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The EDLC is a power storage device without chemical 
reaction, and in principle, it has rapid charge/discharge 
performance and excellent durability.[1][2] The market for 
small capacitors with electrostatic capacitance of 1 F or 
less has been established in the latter half of the 1970s. 
Later, large devices of 1,000 F class were developed for the 
power regeneration system of automobiles and construction 
machines. The devices specializing in rapid charge/discharge 
(power density) are expected to play important roles in 
attaining the outcome “to allow people to live comfortably” 
in various scenes. The application to copiers is a case study 
of practical application of large capacitors to reduce the 
standby power needed for preheating, and thereby allowing 
start-up without waiting time. This was made possible 
by rapid heating using the high output property of the 
capacitor. It is an excellent example of industrial technology 
where energy saving was accomplished while maintaining 
convenience in everyday use. There is a toy train that can 
run continuously on a circuit rail by instantly charging the 
capacitor when passing through a charging point. The basic 
concept of the modern electric vehicle is to charge the high 
energy density storage device at a time with energy needed 
for long distance drive. In the future, a new concept electric 
vehicle may emerge where the car runs along the road and is 
repeatedly charged without the passenger knowing, allowing 
long-distance travel by combining a rapid charge/discharge 
device and a noncontact charger.

The EDLC currently used has an extremely simple structure, 
where the activated carbon is used as the electrode material 
for both the anode and cathode, and other main parts are the 
electrolyte solution and the aluminum collector. As it can be 
said for storage devices in general, the energy density and 

1 Background

The electric storage device that can be repeatedly charged 
and discharged include the secondary battery such as lead 
storage battery and lithium ion battery, and the electric 
double layer capacitor (EDLC) used specifically for rapid 
charge/discharge. We are surrounded by devices referred 
to as “batteries,” and the application range of storage 
devices is extremely wide. In the recent years, there are 
active developments for the storage devices to fulfill the 
social demand for energy saving cars that can run as far as 
gasoline cars and for electric power leveling that enable the 
employment of natural energy. The performance requirement 
of a storage device is, first, the achievement of high energy 
density to improve the convenience of long hour use. Lithium 
ion batteries were created to meet such a requirement, and 
the rapid development and market expansion mainly for 
portable devices were astounding. On the other hand, even 
with the excellent performance of the lithium ion battery, it 
seemed to be difficult to commercialize the electric vehicle 
with the same running distance as the gasoline vehicle. 
However, the entry of the hybrid cars kicked off the active 
development of a storage device that allows high input/output 
and withstands repeated charge/discharge. Currently, the 
demand for plug-in hybrid and electric vehicles has increased 
along with the development for residential power storage in 
view of the diffusion and promotion of natural energy, and 
the development of low cost yet high energy density storage 
devices is in demand. Such changes in the development trend 
occurred in the past ten years, and the technological demand 
shifts continuously due to the social background. The 
demands for the performance requirement of storage devices 
are diverse.

- R&D strategies of electrode materials for high performance capacitor devices-

Energy storage devices now require rapid charge/discharge performance, not only high storage capacity for convenient and energy efficient 
devices. Research and development of rapid charge/discharge storage devices are carried out in an interdisciplinary field of nanotechnology 
and device manufacturing, where the scope of research is very different in size and scale. This R&D is an interesting subject from the 
viewpoint of synthesiology, because the keys to device manufacturing are selection and combination of element technologies. In this paper, 
approaches and methods employed in the R&D of high performance capacitors are introduced from the discovery of innovative materials 
to device manufacturing, by citing examples carried out in research projects under industry-academia-government collaboration.
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power density are in a trade-off relationship. Currently, when 
an attempt is made to improve one, the other is sacrificed, 
and this cannot be avoided in creating a device. As the social 
demand for rapid charge/discharge storage device increases, 
we have conducted R&D of carbon electrode materials that 
may be used as the electrode active materials for capacitors. 
As already mentioned, the application range of the storage 
device is wide, and the performance requirements of the 
system directly linked to the social demand are diverse. Also, 
when an innovative potential appears and the performance 
limit (or projection of such) increases, new demands will 
appear and the development toward that goal will become 
activated. With this background, we conducted R&D on how 
to increase the energy density without losing the excellent 
rapid charge/discharge property of the capacitor. While this 
development strategy set the performance required by the 
current social demand as a goal to be achieved, it was the 
development of electrode materials that involved a wide range 
of stances, from the exploration of breakthrough that enabled 
breaking the existing principles (Type 1 Basic Research), the 

accurate understanding of the existing phenomenon (core 
research of Type 2 Basic Research), and the realization of 
the performance limit based on the existing principle (Type 2 
Basic Research) (Fig. 1). 

2 Categorization of the technology to achieve 
advanced performance of capacitors and the 
selection of technology

2.1 Principle of the EDLC and the electrochemical 
capacitor
The electric double layer capacitor (EDLC) is a storage 
device that stores electricity by using the ion adsorbing 
layer formed at the interface of the electrode surface and the 
contacting electrolyte solution (Fig. 2). Storage by electric 
double layer is based on the electrostatic adsorption and 
desorption. Since it does not involve chemical reaction as in 
a secondary battery, rapid charge and discharge are possible, 
and it has small deterioration despite repeated charge/
discharge. Since the electric double layer capacitance related 
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Fig. 1 R&D model of the electrode material for high-performance capacitor
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Fig. 2 Electric storage principle of the EDLC (left) and comparison with the LIC
As shown in the figure on the right, the operating voltage of the EDLC is limited by the oxidation-reduction voltage 
of the electrolyte solution, while the LIC can take large operating voltage since the reduction potential of the 
graphite anode is low.
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to energy density is proportional to the electrode surface 
area, activated carbon, a high surface area material, is used 
in the commercial EDLC.

On the other hand, the disadvantage of the capacitor is that 
the amount of energy that can be stored is limited compared 
to batteries. The electrochemical capacitor is a capacitor that 
employs the electrochemical reaction (oxidation-reduction 
or redox) to improve the energy density, and is categorized 
as “capacitor” in a wide sense, assuming it possesses rapid 
charge/discharge property. The categorization is shown in 
Table 1. Among the capacitors in the intermediary position 
where the electrochemical reaction is used in either the 
cathode or anode, the lithium ion capacitor (LIC), shown 
in Fig. 2, leads the way in terms of practical application. 
Recently, the so-called third-generation capacitor that 
incorporates electrochemical reaction in both the cathode 
and anode for higher energy density has been proposed. 

Figure 3 shows the relationships of the energy density and 
power density for the representative secondary batteries and 
capacitors discussed in this paper.

2.2 Reasons for technological selection
As indicated in the above technological categorization, 
the or thodox development for improving the energy 
density that is the disadvantage of capacitors is to add the 
capacitance gained by the electrochemical reaction at the 
electrode surface (this is called “pseudo-capacitance” in 
capacitors). However, introducing the chemical reaction 
means that a battery element must be added to the capacitor, 
and the disadvantage of the battery must be accepted in 
return for increased capacitance. This means that the 
capacitance and lifespan are traded off in many cases, and 
it is not easy to increase the capacitance without losing 
the superiority of capacitors against batteries. Amongst 
the potential nanocarbon manufacturing materials, we 
found nitrogen-doped carbon and exfoliated carbon fiber 
(ExCF) through the development of electrode materials to 
which electrochemical reaction could be introduced, while 
utilizing the characteristic of the capacitor. We aimed for the 
development of an aqueous electrochemical capacitor where 
the structural control of the carbon materials was conducted 
at nano level to achieve increased capacitance by introducing 
the electrochemical reaction. On the other hand, it was a 
challenge of how much performance of the carbon nanotube 
capacitor could be realized in an actual device, using only 
the original functional principle of a capacitor without 
electrochemical reaction. These two developments will be 
explained.   

Table 1. Categorization by capacitor and secondary 
battery types
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3 Development of the aqueous electrochemical 
capacitor by hybrid nanocarbon electrode

3.1 R&D for potential technologies: ExCF and nitrogen-
doped carbon
Carbon materials such as the activated carbon used for 
capacitor electrodes are low crystalline carbon materials that 
have undergone heat treatment at low temperature. The high 
crystalline carbon material (graphite material) that was high-
temperature treated is expected to have superior conductivity 
and withstand voltage, but it is hard to obtain a wide surface 
area necessary for capacitor electrodes. Soneda et al. found 
that the exfoliated carbon fiber (ExCF) obtained by rapid 
pyrolysis after electrolyzing the graphitized carbon fiber 
possessed high crystallinity and a relatively large surface 
area, and showed characteristic behavior as a capacitor 
electrode material.[3][4] The capacitance of ExCF in the 
sulfuric acid electrolyte solution was twice the capacitance 
compared to activated carbon in diluted sulfuric acid, but 
increased rapidly with increased sulfuric acid concentration, 
and reached dozen times more in concentrated sulfuric acid 
(Fig. 4). Such large capacitance is considered to be a pseudo-
capacitance effect due to the charge transfer interaction 
between the ExCF and sulfuric acid molecules.
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Fig. 4 Clarification of high capacitance occurrence mechanism in the sulfuric acid electrolyte 
solution by exfoliated carbon fiber

On the other hand, Kodama et al. studied the template 
method to control the pore structure using the template to 
design porous electrodes for capacitors. In this process, they 
discovered that template carbon that contained nitrogen in 
the carbon structure showed high electric capacitance in 
the sulfuric acid electrolyte solution.[5][6] Particularly, the 
capacitance per surface area reached 1.2~2.2 F/m2, and this 
was over 10 times that of activated carbon (Fig. 5). Such 
a high figure was not from storage by an ordinary electric 
double layer, but was considered to be the pseudocapacitance 
by the action of nitrogen atoms in the carbon skeleton. After 
this report, many studies were conducted on the capacitor 
property of the nitrogen-containing carbon prepared from 
various raw materials, and recently, there were new findings 
that the nitrogen doping of carbon electrode material 
increased the voltage withstand property of the capacitor 
using an organic electrolyte.[7]

3.2  Research strategy for the aqueous electrochemical 
capacitor development and the results
The capacitors can be categorized according to the type 
of electrolyte solution used: aqueous (operating voltage: 
~1.2 V) and organic (operating voltage: ~2.7 V). For use in 
large electric storage, the organic capacitor is considered 
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advantageous since it has high operating voltage and high 
capacitance. On the other hand, the aqueous capacitor, 
although it has low operating voltage, is known to be superior 
to the organic capacitor in almost all electric properties 
including internal resistance and frequency property, as well 
as the physical properties such as the operating temperature 
range.[8] Moreover, strict dehydration and sealing are required 
for the organic capacitor, since the electrolyte is highly 
water prohibitive, and as a result, the cost of the electrolyte 
solution dominates 40 % of the raw material cost. In contrast, 
in the aqueous capacitor, diluted sulfuric acid is used as 
the electrolyte solution, just as in the widely available lead 
batteries, and this is advantageous in terms of quality control, 
cost, as well as environmental control when considering the 
toxicity and f lammability seen in many organic solvents. 
The aqueous capacitors with such excellent properties are 
expected to be used in small, high-output devices for the 
control systems of automobiles and energy management of 
mobile devices.

Although still in the basic research stage, it was found that the 
aforementioned nitrogen-doped carbon and ExCF did not loose 
the cycle property despite the pseudo-capacitance.[3][9] The 
NEDO R&D for the Practical Utilization of Nanotechnology 
and Advanced Materials “Development of the aqueous 
electrochemical supercapacitor by hybrid nanocarbon electrode” 
was started as joint research with carbon manufacturers and 
capacitor manufacturers.[10] As a result, by selecting the carbon 
fiber material, the capacitance of 500 F/g, which was unseen in 
conventional activated carbon (commercially available activated 
carbon for capacitors shows 100-200 F/g), was observed in 
the 40 % sulfuric acid electrolyte solution for ExCF. For the 
pseudo-capacitance by nitrogen doping, polymers that reacted 
similarly were developed to effectively cause the redox reaction 
as shown in Fig. 4. By coating the aforementioned ExCF with 
sufficient thickness, an extremely high energy density could be 
achieved for the aqueous capacitor. It was necessary to obtain a 
film at nanometer order considering the capacitance, diffusion 
resistance, and time constant of charge/discharge when using 
the polymers as the active material for pseudo-capacitance, 
and in principle, this was because ExCF had an appropriate 
structure as a supporting material, and ExCF itself possessed 
high capacitance that could not be attained earlier. Also, the fact 
that ExCF had high conductivity and polymer coating had high 
binding property, and therefore did not need a binder and an 
auxiliary conducting agent that were components that did not 
contribute to capacitance and were components of electrodes 
made of conventional activated carbon powder, helped increase 
the electrode capacitance. Further advances are expected in the 
future for hybrid carbon materials with such properties, and 
for the creation of practical devices and verification of their 
performance.

3.3 Commercialization of new porous carbon
In this project, the achievement of higher surface area of 

nitrogen-containing carbon was studied using magnesium 
oxide (MgO) as the template. The MgO method is a new 
method for synthesizing porous carbon materials by using 
low cost organic acid magnesium salts and polymers that are 
carbon precursors.[11] The aforementioned nitrogen-containing 
carbon was found to have extremely high capacitance per 
surface area, but the issue was how to increase the surface 
area. In this investigation, detailed knowledge and know-
how were accumulated for the synthesis condition of porous 
carbon with abundant mesopores of 2 nm or more using 
magnesium citrate as the raw material. Toyo Tanso Co., 
Ltd., one of the companies that participated in the project, 
commercialized the “CNovel R” that is characterized by 
abundant fine pores categorized as mesopores (diameter 
2~50 nm), as well as a large surface area equivalent to that 
of activated carbon.[12][13] Ordinary activated carbon has 
micropores, where the fine pore diameter is 2 nm or less, and 
mass transfer resistance inhibits the rapid charge/discharge of 
the capacitor. With CNovel R, it was found that mass transfer 
resistance was small, and it had an extremely excellent 
property as a capacitor for rapid charge/discharge. Until now, 
carbon materials with mesopores were synthesized by grams 
in a laboratory setting, but with the development of this 
method, the supply could be obtained by kilograms, and it is 
now being applied to wider use such as secondary batteries 
and fuel cell electrodes, other than capacitor electrodes. This 
is an excellent case where the material that could be used for 
various purposes was commercialized in an extremely short 
period as a spin-off from the core technology of Type 2 Basic 
Research for the capacitor electrode material development.

4 Development of the SWCNT

4.1 Development strategy of the carbon nanotube 
capacitor and the initial goal
Carbon nanotube is a fibrous material made by rolling 
and closing the hexagonal mesh sheet of carbon called the 
graphene into a hollow cylindrical shape without seams. As 
mentioned earlier, the electric quantity that can be stored in 
the electrode interface is, in principle, proportional to the 
surface area of the electrode surface. Since the theoretical 
surface area of one sheet of graphene is 2,630 m2/g, the 
theoretical surface area of single-walled carbon nanotubes 
(SWCNT) that is made by rolling the sheet should be the 
same as the graphene, combining the exterior and interior 
walls of the tube. However, in multilayered carbon nanotubes 
where the cylindrical graphene is rolled concentrically, there 
will be planes where parts of graphene are in contact with 
each other, and the surface area will become smaller than 
the theoretical value because the electrolyte cannot reach 
such areas. Therefore, to achieve high energy density, it 
is important to obtain a nanostructure that maximizes the 
surface of the carbon nanotubes for charge storage.

On the other hand, power density is determined by the 
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Fig. 6 Model structure of the SWCNT electrode that is 
vertically aligned with activated carbon electrode and 
the passageway of electrons and ions

Fig. 7 Characteristic electrochemical property of the SWCNT
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transfer resistance of the electron and ion in parts that 
comprise the cell. Since activated carbon is an aggregation 
of minute graphene layers and has nano-scale fine pores 
in its structure, it has a high surface area, but the transfer 
routes of the electron and ion in the particles are complex 
and the resistance is great. However, if the transfer route 
of the electron and ion can be controlled precisely by the 
nanostructure design where the individual SWCNTs are 
arranged in line, an electrode with ideally small charge 
transfer resistance of the electron and ion, or a capacitor with 
extremely small internal resistance can be achieved (Fig. 6).

Although SWCNT was expected to be good as a capacitor 
electrode material because it possessed high conductivity 
and high surface area, there were over 10 % of impurities 
such as catalyst metals and noncrystalline carbons in the 
synthesis stage, and it was not easy to make highly pure 
SWCNT in large volume. Coincidentally, a technology called 
the super growth method[14] that enabled the manufacture of 
extremely highly pure SWCNT at impurity concentration 
of several hundred ppm or less by weight was developed at 
the Nanocarbon Research Center, AIST. To create a high 
performance capacitor using the innovative materials and 
to aim for a synergetic effect of inducing mass production 
and low cost of SWCNTs, the Carbon Nanotube Capacitor 
Technology Development Project was started with the 
cooperation of two companies and AIST, and with Dr. 
Sumio Iijima of the Nanocarbon Research Center as the 
project leader. The main topics of this project were the 

mass production of the commercial level SWCNTs and the 
establishment of a manufacturing technology for a practical 
capacitor device that used the mass-produced SWCNTs as 
electrodes.   

4.2 Results achieved in the development of a practical 
capacitor device
In this project, the characteristic electrochemical property 
of SWCNT was clarif ied (Fig. 7).[15]-[17] Originally the 
electric capacitance arising from the electric double layer 
does not depend on voltage and is constant, while the 
SWCNT electrode increases in capacitance approximately 
proportional to the voltage. It is known that in SWCNTs, 
the electron structure becomes metallic or semiconductive 
depending on the chirality or the way graphene is rolled. 
The voltage dependency observed in SWCNTs arises from 
this unique electron structure, and can be explained as 
a phenomenon similar to the electrochemical doping of 
conductive polymers. It has been experimentally confirmed 
that the electroconductivity of the electrode sheet increased 
to 10 times or more since potential polarization occurs in the 
electrolyte through the injection of electrons and holes in 
the SWCNTs.[16] Moreover, with ordinary activated carbon 
electrodes, the upper limit of single cell voltage is 2.5~2.7 
V, while with the electrode consisting only of highly pure 
SWCNTs, it has been found that sufficient durability is 
maintained even when operated at high voltage of over 3 
V. This is thought to be because there is only an extremely 
small amount of contaminants such as functional groups or 
metal elements on the graphene surface that may promote 
the breakdown of the electrolyte solution. Since the energy 
density of the capacitor is proportional to the square of 
the charge voltage, this property is extremely important to 
increase the energy density.

The SWCNTs have the potential for high voltage operation 
when used as capacitor electrodes due to the structure where 
there are very few graphene terminals that may cause the 
breakdown of the electrolyte. The currently commercially 
available activated carbon electrode is made by kneading the 
powdered activated carbon particles with polymers called 
the binders and carbon black, an auxiliary conducting agent 
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to reduce the contact resistance between the particles. These 
additives induce the breakdown of the electrolytes in high 
voltage conditions and inhibit increasing the energy density. 
In contrast, since SWCNT is fibrous, it requires no binder 
and can be made into a sheet in the manner of papermaking. 
Also, SWCNT made by the super growth method can be 
made into a flexible electrode sheet simply by pressing. The 
SWCNT itself is highly pure, and the SWCNT, itself an 
electrode active material, can gain 100 % electrode property 
on its own. Moreover, the project was successful in achieving 
the adhesive-free bonding of the SWCNT electrode sheet and 
the aluminum collector (Fig. 8).

In addition to the high voltage withstand property originally 
possessed by SWCNT and by avoiding the mixing and 
inclusion of the impurities that induce the breakdown of 
electrolytes under high voltage conditions, the SWCNT 
capacitor showed two to three times higher performance 
compared to the current activated carbon electrode in both 
energy density and power density. Moreover, the durability 
was over 15 years, and thereby the goal of the project was 
achieved.[18]

The SWCNT electrode that showed a vertical alignment as 
shown in Fig. 6 had an ideal structure to reduce the diffusion 
resistance of the ion and to maximize the power density, and 
the potential for the forming technology that can achieve 
such an electrode structure was found.[19] However, it was 
also found in this project that sufficient power density could 
be achieved by selecting the papermaking method or a 
simple pressing method, and it can be said that the success 
of device manufacturing was the selection of an electrode 
manufacturing method with high productivity from the 
perspective of practicality rather than an ideal structure.

With SWCNTs, generally, the tubes aggregate together 
to form a bundle structure, but when they are used as 
capacitor electrodes, the surface where the tubes are in 
contact with each other cannot be used for charge storage 
because the electrolyte ions cannot approach the outer 

surface of the SWCNT inside the bundle structure. We were 
aware of this point, and studied the method for releasing 
the bundles electrochemically, and verified this method 
in the commercially available SWCNTs that formed the 
bundle structure.[20] The SWCNTs manufactured by the 
super growth method were idiosyncratic products where 
most of the surface area could adsorb the materials. Similar 
to the aforementioned electrode formation technology by 
the papermaking method, it is important to have versatile 
manufacturing technology options in preparation of diverse 
SWCNT products, and this bundle releasing technology is 
considered to be one such option.

The Carbon Nanotube Capacitor Technology Development 
P roje c t  e nded  i n  F Y 2011 a nd  wa s  succe s sf u l  i n 
manufacturing the SWCNT capacitor of 1,000 F level (Fig. 8). 
Moreover, the excellent conductivity and electrode forming 
properties were discovered for the SWCNT material, and 
direction of using the SWCNT for conductive and binding 
materials, not just as an electrode active material, was 
indicated. As a result, the development of an electrochemical 
capacitor in which the energy density was increased to 30 
Wh/kg or more by compositing with nano-crystalline lithium 
titanate was successfully done.[18] At this point, the use of the 
expensive SWCNT could be decreased to about 15 %, and 
the device is expected to be adopted earlier for practical use.

4.3 Understanding the electrochemical property 
of the SWCNT and possibility of further increased 
capacitance
We propose that it is possible to increase the energy density of 
the carbon nanotube capacitor by utilizing the semiconductivity 
of the SWCNTs and by conducting the diameter and chirality 
control, based on the evaluation of the capacitor property by the 
metal semiconductor separation of the SWCNTs.[21] Comparing 
the storage behavior of EDLC where the charge storage at the 
electrode is proportional to the charge potential, and the storage 
behavior of the secondary battery where the charge storage 
occurs at constant voltage, the latter will have twice the energy 
density of the former in the electrode that can ultimately store 
the same charge capacitance. This means that the energy density 
of the device will double if we can optimally control the charge-
discharge potential by conducting the electronic property control 
of the semiconductive SWCNT. However, since the diameter 
and chirality control of SWCNTs are technologies that add 
cost hurdles to the mass production technology, we must first 
see that SWCNTs can be mass produced and commercialized 
as metal-semiconductor mixtures, and hope that the SWCNT 
manufacturing technology will advance further in the next step.

5 Summary and future prospect

While new potentials are found for improving product 
performance through ever-evolving materials technology, 
recent development of electric storage technology progresses 

(c)

(b)

Aluminum collector

SWCNT 
electrode sheet

High purity SWCNT(a)

Fig. 8 Carbon nanotube capacitor
a) SWCNT that grows vertically on the substrate, b) SWCNT electrode 
sheet, and c) 1000 F class SWCNT capacitor.
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by mutual linkage from Type 1 Basic Research to Product 
Realization Research, as the devices and systems are 
constructed through the selection of fast moving technologies 
to meet the current social demand for practical application. 
Since there are diverse usages for storage devices, one 
way is to conduct development of a system that can handle 
lower performance or to compromise the usage due to cost 
concerns, instead of aiming for a high goal. Through the 
linkage of innovative materials such as carbon nanotubes 
and the practical outlet of developing an energy device, the 
researchers of wide ranging fields conducting Type 1 Basic 
Research engaged in the research of electrode materials 
with renewed desire for development. Also, from the Type 
2 Basic Research that headed for the outlet of developing a 
capacitor, a material with wide application and versatility 
was discovered. As seen in the commercialization of the 
porous carbon made by the MgO template method, there is 
expectation for the birth of products other than capacitors 
from the spin-off of material technology.

With carbon nanotube capacitors, the excellent capability 
of SWCNTs was verified at the actual device level, and the 
various technological options needed for its manufacture 
is being accumulated. However, in the world of practical 
electrode materials, several thousand yen per kg is even 
considered expensive, and it cannot be denied that SWCNT 
is still expensive, and the expansion of the market including 
other uses and time are necessary. Carbon fiber, which 
is the same fibrous carbon and for which an industrial 
manufacturing method was invented by a Japanese, grew into 
an industry in which the Japanese company dominates about 
70 % of the world share.[22] Currently, it is used as structural 
material of aircrafts and strengthening material for buildings. 
Now the price of general-purpose products has decreased 
to the level of several thousand yen per kg, but it was about 
100,000 yen/kg at the beginning of its commercialization. 
Looking at the history of carbon fiber that proved that a truly 
excellent material could overcome the economic valley of 
death, we hope that the nanocarbon material with excellent 
characteristics will be commercialized for a wide range of 
fields starting with the capacitor electrode material.
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Discussions with Reviewers

1 Carbon nanotube capacitor
Question (Shuji Abe, Evaluation Department, AIST)

When creating a fine nanostructure like carbon nanotubes, 
it is obvious from the beginning that it will be more expensive 
compared to activated carbon, and the situation has not changed 
now even though we have advanced the mass production 
technology. I think the significance of the carbon nanotube 
development project is to actually present the potential of 
the carbon nanotube property, and to lead and induce mass 
production. How do you view such a research strategy?
Answer (Hiroaki Hatori)

Of the material cost, as you indicated, there was a concern 
from the beginning of the development. The R&D was conducted 
by assuming how much competitiveness can be gained against 
the current material by cost reduction due to the mass production 
of carbon nanotubes and by material cost reduction due to the 
improvement of the capacitor performance, and several options 
were kept at all times to attain realistic specs. As explained in 
the final paragraph of subchapter 4.2, through the design that 
is equivalent to the redox capacitor of Table 1, the development 
of device that required less amount of carbon nanotubes was 
conducted in the same R&D project, and a high performance was 
verified for the energy density.

In view of cost reduction of carbon nanotubes, unless the 
demand rises dramatically and the production technology 
improves, it is not possible to achieve. Therefore, it is explained 
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at the end of subchapter 4.1 that one of the objectives of the R&D 
was the induction of mass production and commercialization 
of the SWCNTs through performance ver if icat ion of the 
high-performance capacitor. For material cost and a path to 
commercialization, the example of carbon fiber is given at the 
end of “5 Summary and future prospect.” Although carbon fiber 
is currently gaining attention as a structural material that may 
replace iron, it took 20 years from patent to use in niche products 
such as sporting goods, and 20 more years were necessary before 
it was used as a structural material that has the prospect of heavy 
demand. When considering SWCNTs as storage parts that demand 
prices at the level of general-purpose products, the history of the 
commercialization of carbon fiber is instructive. Since the carbon 
fiber R&D strategy has been analyzed in Synthesiology, I added 
this article as a reference.

2 R&D model (Fig. 1)
Question (Shuji Abe)

In “Fig. 1 R&D model,” the “potential for new material (Type 
1 Basic Research)” on the top right seems to indicate the SWCNT 
research. What specifically do you mean by the “discovery of new 
functions” on the arrow that leads from there?
Answer (Hiroaki Hatori)

Seen from the perspective of capacitor electrode material, 
the mass synthesis method of carbon nanotubes by the super 
growth method can be positioned as Type 1 Basic Research. The 
discovered “new functions” are the electrochemical properties 
that were found in the initial experiments: 1) high surface area 
due to the unique aggregate structure obtained in manufacturing, 
2) potential dependency (as a result, more electricity can be 
stored in the limited potential window), and 3) capability of 

charge/discharge at high voltage. At the point when this R&D 
was started, 1) was written in the patent as a property expected 
of SWCNT as capacitor electrode but was not experimentally 
verified, and there were no scientific evidences for 2) or 3) in the 
academic papers or patents.

3 Aqueous capacitor
Question (Yasuo Hasegawa, AIST)

Compared with the conventional organic capacitor, what kind 
of characteristic does the newly developed aqueous capacitor 
have, and what are the expected fields of application?
Answer (Yasushi Soneda)

Although the electrochemical capacitor is a high-output, 
low-capacitance storage device compared to the conventional 
secondary battery, the device is designed according to actual 
usage such as high-output, high-capacitance, or somewhere-
in-between capacitors. When pursuing the extreme limit of 
performance in the high-output type, the aqueous capacitor with a 
highly conductive electrolyte is more appropriate than the organic 
capacitor. Also, for the temperature property that is important 
in automobiles, the aqueous type is superior in both high and 
low temperatures than the general organic electrolyte. In terms 
of environmental load, the diluted sulfuric acid used in aqueous 
electrolyte solution is widely accepted, as seen in the diffusion of 
the lead battery, but some of the organic electrolytes may be toxic 
or dangerous when burnt, and there are different attitudes for their 
use in Japan and overseas.

There is a strong demand that small, substrate-implemented 
capacitors used in mobile devices have small environmental load 
and low cost, because the individual device cannot be recovered. 
The aqueous capacitor is also advantageous in these points.


