was observed in aqueous electrolyte. The two-step 

plateau observed in organic electrolyte is probably due to the redox potential difference 

of two oxygen atoms of PhQ molecule. On the other hand, only one plateau was 

observed in aqueous electrolyte. If only one of the two oxygen atoms of PhQ molecule 

worked to catch Li ion in aqueous electrolyte, the observed one-step plateau and small 

capacity could be explained. Large irreversible capacity and large capacity decrease in 

the few initial cycles were also observed in the present aqueous electrolyte experiments. 

The unstable phenomena would be caused by dissociation of the encapsulated PhQ 

molecules.  

I also performed chronopotentiometry for PhQ@SWCNT electrode in NaI 

aqueous electrolyte. The observed Na ion charge/dis-charge curves are basically similar 

to the Li ion curves. However, the observed discharge potential for Na ion is about 0.1 

V lower than that for Li ion. The cathode reaction of the proposed battery (Fig. 5.1) is 

the redox reaction of iodide ions, and the redox potential of I-/I2 is about +0.45 V vs. 

Ag/AgCl [85]. Therefore, a lower redox potential of the quinone anode is better to obtain 

higher EMF from the proposed battery. Namely, NaI electrolyte is better than LiI 

electrolyte in terms of the potential. On the other hand, the reversible capacity measured 

with NaI is smaller than that with LiI. As mentioned above, the discharge potential for 

NaI is lower than that for LiI, which indicates that PhQ molecule attached to Na ion 

(PhQ-Na) is chemically more active than PhQ-Li. The instability of PhQ-Na causes the 

dissociation of PhQ-Na from the electrode and leads to the large irreversible capacity 

and small reversible capacity observed.  
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Fig. 5. 4: Charge/discharge curves of the anode and cathode, measured in NaI 

aqueous electrolyte. 

Fig. 5.4 shows the potential changes for both the anode and cathode during 

charge/discharge measurements. As shown in Fig. 5.4, the cathode potential was kept 

at iodine redox potential. It has already been discussed in chapter 2 that the redox 

reaction of iodide ions in SWCNTs occurs very effectively and that the formed I2 

molecules are firmly kept inside SWCNTs. In the chapter 2, I used alkali metal ion 

physisorption, in other words electric double layer formation, as the anode reaction. 

Instead of the physisorption, PhQ redox reaction is used in the present study. By using 

the redox reaction, the energy density of the cell was greatly improved compared to the 

previous case.  
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Fig. 5. 5: Reversible capacity values of PhQ@SWCNT electrode in NaI aqueous 

electrolyte, measured at current densities of 100, 200, 400, and 800 mA/g. 

Fig. 5.5 summarizes the cycle and rate performance of the proposed battery (Fig. 

5.1) in NaI aqueous electrolyte. In the few initial cycles, the capacity greatly decreased 

with cycle number, probably due to the dissociation of PhQ molecules. However, the 

capacity decrease became smaller after five cycles. It means that the cycle performance 

should be greatly improved if the initial dissociation of PhQ molecules could be reduced. 

5.4 Conclusions 

In summary, I developed a new concept aqueous electrolyte secondary battery by 

combining redox reactions of iodide ions in single-walled carbon nanotubes (SWCNTs) 

and alkali metal ions with quinone molecules. Both electrode reactions were 

investigated by CV and charge/discharge experiments in LiI and NaI aqueous 

electrolytes. 
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Chapter 6 

Conclusion 

In chapter 2, polyiodide ion formation in SWCNTs at low temperature is 

investigated and the obtained results are summarized as follows. First, I2 molecules are 

encapsulated in SWCNTs and they start to aggregate by inter-molecular interactions. 

Charge-transfer from SWCNTs to the aggregated I2 molecules adsorbed on the inner 

surface of SWCNTs produces polyiodide ions. At low temperature, the aggregation and 

polyiodide ion formation are promoted because the formation reaction is exothermic. 

The polyiodide ions, on the whole, would have a chain-like structure along to the 

hollow core of SWCNTs while the microscopic structures of the polyiodide ions should 

be written as small units (e.g. I3
−, I5

−, I7
−). 

An electrolyte redox electrochemical capacitor (EREC) using the redox reaction 

of bromide ions in single-walled carbon nanotubes (SWCNTs) was demonstrated. I was 

able to increase the cell voltage of Br EREC up to about 1.5 V without oxygen evolution. 

The energy density of EREC was greatly improved by using the redox reaction of 

bromide ions instead of iodide ions used in a previous work. It was found by monitoring 

the capacity retention, that SWCNT electrode can firmly hold the inserted Br molecules. 

I also investigated the structure and insertion site of the Br molecules inserted in 

SWCNTs by Raman and XRD measurements. Raman measurements revealed the 

existence of (Br2)n chain-like molecule and Br3
- ions. The Br molecules are likely to be 

inserted into the triangular lattice space of SWCNT bundles, because the diffraction 

lines of SWCNT bundle structure disappeared after the Br insertion. 

In chapter 3, I have performed Li and Na ion charge–discharge experiments of 

PhQ molecules encapsulated in SWCNT-1.5 and -2.5, at RT and 0°C. In order to 

understand the manner at which PhQ molecules are stabilized in SWCNTs, I 

investigated the threshold temperature of sublimation of PhQ molecules encapsulated 
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in SWCNTs by TG measurements. It was found that the threshold temperature of PhQs 

in SWCNT-1.5 is higher than that of PhQs in SWCNT-2.5. It was also found by analysis 

of the Raman G-band peak profiles that charge transfer from metallic SWCNTs to PhQ 

molecules should occur in the case of SWCNT-1.5. The electrostatic interaction 

between charged SWCNTs and PhQ molecules, induced by the charge-transfer reaction, 

would partly contribute to the stabilization of PhQ molecules in SWCNTs. For Li-ion 

charge–discharge experiments, the observed reversible capacity of PhQ@SWCNT-1.5 

was almost as high as the theoretical capacity of the PhQ molecules, while that of 

PhQ@SWCNT-2.5 was about half of the theoretical capacity. On the other hand, the 

two samples showed similar behaviour for Na ion storage. Since the Na ion reversible 

capacity of PhQ@SWCNT-2.5 measured at 0°C remained as high as that measured at 

RT, PhQ@SWCNT-2.5 should be an interesting candidate as an electrode material for 

a low temperature Na ion battery. 

In chapter 4, I prepared AQ and PhQ derivatives having amino groups and grafted 

quinone molecules onto SWCNTs by diazo coupling reactions. The coupling reactions 

introduced bonds not only between quinone molecule and SWCNT, but also between 

the quinone molecules themselves. Consequently, polymerized quinone molecules 

were connected to SWCNTs. The structural details of PhQ/SWCNT-2.5 sample were 

analysed by XRD and Raman measurements. It was discussed that a few nanometres 

thick layer of polymerized PhQs covered the outside of SWCNT bundles. The obtained 

PhQ/SWCNT-2.5 work very well as LIB and SIB electrodes not only at RT but also at 

0°C. It should be noted that the cycle performance of PhQ/SWCNT-2.5 electrode is 

much better than PhQ@SWCNT encapsulation electrode. I also calculated the 

molecular base reaction energies by DFT calculations to offer a qualitative insight into 

the factors influencing the observed discharge potentials of PhQ/SWCNT-2.5 electrode. 

In chapter 5, I developed a new concept aqueous electrolyte secondary battery by 

combining redox reactions of iodide ions in single-walled carbon nanotubes (SWCNTs) 
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and alkali metal ions with quinone molecules. Both electrode reactions were 

investigated by CV and charge/discharge experiments in LiI and NaI aqueous 

electrolytes. 
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