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Synthesiology is a journal that describes the objectives and social value of research activities that attempt to utilize the
results in society, the specific scenarios and research procedures, and the process of synthesis and integration of elemental
technologies. To allow the readers to see the value of the papers in a glance, the highlights of the papers characteristic to
Synthesiology are extracted and presented by the Editorial Board.
Synthesiology Editorial Board
Development of human-friendly polymeric actuators based on nano-carbon electrodes
— Toward the practical realization of artificial muscles —
Kinji Asaka
Asaka (AIST) realized soft actuators that employ ion conductive polymers as base materials using carbon nanotubes as
electrode materials. The elemental technologies and research scenario are introduced by looking at ways to utilize the
properties of large deformation at low-voltage and in thin film form with excellent processability. The prototype was made
and evaluation tests of the thin and light film braille displays were conducted by joint research with a company, and it is an
excellent example by which the social value of the product has been increased.
High quality large-area graphene synthesis with high growth rate using plasma-enhanced CVD
— Toward a high throughput process —
Masataka Hasegawa et al.
Hasegawa (AIST) et al. aimed for the use of transparent conductive films and demonstrated the superiority of a synthesis
method using a plasma-enhanced chemical vapor deposition (CVD) process as a graphene manufacturing technology for large
area, high quality, and high throughput. Through the discussions including the differences with a thermal CVD process and
the comparison to competing technologies, we are able to understand the R&D scenario that led to successful development of
large-area graphene transparent conductive films. Particularly impressive is the detailed data analyses that are the basis of the
solutions of each elemental technology.
Radioactive cesium decontamination technology for ash
— Utilization and application of nanoparticles as an adsorbent —
Tohru Kawamoto et al.
In response to urgent governmental demands to decontaminate the radioactive material that leaked from the TEPCO
Fukushima Daiichi Nuclear Power Plant, Kawamoto (AIST) et al. developed in an extremely short time the decontamination
technology for ash contaminated by radioactive cesium using Prussian blue nanoparticle materials. This synthesiological
paper draws our attention because it is a summary of the technologies and overall scenario that enabled achievement of results
in an extremely abnormal environment and condition, including the overview of the whole problem to original research
strategies, the exchange with researchers of different fields, and the collaboration with stakeholders of companies, the
government, local governments, and local residents.
Development of HASClay® as a high-performance adsorption material
— Developing adsorbents for energy conservation systems from a kind of clay nanoparticle —
Masaya Suzuki et al.
Suzuki (AIST) et al. developed synthetic clay mineral HASClay® under a clearly set scenario aiming for application as
desiccant air conditioning adsorbents, starting from the basic research on the structures and functions of allophene and
imogolite that are natural clay minerals. It is interesting to see the course by which they felt the limitation of natural materials
from the perspectives of low cost, synthesis cost, mass production, and adsorption functions, and embarked on creating a
synthesized product that met all conditions through joint research with companies, while oscillating between basics and
application.
A super-growth method for single-walled carbon nanotube synthesis
— Development of a mass production technique for industrial application —
Kenji Hata
Hata (AIST) developed and realized the industrial mass production technology that was composed of totally different
elemental technologies from the lab-scale innovative synthesis method for single-walled carbon nanotubes that he originally
developed. This is truly world-leading nanotechnology where the passion of the author and the company contributed to
its realization. This paper is worth reading as the diverse elemental technologies that were determined essential, their
advancement, and the scenario for integration through corporate collaboration are presented concisely, under a research policy
conceived by the author.
Electronic journal
URL
http://www.aist.go.jp/aist_e/research_results/publications/synthesiology_e/

J-Stage
https://www.jstage.jst.go.jp/browse/syntheng

−i−

Synthesiology - English edition Vol.9 No.3 (Feb. 2017)
Special Issue of Geological Surveys
Contents
Highlights of the Papers in Synthesiology
Research papers
Development of human-friendly polymeric actuators based on nano-carbon electrodes		 117

– 123

— Toward the practical realization of artificial muscles —
		

- - - K. Asaka

High quality large-area graphene synthesis with high growth rate using plasma-enhanced CVD		 124

– 138

— Toward a high throughput process —
		

- - - M. Hasegawa, K. Tsugawa, R. Kato, Y. Koga, M. Ishihara, T. Yamada and Y. Okigawa

Radioactive cesium decontamination technology for ash 		
139 – 154
— Utilization and application of nanoparticles as an adsorbent —
		

- - - T. Kawamoto, H. Tanaka, Y. Hakuta, A. Takahashi, Durga Parajuli, K. Minami,

		

T. Yasutaka and T. Uchida

Development of HASClay® as a high-performance adsorption material 		
155 – 166
— Developing adsorbents for energy conservation systems from a kind of clay nanoparticle —
		

- - - M. Suzuki, M. Maeda and K. Inukai

A super-growth method for single-walled carbon nanotube synthesis		 167

– 179

— Development of a mass production technique for industrial application —
		

- - - K. Hata

Editorial policy		180 – 181
Instructions for authors		182 – 183
Letter from the editor		184
Aim of Synthesiology

− ii −

Research paper

Development of human-friendly polymeric actuators based
on nano-carbon electrodes
- Toward the practical realization of artificial musclesKinji Asaka
[Translation from Synthesiology, Vol.9, No.3, p.117–123 (2016)]
Human-friendly machines are expected to increase in demand. To meet this demand, we have developed electrically driven soft actuators
based on ionic polymers. This paper describes the development process, design guidelines, current state of R&D, and future prospects for
low-voltage, polymeric actuators based on nano-carbon electrodes.

Keywords : Polymeric actuator, soft actuator, nano-carbon, ionic liquid, gel

1 Background—Research of muscles and soft
actuators
Japan has become an unprecedented aging society where
22.5 % of the population are 65 years old or older. The use of
welfare devices and services that enhance the quality of life
(QOL) of the disabled and the elderly and support their social
participation are expected to increase. Requirements for such
devices are safety, increased operability, downsizing, weight
reduction, cost reduction, and others to enable adaptation to
unfamiliar environments. The development of soft actuators
has been conducted worldwide as a key technology for such
devices. The development is being done for various humanfriendly medical devices that can be directly worn by people
for the purpose of home rehabilitation or care, as well as for
communication devices for physically challenged people
that allows the transfer of information by tactile or auditory
senses while worn on the body.
The goal of soft actuator development is to create an actuator
that functions like muscles of organisms, and this is the
aim of the researchers around the world. The motive power
of movement of living organisms is the muscle, and it is
well known that muscles have excellent characteristics as
actuators. While excellent actuators with excellent individual
specs have been developed, an actuator that is light, soft, and
powerful and is capable of working in groups like muscles
has not been developed.
Setting the simulation of muscles as a guideline, the research
of soft actuators using polymers as basic materials are being
conducted around the world.[1] Particularly, the development
of an electric-power-driven expanding/contracting actuator

using various electroactive polymers is nearing practical
use, and there are high expectations. At AIST, since the time
of the Government Industrial Research Institute, Osaka,
the Agency of Industrial Science and Technology, we have
engaged in the research of low-voltage-driven soft actuators
with ion conductive polymers. Such a polymeric actuator
is light weight, excellent in flexibility, and workability, and
major deformation can be obtained at low voltage of 1 V
order. Therefore, it is an essential device in advancing the
technical development of the aforementioned human-friendly
devices.
In this paper, we describe the scenario, the current status,
and the future prospect for conducting the development of
electrically driven polymeric actuators using nanocarbon
electrodes, as the soft actuator technology essential for
developing human-friendly devices.

2 Basic soft actuator technology and the guideline
for materials of new soft actuator development
At AIST Kansai, the development of ion conductive
polymeric actuators was started when the organization was
called the Government Industrial Research Institute, Osaka,
the Agency of Industrial Science and Technology. This
involved a conjugate of fluorine ion exchange resin used in
polymer electrolyte fuel cells treated by electroless deposition
of precious metals such as platinum and gold. When low
voltage of about 1 V is applied between the electrodes,
deformation occurs as the counter ions or cations move to the
negative electrode (Fig. 1).[2] This technology was developed
for the first time in the world for polymeric actuators in 1991,
and various application research was conducted based on
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were conducted. Then, from 2006–2007, the development
to achieve a high performance actuator for human-friendly
devices was conducted through joint development with a
private company.
The human-f r iendly devices in which the poly mer ic
actuators are needed include the devices worn on the body
that require polymeric actuators that are soft, light, and lowvoltage driven. The size of the devices can be divided into
large human-sized devices such as Power Assist, and thin
and light devices such as wearable micro-pumps and portable
information display devices. The former was positioned as
a future issue that necessitates upsizing technology through
polymeric actuator stacking. For the latter, development
of materials was continued to realize the application of
polymeric actuators to thin and light devices by improving
t he bend i ng st reng t h , respon siveness, a nd bend i ng
displacement of the actuators.

6 Improvement of the performance of bucky
gel actuators
Here, the points in improving the performance of bucky gel
actuators are summarized from the perspective of materials
development. Since the driving principle of this actuator
is the polarization of ions to electrodes, the keys are the
development of a material that increases polarization to
improve the generative force and displacement, and the
development of a material that increases the polarization
speed to improve the response rate. Based on this basic way
of thinking, the following materials development was started
in 2007 jointly with corporations, toward application to thin
and light human-friendly devices. Refer to Reference [11] for
details of the materials development.
6.1 Improvement of nanocarbon dispersibility
As mentioned earlier, the dispersal of nanocarbons in
the electrode layer is closely related to the conductivity,
capacitance, and Young’s modulus of the electrode layer. By
increasing the nanocarbon content with good dispersibility, it
is possible to manufacture electrodes with high conductivity

3V

Fig. 5 Deformation of the bucky gel actuator at 3 V
applied voltage

and capacitance, and the actuator performance is expected to
increase.
The single-layered CNTs have excellent perfor mance
but have poor dispersibility, and it was conventionally
considered difficult to bring out the individual performance
when forming them into electrodes or other products.
We used the ionic liquids as dispersants, used various
dispersing methods such as ultrasound, ball mill, or jet mill,
developed the process for dispersing the single-layered
CNTs and manufactured the electrode in which the CNTs
were dispersed in high concentration. Also, we found that
the actuator performance increased dramatically by adding
carbon black (CB) and carbon nanohorn (CNH) to the CNT
electrode layer. Therefore, we succeeded in manufacturing
an excellent actuator electrode by seeking the optimal
dispersing condition of such mixed electrodes.
From the above, it can be inferred that the properties required
for electrode nanocarbons are not simply mechanical
properties of single elements such as conductivity, initiation
stress, expansion/contraction ratio, specific surface area, or
Young’s modulus, but also involve geometric factors such as
aforementioned dispersibility or aspect ratio that appear as
the properties of an assembly of elements. The improvements
of actuator performance by the addition of CB and CNH are
thought to be achieved through the contribution not only
of the conductivity and capacitance of CB or CNH, but the
contribution of their geometric factors such as enhanced
dispersability of CNTs or increased density of the electrode
structure.
We have sought the optimal electrode composition and its
dispersal conditions through experience, but in the future, we
wish to engage in research for quantitative evaluation of the
dispersability in relation to actuator performance, to develop
a nanocarbon polymeric actuator with higher performance.
6.2 Ionic liquids
The factor that determines the performance of this actuator
along with the nanocarbon electrode is the ionic liquids
used. Based on the deformation model shown in Fig. 4,
we looked at the size difference of the cation and anion in
terms of displacement, and looked at the ion conductivity
for the displacement rate. Using five types of imidazole
ionic liquids and two types of quaternary ammonium
ionic liquids that were used frequently in electrochemical
devices, we manufactured the actuator films, compared their
performances, and sought the optimal ionic liquids. As a
result, we obtained guidelines for the selection of the ionic
liquids based on the deformation model of Fig. 4 as follows:
1) the rate of response of the actuator is determined by the
ion conductivity and electrode conductivity, and 2) the degree
of displacement response is dependent on the size difference
of the cation and anion.
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8 Current status of the polymeric actuator
technology using nanocarbons and future
prospects
For the practical issues of durability and reliability of the
actuator that became apparent through the braille display
project, many issues were solved through the NEDO grant
and corporate joint research after the completion of the
MHLW project. As a result, we succeeded in developing
polymeric actuators using nanocarbons that are applicable to
various kinds of utilization.[14]
In the future, we wish to realize the application to thin and
light devices using this actuator element, as well as the
development of a robot actuator such as Power Assist by
upscaling through the development of stacking technology.
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Research paper

High quality and large-area graphene synthesis with a high
growth rate using plasma-enhanced CVD
- Toward a high throughput processMasataka Hasegawa1,2*, Kazuo Tsugawa 2, Ryuichi Kato2, Yoshinori Koga 2, Masatou Ishihara1,2,
Takatoshi Yamada1,2 and Yuki Okigawa1,2
[Translation from Synthesiology, Vol.9, No.3, p.124–138 (2016)]
The current trend in graphene synthesis is to use thermal chemical vapor deposition(CVD) at the temperature of 1000 °C or higher.
For industrial use of graphene as transparent conductive films, higher throughput of graphene synthesis is necessary. We were among
the first to adopt the plasma-enhanced CVD method, and have developed a process of high-speed large-area deposition for transparent
conductive film applications. The development and a method to remove impurities from the process are presented in this paper. We report
improvement in graphene film quality and other properties by decreasing the nucleus density using plasma-enhanced CVD.

Keywords : Graphene, plasma CVD, large area synthesis, high growth rate, high throughput, transparent electrode

attempt to develop high throughput plasma-enhanced CVD
for high quality graphene.[8]-[16]

1 Introduction
Graphene[1] is a single atomic sheet in which carbon atoms
are arranged in a hexagonal honeycomb lattice. Graphene
has a very unique band structure (zero bandgap, linear
dispersion), and thereby it shows brilliant electronic and
optical characteristics such as extremely high car rier
mobility and light absorption which does not depend on
wavelength. (2.3 % absorption per layer.) Moreover graphene
has the property of flexibility which indium tin oxide (ITO)[2]
does not possess, and an attempt has been made to use a few
layers of graphene(FLG) as transparent electrodes in such
devices as flexible organic light-emitting diode (OLED), solar
batteries, and displays.
For transparent electrode application of graphene, it is
necessary to establish production technology of high quality
and high throughput for large area graphene. Among the
various methods of graphene production such as mechanical
exfoliation of bulk graphite, [1][3] exfoliation of graphene
oxide in liquid phase,[4] thermal decomposition of SiC,[5] etc.,
chemical vapor deposition (CVD) on catalytic transition
metal surfaces, in particular on a copper surface, has great
promise as a production method for transparent electrode
application. Recently, high conductivity graphene has been
synthesized on copper substrates by energetic development
of the thermal CVD method.[6][7] On the other hand, since
throughput of the thermal CVD method is insufficient,
synthesis time needs to be significantly shortened for
transparent electrode application. In this paper, we report an

2 Preparation of a substrate for graphene synthesis
and suppression of impurity incorporation.
In the case of CVD of graphene using a copper foil substrate,
surface cleaning technique of copper foil before CVD is
especially important. Also in the case of plasma-assisted
CVD (plasma CVD), it is necessary to prevent contamination
such as impurities released from the reaction chamber by
plasma exposure, particularly silicon, which originate from
the quartz of antenna units for exciting plasma.
Commercially available copper foil surfaces are subjected
to anticorrosive treatment in order to prevent oxidation.
Moreover, even foil with anticorrosive treatment has a
surface that is still covered with a thin copper oxide layer. For
high-quality graphene synthesis, it is necessary to remove
these copper oxide and anticorrosive treatment carefully.
In thermal CVD of graphene, electrolytic cleaning and
successive high-temperature treatment at about 1000 °C of
the copper foil substrate in the reaction chamber are effective
for removing copper oxide and the anticorrosive treatment
layer. Furthermore, in order to flatten the copper foil surface,
chemical polishing (CMP) before electrolytic cleaning and
annealing treatment is effective.[17][18] On the other hand,
electrolytic cleaning is a wet process and thus there is a
possibility of recontamination before CVD. Therefore,
cleaning methods consistent with CVD are desirable.
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treatment.
Next, we examined the spectrum of Cu 2p binding energy
shown in Fig. 3(b). For the as-received copper foil substrate,
satellite peaks (942.5 eV and 963 eV) attributed to bivalent

copper oxides were observed, as well as peaks from Cu 2p
by orbit-spin coupling and the 2p3/2 (933 eV) and 2p1/2 (953
eV) peaks.[29]–[33] The high-energy side of the Cu 2p3/2 peak of
the as-received Cu foil is broad, which is caused by bivalent
copper compounds such as Cu(OH)2 and CuO.[29]–[33] In the
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case of Ar/H 2 plasma pretreatment, the broad peaks (934.5
eV and 942.5 eV) of Cu 2p 3/2 of the bivalent copper oxide
compounds disappeared. The peaks due to the monovalent
copper oxide Cu 2O still remained in the vicinity of 932.5
eV and 952.5 eV.[29]–[33] From these results, we confirmed
that the surface of the as-received copper foil substrate is
covered with the bivalent copper oxide on Cu 2O/Cu. The
bivalent copper oxide was completely eliminated from the
substrate and the monovalent copper oxide was not removed
by the Ar/H2 plasma pretreatment. On the other hand, in the
spectrum obtained after the He/H2 plasma pretreatment, the
peaks attributed to monovalent copper oxide, Cu 2O, and the
bivalent compounds Cu(OH)2 and CuO were not observed,
only the peaks attributed to Cu 2p1/2 and Cu 2p 3/2 of pure
copper were observed. This is consistent with there being no
O 1s signals related to any oxides on the copper foil substrate
after the He/H 2 plasma pretreatment, as shown in Fig. 3(a).
This indicates that the He/H 2 plasma pretreatment is very
effective for removing copper oxide on the surface of copper
foil substrates.
Then, we examined the removal of silicon impurities on the
copper foil substrate from the XPS spectrum of the Si 2p
binding energy shown in Fig 3(c). A peak with Si 2p binding
energy of 102 eV was observed on the surface of the as-received
copper foil substrate. We surmise that siloxane compounds
containing Si, such as silicone were applied as protective
coating for copper foil surfaces before shipment from the
factory. The Si 2p binding energy of Si compounds depends on
the oxidization state of siloxy units[34][35] and silicon oxides.[36]
If the number of oxygen atoms binding to Si atoms increases,
the Si 2p binding energy will shift from 101 eV to 103 eV. The
observed binding energy of 102 eV of Si 2p corresponds to that
of poly(dimethylsiloxane) (PDMS),[34][35] as shown in Fig. 3(c).
In the case of Ar/H2 pretreatment, a new peak at 103.0 eV due
to Si 2p appeared, although the peak intensity of Si 2p at 102.0
eV of the as-received copper foil substrate decreased slightly.
The appearance of the peak of Si 2p at 103.0 eV following the
Ar/H2 plasma pretreatment occurs for two reasons. First is the
oxidation of PDMS, indicating the formation of a CH3SiO3
siloxy unit by the oxidization of the CH3SiO2 (PDMS), as
shown in Fig. 3(c). Second is the formation of SiO 2 from
etching of the quartz window by the Ar/H2 plasma. In contrast,
the peak due to Si 2p disappeared completely after the He/H2
plasma pretreatment. Hence, it is found that the He/H2 plasma
pretreatment effectively eliminates silicon impurities including
silicon oxides on the copper foil surface and suppresses the
extreme over-plasma etching of the quartz window.
Furthermore, we investigated the XPS spectrum of the C
1s region in order to clarify the protective coating material
on the as-received copper foil substrate, as shown in Fig.
3(d). There are three peaks at 285.0 eV, 286.5 eV, and 288.6
eV observed for the as-received copper foil. The strongest
peak observed at 285.0 eV is mainly due to the C-C and C-H

bonded groups in a sp3 -hybridized state.[37] The shoulder
peak observed at 286.5 eV is due to C-O-C bonding of the
ether/phenolic components, and the highest binding energy
observed at 288.5 eV is due to O=C-O bonding of the ester/
carboxylic components. [37] Fur ther more, we obser ved
nitrogen atoms at 400.2 eV in the inset of the survey
spectrum in Fig. 2. Again, we surmise that this is due to
a corrosion inhibitor for copper foil that contains O=C-O,
C-O-C, C-C, and C-H groups and N. It is well known that
benzotriazole (BTAH) is used as an effective corrosion
inhibitor for copper.[38][39] Although, BTAH (C6H5N3) has none
of the functional groups of O=C-O and C-O-C, Finšgar et al.
have observed the XPS C 1s spectrum with these groups on
the surface of copper after of 1 h treatment with 3 % NaCl
solution containing 10 mM BTAH.[38] They suggested that
either the oxidation of carbonaceous species occurred or
oxidized carbon compounds were adsorbed on the topmost
surface of copper. Their spectrum closely resembles that
of the as-received copper foil in Fig. 3(d). They have also
observed signals of the Cu Auger L3M4,5M4,5 region of the CuBTAH complex at 572.6 eV at uppermost part of the copper
substrate using angle resolved XPS measurement. The signal
of the Cu-BTAH complex in the region of Cu Auger was
not detected in our experiment, because it was not an angleresolved measurement.
After the Ar/H2 plasma pretreatment, the peak of C 1s at 285
eV observed for the non-plasma-treated substrate became
sharper and the peaks at 288.6 eV and 286.5 eV disappeared.
This means that BTAH is easily decomposed by the Ar/H 2
plasma pretreatment. The peak of C 1s at 285.0 eV shifted to
284.5 eV after the Ar/H 2 plasma pretreatment. The binding
energy of 284.5 eV corresponds exactly to that of PDMS.[35]
Hence, PDMS was mostly left on the copper foil substrate
after the Ar/H2 plasma pretreatment. This is consistent with
the existence of PDMS of O 1s (532.0 eV) in Fig. 3(a) and Si
2p (102.0 eV) in Fig. 3(c) after the Ar/H2 plasma pretreatment.
After the He/H 2 plasma pretreatment, the binding energy
observed at 284.1 eV corresponds to that of HOPG which
is composed of sp2 bonding.[40][41] These were confirmed as
amorphous sp2 carbon films from the Raman spectrum.
The difference between the effect of He/H2 and Ar/H2 plasma
pretreatment methods can be attributed to the difference
between the sputtering yields of SiO2 for helium and argon.
In the case of surface-wave plasma CVD, high-density
plasma is excited in the vicinity of the quartz window, and
the mixing of silicon and oxygen with the plasma by the
sputtering of the quartz window is a major issue. That is, it is
necessary to suppress the deposition of such impurities onto
the substrate. According to the basic theory of sputtering by
Sigmund, sputtering yield depends on the atomic weight and
atomic number of the target and ions.[20] When the ion energy
is 100–600 eV, the yield of quartz (SiO2) sputtering with
argon ions is 2.5–3.8 times greater than that of helium ions.
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Furthermore, the molecular dynamics simulation of energetic
ion bombardment of He+, Ne+, Ar +, Kr + and Xe+ for SiO2 have
also been reported.[21] The sputtering yield for SiO2 substrates
increased along with the atomic number of impact ions. The
lightest He + among these ions could not efficiently transfer
its energy to surface atoms on the SiO2 substrate even at ion
energy of 100 eV, and the sputtering yield by He+ was almost
zero. On the other hand, Ar + effectively showed sputtering
of SiO2.[21] Therefore, it was shown that it was possible to
suppress the deposition of silicon and oxygen from the quartz
window onto the copper foil substrate by the He/H 2 plasma
pretreatment, and the cleaning of the copper foil surface
could be performed effectively.
The syntheses of graphene by Ar/H 2/CH4 and He/H 2/CH4
plasma CVD on a copper foil substrate pretreated with Ar/
H 2 and He/H 2 plasma was examined and compared with
that without such pretreatment. The Raman spectra of
the synthesized graphene by plasma CVD are shown in
Fig. 4. The G-band (1520 cm -1) overlapping with the D’band and the D-band (1320 cm-1) were observed for the asreceived copper foil substrate prepared by He/H2/CH4 plasma

CVD. However, the 2D-band was not observed on the asreceived substrate prepared without plasma pretreatment.
In the case of Ar/H 2/CH4 plasma CVD subsequent to the
Ar/H 2 plasma pretreatment, the 2D-band (2650 cm -1) was
observed with half the intensity of the G-band. In the case
of He/H2/CH4 plasma CVD subsequent to the He/H 2 plasma
pretreatment, the 2D-band (2650 cm-1) was observed with
the same intensity as the G-band. This result, combined
with the result of the cross-sectional TEM image, indicates
that the crystalline of graphene synthesized using He/H 2/
CH4 plasma CVD at low-temperature (350–400 °C) on a
He/H2 plasma pretreated copper foil substrate is better than
that synthesized on an Ar/H 2 plasma pretreated substrate,
as will be described later. That is, it suggests that the He/H2
plasma pretreatment successfully removes copper oxide and
impurities on the substrate surface and recovers the catalytic
effect of the copper surface for graphene synthesis. In plasma
CVD of graphene, the synthesis is completed within several
tens of seconds, and has the potential to synthesize graphene
in a short time. In order to realize the continuous synthesis of
high-quality graphene of high-throughput, it is necessary to
sufficiently remove the oxide and contaminations prior to the
synthesis.
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Fig. 4 Raman spectrum of graphene synthesized on the
copper foil substrate[13]
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Figure 5 shows a comparison of the details of the spectra at
around Si 2p binding energy for graphene films synthesized
using He/H 2/CH4 and Ar/H 2/CH4 plasma CVD. The Si 2p
(103.0 eV) was observed clearly in the spectrum of the
graphene film synthesized by Ar/H 2 /CH4 plasma CVD,
but not in the spectrum of that synthesized by He/H 2/CH4
plasma CVD. In order to obtain more detailed information
with respect to the impurities contained in the graphene
film, an elemental analysis of very thin (one or two layers)
films was conducted by EDS (Fig. 6). In the case of the
synthesized graphene film using Ar/H 2/CH4 plasma CVD,
about 2 % silicon was detected, whereas less than 0.8 %
silicon including the background signals was detected in the
graphene film synthesized using He/H 2/CH4 plasma CVD.
Therefore, from the results of impurity analysis of XPS and
EDS, it is concluded that the incorporation of silicon from
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Fig. 5 XPS spectrum of Si 2p binding energy for synthesized graphene using (a) the Ar/H2/
CH4 gas mixture and (b) the He/H2/CH4 gas mixture[13]
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3 A development of plasma CVD using ultralow
carbon source
For the industrial application of graphene transparent
conductive films, establishment of a synthesis method of
high-quality and high-throughput is required. As described
previously, the synthesis of graphene by CVD on transitional
metal substrates (in particular on copper) is the most
promising at the moment.[6] Currently, transmittance of 90 %
(four-layers stacking) in the region of visible wavelength and
sheet resistance of 30 Ω are indicators of high-performance
graphene synthesized by thermal CVD.[7] A demonstration
of an organic light-emitting diode (OLED) with graphene
anodes which has higher luminous efficiency than by using
ITO has been reported.[42] Since visible light transmittance of
90–93 % is required for the transparent electrode application
of graphene, three or four layers of graphene are necessary.
Hence, it is important to improve the controllability of the
graphene synthesis for multilayers as well as a single layer.
For the realization of the mass production of graphene by
a roll-to-roll method, it is required to reduce the thermal
load on the apparatus and to attain a significant reduction of
synthesis time. An attempt was made to reduce the thermal
load on the apparatus by direct joule heating of the copper
foil substrate and to demonstrate roll-to-roll thermal CVD
synthesis of graphene at 950 °C by the Sony group.[43] In
this example, winding speed of the copper foil substrate
was 1.5 mm/sec, and further increase of speed is desired
for high-throughput production. Also in order to suppress
the microcracks due to thermal expansion and thermal
contraction of the copper foil to improve the quality of the
graphene, further reduction of the temperature is required.

Hydrogen plasma treatment was performed in 30 sccm flow
and 5 Pa for 30 s. The surface-wave microwave plasma with
low electron temperature which was expected to reduce the
ion bombardment was utilized for plasma treatment.
The synthesized graphene was transferred to a transparent
polymer substrate to measure the electrical conductivity and
the optical transmittance. The slightly-adhesive resin film
was used as the transparent polymer substrate. The thickness
of the resin film was 41–42 μm. After bonding the resin film
and copper foil with graphene onto the surface of the copper
foil substrate, the copper foil was removed by etching using
an aqueous solution of ammonium persulfate (0.50 mol/ℓ).
The electrical characteristic of the synthesized graphene

High
1000 ℃

Temperature

In this study, we attempted to expand the size of graphene
crystals and to improve the controllability of the number of
layers by reducing the concentration of the carbon source
used for graphene synthesis which is expected to suppress
the nucleation density. Without supplying carbon-containing
gas such as methane, as an ultralow concentration of carbon
source, we utilized trace amount of carbon contained in

First of all, we performed only heat treatment at each
temperature of 300, 400, 600, 800, and 1000 °C of the copper
foil by using direct joule heating in 20 Pa hydrogen for 15
min in the reaction chamber and the foil was cooled down
to room temperature. The size of the heat treated sample
was 6 × 6 mm 2. A copper foil heated at each temperature
was examined by Raman spectroscopy (Model: HORIBA
XploRa, beam spot of 1 μm in diameter, excitation laser of
632 nm wavelength). It was tested whether graphene was
synthesized by only the joule heat treatment in a hydrogen
atmosphere as shown in Fig.8.

Intensity (a. u.)

We have developed plasma CVD of graphene to reduce
the process temperature and the process time at the same
time. By combining low temperature surface-wave plasma
CVD with roll-to-roll transfer of copper foil substrate, highthroughput synthesis of graphene with winding speed of 5–10
mm/s was demonstrated by the AIST group.[9][10] The problem
of plasma CVD of graphene is the crystal size (domain size)
of 10 nm or smaller, which inhibits electrical conductivity. By
the large growth rate and high nucleation density of plasma
CVD, graphene growth in the two-dimensional direction is
prevented, which causes stacking of small flakes in multiple
layers and deterioration of the controllability of the number
of layers.

the copper foil and/or supplied from the environment in
the reaction chamber. We attempted to expand the crystal
size of graphene and improve the electrical conductivity
by developing this method. Moreover, we at tempted
to synthesize AB-stacked bilayer graphene with good
controllability in a high yield. This method combines joule
heating and hydrogen plasma treatment for the copper
foil substrate and it is aimed at the establishment of an
industrially advantageous method at lower temperature
and requiring shorter time as compared to the conventional
thermal CVD method.

Low
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Fig. 8 Raman spectrum of the copper foil heated from room
temperature up to 1000 °C at hydrogen atmosphere[14]
Copyright (2014), with permission from Elsevier

−130 −

Synthesiology - English edition Vol.9 No.3 (2017)

Research paper : High quality and large-area graphene synthesis with a high growth rate using plasma-enhanced CVD (M. Hasegawa et al.)

was measured at 36 points by a four probe method for sheet
resistance using gold alloy probes at 1 mm mesh over the
sample area of 6 × 6 mm2. The carrier mobility was estimated
by Hall effect measurement in Van der Pauw geometry.[44]
Next, the transferred graphene on the polymer substrate was
immersed in an isopropyl alcohol solution of gold chloride
(20 mol/ℓ), and dried.
Figure 8 shows the Raman spectra of copper foil observed at
room temperature after only the joule heating treatment in
a hydrogen atmosphere. Although carbon-related signals in
the Raman spectrum were not observed within the detection
limit for the heat treatments lower than 300 °C, the spectra
of copper foil subjected to the heat treatment at 400, 600, and
800 °C indicated the formation of amorphous carbon films[45]
on the surface. Since carbon-containing gas such as methane
was not introduced, there should be alternative carbon
sources such as one dissolved in the copper foil and/or one
supplied from the environment inside the reaction chamber.
The concentration of impurity carbon in the copper foil was
examined by a combustion method, which has been estimated
to be 5–31 ppm. The areal density of carbon atoms in
graphene is 3.8×1015/cm 2. If a graphene sheet with the highest
impurity carbon concentration of 31 ppm is used, copper foil
of 15 μm thickness is at least necessary to supply the carbon
atoms to synthesize single layer graphene. Because the
thickness of the copper foil in the present study was 6.3 μm,
carbon atoms supplied from the environment in the reaction
chamber must have been from an additional or main source
of carbon atoms. The base pressure of the reaction chamber,
which was evacuated by using oil-free turbo molecular pump
system, was lower than 1.0 × 10 -4 Pa. It was not clarified
which was the main supplier of carbon, the copper foil or
the environment in the reaction camber. In this paper, the
discussion is based on both having the possibility.

Therefore, although amorphous carbon precipitation was
observed at 400, 600, and 800 °C, there were no Raman

A Raman spectrum for only hydrogen plasma treatment
for 30 s without heat treatment of copper foil is shown in
Fig. 9(a). In this case, no peaks attributed to carbon related
materials such as graphene and amorphous carbon were
obser ved. Figure 9(c) shows a Raman spectr um from
copper foil subjected to hydrogen plasma treatment for 30
s subsequent to the treatment by joule heating at 1000 °C.
Although, the very weak G-band (1580cm-1) and the D-band
(1350 cm-1) were observed, the 2D-band in the range of 2641–
2681 cm-1 was not observed. This indicated that graphene
was not formed at this temperature because an extremely
small amount of carbon supply disappeared along with the
evaporation of the copper foil substrate. Figure 9(b) shows
Raman spectra from the copper foil substrate subjected to
hydrogen plasma treatment for 30 s at 850 °C subsequent to
the treatment by joule heating at 850 °C. Distinct G-band
and 2D-band were observed with very low intensity of the
D-band which indicated low defect.
Then, since in Fig. 9(b) it was shown that the 2D-band has
different line width and intensity distribution, we analyzed
it in more detail. As shown in Fig. 10, two kinds of graphene
which have different full width at half maximum (FWHM)
of the 2D-band were observed. We analyzed the 2D-band at
46 points in 12 samples which were synthesized under the
same conditions using the curve fitting by a single Lorentzian
peak and the sum of four single Lorentzian peaks as shown
in Fig. 10(a) and (b), respectively, according to the fitting

(c) Heated at 1000 ℃+H2-plasma

Intensity (a. u.)

The copper foil substrate was treated by the joule heating
treatment of temperatures up to 1000 °C in hydrogen
atmosphere without supplying any carbon gas sources.
Raman spectra were measured at room temperature after the
cooling of the copper foil substrate in a hydrogen atmosphere.
As shown in Fig. 8, however, we could not observe the
Raman peaks which indicate the graphene formation on the
copper surface. The peaks from amorphous carbon at 1350
cm-1 and 1580 cm-1 were lost by the heating at 1000 °C. It was
considered that it was because heat treatment was conducted
at temperature close to the melting point of copper (1085
°C) under low pressure, and the precipitated carbon atoms
decomposed or were lost with the evaporation of the copper
foil surface.

signals on the copper substrate pretreated at the temperature
between 25 °C and 300 °C, and 1000 °C.
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D
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Fig. 9 Raman spectrum of the copper foil after hydrogen
plasma treatment[14]

(a) only hydrogen plasma, (b) hydrogen plasma while heating at 850 C,
and (c) hydrogen plasma while heating at 1000 C
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Since it has become clear that the improvement of crystal
size is due to the reduction of nucleus formation site in ultralow
carbon concentration, monitoring the impurities in the production
process is important, and forming good quality graphene films
by reducing the number of nucleus formation sites is extremely
important in future industrial processes. Therefore, the supply
of excessive carbon reduces the quality of graphene, and
impurity monitoring from the reaction chambers and others
will be necessary in the industrial production. Currently, we are
conducting an A4-size bench scale experiment, and continuous
supply of carbon sources at optimal concentration will become
necessary for large-scale continuous film forming.
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In this paper, the background of development, the scenario,
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each elemental technology including the solution for impurity
incor poration, the improvement of quality by reduction of
graphene nucleus formation density, and the development of
selective synthesis of double-layered graphene. Ultimately, you
succeeded in the synthesis of a large-area transparent graphene
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understand the overall scenario by which the authors achieved
success in developing the large-area transparent graphene
conductive film if you discuss the differences of your technology
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Answer (Masataka Hasegawa)

1 Overall

Comment (Shuji Abe, Musashino University)

3 Technological selection for achieving the goal

This paper is very convincing as it experimentally investigates

We created and inserted a table comparing the plasma CVD
and the conventional thermal CVD in Chapter 7, to allow easy
understanding of the superiority of the high-throughput plasma
CVD method.
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Radioactive cesium decontamination technology for ash
- Utilization and application of nanoparticles as an adsorbentTohru Kawamoto1*, Hisashi Tanaka1, Yukiya Hakuta1, Akira Takahashi1, Durga Parajuli1,
Kimitaka Minami1, Tetsuo Yasutaka 2 and Tatsuya Uchida1
[Translation from Synthesiology, Vol.9, No.3, p.139–153 (2016)]
The accident at the Fukushima Daiichi Nuclear Power Station in 2011 spurred rapid research and development at AIST for radioactive
cesium decontamination systems. In this paper, we introduce the development of an ash-decontamination technology that uses Prussian
blue (PB) nanoparticles. We developed all aspects of the system using a combination of fundamental technologies, which included
optimization of the PB nanoparticle structure for use as a cesium adsorbent, composite fabrication as granules for use as an adsorbent, and
extraction of radioactive cesium from contaminated ash. All aspects of development were achieved rapidly through close collaboration
among materials science, computational science, and geology researchers. Collaboration with private companies was also effective.

Keywords : Prussian blue, nanoparticle, radioactive cesium, decontamination, ash

1 Background: Radiation leakage accident
and AIST efforts
As a consequence of the great earthquake which occurred
on March 11, 2011, a giant tsunami struck the Fukushima
Daiichi Nuclear Power Plant operated by Tokyo Electric
Power Company. In the aftermath, the nuclear reactors,
which could not be cooled, leaked radioactive materials.
Most of those leaked materials had a low boiling point,
which exacerbated their release: an estimated 1.6 × 1017 Bq
of iodine−131 and 1.5 × 1017 Bq of cesium−137 were ejected
into the environment.[1] Because iodine and cesium exist as
salt compounds at room temperature, they fell on the ground
to contaminate the soil, or dissolved in river and sea waters.
The respective half-lives of cesium−134 and cesium−137
are approximately two years and 30 years. Therefore, their
effects are expected to persist for a long time. The Japanese
government has held the decontamination of radioactive
cesium from the environment as an urgent task, and has
concentrated on research and development to achieve that
objective.
Great efforts for decontamination have been undertaken at AIST
for various developments, such as those of decontamination
technology for contaminated water, soil, and incinerated ash
using Prussian blue (PB) nanoparticles,[2]–[6] of a concentrator
for analyzing ultra-trace radioactive materials in environmental
water, [7][8] of reference materials to evaluate brown rice
contamination,[9] of dynamic evaluation methods for radioactive
cesium in the environment,[10][11] and of decontamination cost
estimation.[12] We specifically examined the development of

decontamination and measurement technologies using PB
nanoparticles having high adsorption capacities for radioactive
cesium.
Decontamination technology is an extremely urgent topic.
Therefore, R&D has been conducted more rapidly than
a regular schedule might allow. Our core material is PB
nanoparticles. Although R&D activities are mainly conducted
from the standpoint of materials science, for the practical
application of decontamination technology, it has also been
necessary to combine diverse specialties such as chemical
engineering, geo-engineering, and agriculture. Because AIST
is a research institute, it cannot engage in final commercial
projects. Therefore, the developed technologies must be
transferred to a company to carry out commercial tasks. It
is also necessary to pursue coordination with the national
government and local governments, particularly with efforts of
coordination with the local area in which the pilot plant tests
would be done.
As described in this paper, we address the example of the
decontamination technology of incinerated ash using PB
nanoparticles. Details of the R&D are presented in Chapter
2. The strategy and management for conducting this
technological development are presented in Chapter 3.

2 Development of incinerated ash decontamination
technology
2.1 Technological background
The radioactive cesium adsorbent, our core technology,
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Table 2. Research for the development of ash decontamination technology and the policies for technological development

The transferring strategies are: (1) patent + technological transfer, (2) technology disclosure, (3) research by companies, and (4) utilization of conventional technology
R&D method
Components of technology

Method for R&D

Experiments

Technology
transfer
(1) (2) (3) (4)

Laboratory

Pilot plant

Incineration

Purchase

○

○

Convectional technology

20kg/h biomass boiler

Cs-extraction

Internal collaboration ＋
Invited researchers

○

○

Conventional/
condition optimization

Ash crushing/decrease
of water amount

Optimization of
PB-NP composition

Mass-production

Granule/non-woven

Mass production

Elution management

Scale up

－

Local agreemen
t/on-site management

－

Law-compliance

Cs-uptake

Material

Original + universities

Granulation
/immobilization

With companies

Adsorbent
management

Original +
with companies

Plant-site management

Waste
management

○
○
○

With companies +
support by AIST

Ash/liquid

Conventional
technology

Adsorbent

Original+
With companies

○
○
○

○

○

Method development

2.2.4 Storage and disposal of post-treatment waste
Regarding the practical application of our technology, the
remaining issue is storage of the waste materials generated
by the treatment. The main waste materials are washed
incinerated ash, wastewater used for washing, and the
adsorbents after adsorption. With regard to washed ash, waste
standards are 8,000 Bq/kg and 100,000 Bq/kg of radioactive
cesium concentration, the criteria for the storage level by
regulation of the Japanese government. The washed ash could
be stored or disposed of to maintain the standards. Regarding
wastewater, because radioactive cesium can be removed
sufficiently by the adsorbent, the water can be released after
conducting regular wastewater processing. Even in cases
where release is difficult because of the concerns of local
governments, treatment is possible by minimization of the
amount of water use by reuse, followed by evaporation.

As described above, we proceeded with the integration of
technologies using the incineration method, the extraction
of radioactive cesium from ash, recovery by adsorbents,
and the safe storage of waste products. We also conducted
tests at a pilot plant on site after laboratory tests. Using
these approaches, it was possible to establish technologies
for practical use in a short period. At the initial stage of this
research, the researchers in materials science played a central
role, followed by participation of chemical engineering
and geo-engineering researchers at AIST. However, it was
impossible for the AIST researchers to construct everything.
For example, i nci neration tech nolog y, plant desig n,
operation, and the design of adsorbents that could be set for
mass production in a short time could not be accomplished
by AIST, a research institute, alone. For these missions,
corporate collaboration is necessary.

The used adsorbent would pose no problem for regular
storage because it is sufficiently stable. However, in this case,
extremely long-term storage might be necessary because
it includes radioactive materials. In this case, safer storage
methods will be requested. To convert the used adsorbents
into oxides is an approach for storage in a stable condition.
However, oxidation reaction of PB entails large amounts
of oxidative heat, implying the evaporation of the adsorbed
radioactive cesium at temperatures higher than 600 °C.
For stable oxidation at temperatures lower than 500 °C,
we established an oxidation method under mild conditions
using superheated steam. Using this method, we converted
the adsorbents into oxides while maintaining evaporation of
cesium at an extremely low level.[51]

We first produced a ground design for commercialization, extracted
elemental technologies to achieve such commercialization from
the design, and formulated a strategy for the realization of the
elemental technologies. What is important is that the strategy
must include “who” will conduct the process, “when” the R&D
for each technology will be done, “who” will do it, and “when”
the commercialization will be done. As described above, because
AIST is a research institute that cannot engage in commercial
projects, commercialization is conducted by companies. Therefore,
it is necessary to produce an R&D plan with consideration of the
technology transfer to companies at a certain time. For the specific
R&D contents, the theme in the pilot plant must be determined
with tests to realize the technology transfer strategy. Moreover,
the theme at the laboratory must be determined to find a means of
deciding the parameters used in the pilot plant test. The strategy
established in this manner is presented in Table 2, which shows the
experiment contents and the R&D method, which are presented in
a bottom-up fashion from the initial stage or a small-scale stage. It

3 Team formation for the ash decontamination
technology development
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is noteworthy that the actual thinking process functions in reverse.
In the following section, the procedures for setting the strategy will
be described according to the order in which they were formulated.
3.1 Strategy for technology transfer
As a strategy for transfering technology to companies, we
decided to use four methods so that the appropriate person
might work for each mission. These are (1) retaining the
intellectual property by AIST + technology transfer, (2)
publication of our technology with appropriate retention
of intellectual property, (3) research by companies, and (4)
utilization of conventional technology. In a usual case of
technology transfer by a research institute, it is considered
that the institute obtains intellectual property rights. Then
this technology is transferred to a company, as incase (1).
However, when conducting R&D for the total integration of
issues as in this case, the development rate will be slowed if
all the intellectual property is retained, which is unrealistic
for companies to derive some benefits. Therefore, the R&D
strategy should be determined through comparison of
technology maps of AIST and those of the companies.

unreleased technologies. Under such circumstances, if
the technology is disclosed without patenting, then some
companies might monopolize the technology by patenting
the peripheral technology. If such a limitation of access
occurs, then it will be difficult to conduct simultaneous
collaboration with multiple companies.
Given such circumstances, we chose to patent the
intellectual property for PB nanoparticles to manage
through licensing by AIST. We also chose to preserve
i nt el le c t u a l p r o p e r t y fo r b a sic m e t ho d s fo r a sh
decontamination and post-t reat ment processes for
adsorbents after use.
(2) Technology disclosure
Although it is ideal for AIST to manage all related intellectual
properties, it is unrealistic because AIST has no superior
standing against companies in all technological fields and
because time and different costs must be incurred to retain
and maintain intellectual property rights. If there is a low
risk of exclusion by a company through patenting peripheral
technologies, then we were willing to disclose the technology
to accelerate the technology transfer.

A requirement for pursuing our strategy is to enable
collaboration simultaneously with various companies. For
this R&D, coherent development is necessary for materials,
plant design, and waste storage, as described earlier. It is
unrealistic to address such a wide scope of issues through
collaboration with only one company. Even if there were a
company that could accommodate all the technologies, much
time would be necessary to find such a partner company:
the plan might become deadlocked. Therefore, we chose to
conduct simultaneous collaborations with various companies
to increase the R&D speed and raise the technology to a
practical level. This was the main reason to choose a method
for each issue in our technology transfer from (1)–(4), as
shown below.

For example, we dist r ibuted k nowledge related to
the properties of ash obtained from each part of the
incineration furnace, the washing method to extract
radioactive cesium from the ash, and the technology for
the treatment of clumped ash, through press releases or
other means.[6] A wastewater management method for
cyanide was also distributed through publication of papers
because PB nanoparticles contain the cyano group in their
structures. Therefore, the elution of cyanide should be a
concern.[34][52]
(3) Research by companies

The following is a description of the outline of methods of
technology transfer.
(1) Retaining intellectual property + technology transfer
This is the main method of technology transfer by R&D
institutes. The invention is patented or transformed
into know-how. Then the technology is transferred to
a company under an appropriate contract. The contract
includes joint research agreements, information disclosure
agreements, licensing, and other matters. We use this
scheme for a technology in which the core technology
is held by AIST, and for which AIST would have an
advantage in competition against other companies. The
technology of PB nanoparticles fits the scheme. The PB
nanoparticles have been studied by AIST for a long time,
giving AIST advantages in potential R&D development
over other companies. Additionally, we also have

A ny tech nolog y must be passed to companies for
commercialization. Therefore, it is preferred that the
companies engage in R&D for technologies if they have
some advantage for the technologies. As examples, the
method of fabricating adsorbents, methods of preparing
compounds with the adsorbent into a usable for m,
obtaining local agreement to pilot plant construction,
on-site plant constr uction, and plant operation and
management have proceeded with this scheme.
For the compound preparation, granulation and immobilization
onto nonwoven fabric were considered. In fact, AIST
conducted joint research with about 10 companies, including
Kanto Chemical, Japan Vilene, and Unitika Trading Co., Ltd.
In many cases, the preparation technology was established by
the companies, although AIST was in charge of evaluating the
performance of the developed adsorbents.

−146 −

Synthesiology - English edition Vol.9 No.3 (2017)

Research paper : Radioactive cesium decontamination technology for ash (T. Kawamoto et al.)

The important point is intellectual property management.
In simultaneous collaboration with multiple companies to
achieve a mutual goal, it is difficult to manage information
while dividing the results into collaboration with each
company. To do so, we chose the following policy to
manage the knowledge and included it in the joint
research agreement: (1) results disclosed to AIST can be
disclosed to other joint researchers as necessary; (2) profit
of a company that produces an invention will be ensured
through patent licensing; and (3) for patents generated
through joint research, the percentage of rights will be
determined by the degree of contribution to the invention
by the parties involved. In addition, even if an invention
is patented by a single company, the patent generated via
joint research will be licensed to other joint researchers as
necessary. The policy means the following.
• Contents that a company wishes to use as know-how
should not be discussed with AIST.
• Contents discussed with AIST will be disclosed to
other collaborating companies: a company will be able
to use other companies’ technologies to accelerate
development.
This scheme is effective if one needs to share basic
technologies among the companies. In the case of the
evaluation method of the adsorbents, it is better to follow
this scheme. Many companies collaborating for the
adsorbent fabrication had no specialization in radioactive
materials evaluation. Although the companies have
their own core technology for adsorbent fabrication, the
performance evaluation should be done with established
and unified methods for appropriate comparison, and
should be highly rated. Many companies started the joint
research with AIST with the agreement of this scheme.
This scheme is expected to be quite effective when
development for commercial applications is based on the
core technology of public institutes. If a public institute
owns the core technology, then a company aiming at
practical application must collaborate with the institute.
Collaboration with the institute would support future
standardization of the technology. It is also important to
collaborate with other companies having different core
technologies. In this case, our collaboration network
included var ious companies such as an adsorbent
manufacturer and plant engineering companies using
the adsorbent in their plants, indicating that construction
of a supply chain from the material to the plant comes
easily. To maintain the scheme, the research institute
must have the capacity to manage the supply chain and
standardization. This capacity is requested of the research
institute in the near future.
(4) Utilization of conventional technology

Using conventional technology to the greatest extent
possible is desirable to accelerate research and development.
The conventional technology can be expected to provide
operational stability, thereby reducing the risks. For this
research, we actively used conventional technologies
especially those related to incineration technology, ash
washing technology, wastewater treatment, and on-site
management. For conventional technologies, the companies
would have vast knowledge of their business field. Even if
they have insufficient knowledge, knowledge acquisition
can be done rather easily from public documents.
The most important aspect of technology transfer is how to
promote (3) corporate research. The technology should be
transferred to companies because an R&D institute cannot
accomplish commercialization, and has no knowledge related
to commercialization. Construction of the collaboration
network is also effective for the company to produce a
business plan with a concrete supply chain. The intellectual
property should be managed appropriately with appropriate
agreement of joint research to encourage understanding of
the companies.
3.2 Technology management for R&D
When the strategy for technology transfer is fixed, partners
and the approach of the technological development are
decided mechanically. In the case of “(3) corporate research,”
AIST need not introduce the entire technology. For example,
for adsorbent fabrication, a company developed the adsorbent
fabrication, whereas AIST mainly concentrated on the
improvement of the method for evaluating the adsorbent.
However, for on-site management of plant engineering, AIST
had to provide major support; even though the technology
transfer would be done under “(3) corporate research.”
This was because our theme was the decontamination of
radioactive cesium. Even the national government had not
investigated cesium decontamination before the accident.
Therefore, the technological development was conducted
simultaneously with the organization of various legislation.
To adjust to the unusual conditions, we were requested to
understand the legal policies appropriately, and were asked
for requests from the technology side to the government
organizations. Especially, AIST participated in the Fly
Ash Washing Technology Workshop, conducted by the
National Institute of Environmental Studies, to contribute
to the publication of “Technical material on fly ash washing
technology (Guidelines for performance and design of
[53]
plants).” The pilot plant tests were conducted in accordance
with guidelines to reduce the risk that our technology would
not be able to meet legal requests.
In the case of (1) patent + technological transfer and (2)
technological disclosure, the R&D must be conducted by
AIST. To achieve this, AIST set research teams for the
project with a Vice-President as the leader, and with various
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specialists, e.g. a researcher for chemical engineering
who participated in the plant and column designs, and a
computational scientist devoted to the establishment of
radioactive Cs amount estimation methods in the column
from the dosage of the column surface. When designing
the plant close to commercialization, an engineer with
experience at chemical manufacturers was invited to design
the pilot plant.
Related to scheme (4) utilization of conventional technology,
the outside partner mainly worked on the problem with
researchers of the collaborating companies and invited
researchers from external organizations. The required
equipment was purchased without our own development. We
devoted particular attention to usability as a general method
in commercialization to avoid company specialization only
in implementing the technology. Our objective was the
development of ash decontamination technologies using the
PB nanoparticles. The strategy was that the companies would
use the PB nanoparticles without trouble using conventional
technologies for other tasks.
3.3 Determination of R&D contents
After the strategy was fixed, the remaining issue was
exact determination of who would do it and what would be
done. The appropriate R&D content and the schedule were
determined mechanically from available resources, budgets,
human resources, time, and existing equipment.
We especially devoted attention to choosing the adsorbent
for the pilot plant test so that it could be applicable for mass
production, i.e. only adsorbents manufactured by companies
were used for the pilot plant test. We did not use adsorbents
for which technology transfer was not completed. Regarding
plant design, the plant would be constr ucted only by
clarifying the technology using the commercially available
components. Regarding the adsorbents, manufacturing
equipment necessary for laboratory tests and for mass
production are completely different. It is important that
even if mass production was not achieved at the time, mass
production was possible for the company; and at least
cost calculation for mass production had been achieved.
To achieve the requirement, technologies for which the
technology transfer was not completed were avoided.
Collaboration with universities and other research institutes
was fundamentally important. Optimization of the materials
for PB nanoparticles was conducted with the cooperation
of universities and research institutes. At the materials
development level, they have powerful foundations. The
research institutes for agriculture and environment held
abundant knowledge for various applications. An issue
related to collaboration with the universities and the institutes
is the management of intellectual property. In our research,
collaboration with universities and research institutes was

kept to a fundamental level of materials development.
3.4 Flow of corporate collaboration and collaboration
with the government and local governments
For commercialization, a time schedule and a strategy for
each stage was fundamentally important. An unusual point
of the research is that the demand rose suddenly because of
the accident at the nuclear power plant. Consequently, many
projects were led by the national government and the local
government. This situation led researchers to follow the
direction of the national government. The local governments
frequently speculated on future markets. We participated
in the project f unded by the St rategic Funds for the
Promotion of Science and Technology, led by the Ministry
of Agriculture, Forestry and Fisheries from June 2011, where
we engaged in R&D for farmland decontamination. In this
project, to develop the contamination technology using
adsorbents, we organized a research team including AIST,
a university, another research institute, and two companies.
Therefore, AIST played a leading role in coordination of
efforts by the national government, a research institute, and
companies.
The R&D of ash decontamination started in autumn 2011.
Initially, efforts emphasized the plant design, with some
work on the development of adsorbents with the materials
manufacturer. The most pressing problem at this stage was to
find a place for pilot plant tests. Conventionally, radioactive
materials could only be handled in a strictly managed
environment according to Japanese law. After the accident,
for similar reasons, it was difficult to manage radioactive
materials that had been released into the environment. To
resolve this difficulty, the technological development was
conducted along with legal adjustments, simultaneously. In
finding a place for the pilot plant tests, we were requested
to watch the action of the Ministry of Environment, to
consider appropriate management to maintain safety, and to
present it to the local government and area residents to obtain
permission. A reliable relation between the project operator
and the local governments and residents is especially
important. We conducted pilot plant tests for incinerated ash
treatment in two places in Fukushima Prefecture: Koriyama
city and Kawauchi village. For the former, we provided
technological support for the tests conducted at the plant
location of the Koriyama Chip Industry Co., Ltd. Because
Koriyama Chip Industry had been operating their business
at this location since long before the accident, agreement
of the surrounding residents to conduct tests was obtained.
The latter was done by AIST in collaboration with the
Tokyo Electric Power Environmental Engineering Co., Inc.
(TEPCO Environmental Engineering; currently, Tokyo
Power Technology Ltd.). TEPCO Environmental Engineering
had already been working on the decontamination of
Kawauchi village when the pilot plant tests started. At
Kawauchi village, the union of the local company conducted
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de cont a m i nat ion work , a nd T EPCO Env i ron me nt al
Engineering provided technical support to the union. They
gained the confidence of the local government through this
activity. Therefore, the local governments also agreed to pilot
plant tests.
Although it was a special case because of this unexpected
accident, there are many cases in which the laws would
not be adjusted, even in regular R&D. It is necessary to set
the direction while understanding the laws appropriately,
checking the discussions of the committees and other
authorities before the enforcement of laws, and setting the
R&D strategy based on them.
We shall discuss the stage of corporate collaboration. R&D
is often handled as “step by step,” starting from “upstream”
activities such as raw materials development, and assumed
to go “downstream,” with development of adsorbents or
decontamination methods. However, two problems can hinder
such an approach. One is that R&D is time-consuming.
Another is that the supply chain is not clear at the start of
research: for that reason, one cannot establish a business
model. To resolve those difficulties, the R&D of each stage
should be conducted “concurrently”. This is generally called
“concurrent engineering.” For the approach, it is necessary to
clarify the whole picture of the R&D from the research level
to elucidate the picture for all people involved, and to elicit
frequent feedback.
3.5 Current status of commercialization
The achievement of the development of ash washing
technology is presented in Fig. 2. For example, Kanto
Chemical and Japan Vilene conducted the development of
the adsorbents. Some of them have become commercially
available. Kanto Chemical sells PB nanoparticle materials
to other companies. It has developed and sells granular
adsorbents.
These technologies are used for various purposes other
than ash decontamination. For example, the nonwoven
adsorbent of Japan Vilene is also used in the pilot plant tests
for preventing radioactive cesium leakage from ponds, and
is described in the MAFF manual.[54] Similar nonwoven
material is used as a measurement technology for radioactive
cesium in environmental waters.[8][55]

4 Conclusion
We developed the technology to remove radioactive cesium
from the environment after the leakage of radioactive
materials from the Fukushima Daiichi Nuclear Power
Plant of the Tokyo Electric Power Company using the PB
nanoparticles. As presented in this paper, we described our
ash decontamination technology to reduce the volume of
combustible contaminants. Because this issue is related to

an urgent matter for Japanese national security, rapid R&D
efforts were pursued in preference to those used for regular
R&D. Therefore, it was important to clarify the final goal
and to build collaboration to reach the goal as quickly as
possible. Especially important was the concurrent promotion
of both the expansion of collaboration and the management
of intellectual property. To achieve such a requirement,
we chose the following policy: we retained the intellectual
property for the core technology to ourselves to the greatest
extent possible, and left R&D for peripheral technology to
the companies. We also decided that the know-how disclosed
by the companies to AIST would be disclosed to other
collaborating companies as necessary, and we decided that
licensing to other collaborating companies would be possible
even if the technology was patented by a single company.
Through these policies, it was possible to conduct R&D
swiftly. This method is expected to be an effective mode
of conducting other R&D. However, it is necessary that
the research institute possesses the core technology and
holds superiority in knowledge and intellectual property.
It is also necessary to estimate the supply chain and cost
structure in anticipation of commercialization. These are
generally not regarded as important for research institutes.
However, if a research institute aims to become the nucleus
of open innovation in Japan, then these capabilities become
necessary. We hope this will be a model of R&D with one
research institute at the core. We sincerely wish to contribute
to decontamination efforts that are underway in Japan.
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collaborative structure, and whether there was a new collaborative
framework different from the above three categories. If possible,
could you create a schematic illustration to show how the
environment surrounding this R&D (including the stakeholders)
changed over time? If this is not possible, could you present a
schematic illustration that shows the R&D framework (including
the stakeholders) at the final stage?

3.4.

We decided it was difficult to represent this in a figure, so we
added the new subchapter, “3.4 Flow of corporate collaboration
and collaboration with the government and local government,” in
the manuscript.

Note that we have not yet reached our research goal,
unfortunately. I think we are out of the “valley of death” because
the companies succeeded in commercializing the adsorbents and
the products has been recommended in the government agency
manuals. On the other hand, for true contribution to society,
we must overcome the “Darwinian sea”. Currently, we have
not achieved industrialization, one of the reason being that the
progress of the cesium decontamination by the government has
gone slightly differently from our initial plan. Although this is
totally the role of the companies, “what the research institution
can do in this stage?” is an issue to be considered.

3 Ways of collaborating with the companies

4 Storage of the adsorbents

In this paper, “3.1 Transferring strategy” was very well
written and it is very important. I think it is useful for researchers
who will be involved in the “bridging research” or translational
research in the future, including those at universities. However,
in reality, industry-academia collaboration often does not work
very well. If you know any “secrets” in transferring to companies
based on your experience, please tell us.

In “2.2.4 Investigation of the storage and disposal of the waste
material,” you describe the establishment of a mild oxidation
method using heated steam. Since this is an extremely important
technology in your R&D, it is recommended to show the reference
for published papers, if any. If this is the first description, you
should provide more explanation including figures about the “large
amount of oxidative heat.”

Thank you for your encouraging comments. For the practical
utilization based on the technology originated in the research
institute, the important points are described below. Please note
that the situation would be different in the case where the research
demand is raised by companies. Basically, It would be necessary
to establish Table 2 as formal knowledge. Specifically, it is as
follows:
(1) Visualization of the business image is the most important,
even if it is just an expectational diagram. In general, the
researcher in the research institute thinks that the companies
should create their business models. However, if we think
so, the project will fail regardless of whether the technology
is good or bad when the companies cannot achieve their
business model. Of course, the companies are responsible for
their final business models. However, at the start of the R&D,
when the companies know no details, construction of the
draft of the model by the institute-side would be important for
discussion.
(2) The design of the supply chain is also important. If the
partner company is large, it would cover all of the supply
chain on its own. But a small and medium-sized company
often cannot do that. When a small and medium-sized
company establishes the business model, the research institute
needs to suggest some material supplier, for example.
(3) Consideration for handling of intellectual properties are
also important. At least, when you aim for commercialization
involving multiple companies as in this case, AIST is required
to keep the basic intellectual property to make the companies
follow our vision.
Although I focused on topics other than research, specialty of
the technology is the most important, as described in Subchapter

It is cited as Reference [51] as a paper on it has been published
on March 25, 2016.

Answer (Tohru Kawamoto)

Question & Comment (Naoto Kobayashi)

Answer (Tohru Kawamoto)

Question & Comment (Naoto Kobayashi)

Answer (Tohru Kawamoto)

5 Science of hexacyanoferrate
Question (Toshimi Shimizu)

In the cesium adsor ption using hexacyanofer rates, are
there any scientific experiments on what kinds of structural
factors affect the adsorption performance? For example, do
different metals such as iron, cobalt, nickel, copper, zinc, or
others, or the different composition of iron/cyanoferrate group/
water have great effect on that? In practical application, the
adsorbent needs to be used under various and complex aqueous
conditions (temperature, coexistence of various ions, presence of
other molecular compounds, pH, concentration, etc.). From the
perspective of analytical chemistry, are the optimal metal species
and compositions for each adsorption under various conditions
clear? Or, is it necessary to conduct an adsorption test for each
adsorbent on site? Please explain from the scientific view of
analytical chemistry.
Answer (Tohru Kawamoto)

I think the optimal solution at the academic paper level
is mostly known, e.g. concerning the capacity of the cesium
adsorption or high-pH resistance by changing the metal species.
However, there isn’t a lot of work for the detailed dependence on
the composition ratio of each metal species. We have determined
the chemical composition with intensive investigation such as the
elution properties after adsorption. However, Prussian blue has
different properties compared to other analogues. Its mechanism
of cesium adsorption is not completely understood. This issue will
be discussed elsewhere, since this discussion is beyond the scope
of this paper.
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since we had experience in studying the humidity controlling
material using allophane as shown in Subchapter 2.2.
The research of the humidity controlling building materials
was conducted in a framework where the synthesis company
supplied the synthesized HASClay precursor, this HASClay
precursor was used at the Experimental Building for
Environment-Friendly Building Materials of AIST Chubu,
and AIST conducted the performance evaluation.
For the adsorption evaluation of carbon dioxide, it was
shown that the adsorption volume was higher at atmospheric
pressure or higher, compared to the generally used zeolite.[19]
For the adsorption of carbon dioxide, we had the experience
of conducting subcontracted development of a substance
using imogolite that could store carbon dioxide under a highpressure condition.
4.3 Development for expanding the market
As explained above, we were able to show the adsorption
capacity of water vapor and carbon dioxide, and since we had
prospect for companies to produce HASClay and to fabricate
desiccant rotors, we did a press release to widen the market.
For water vapor, we conducted a press release in October
2008 using the data for HASClay GI, and for carbon dioxide,
we did one using the data for HASClay GIII in December
2008.
The reaction after the press releases was great. There was
much interest in vapor adsorption, and we received numerous
inquiries. On the other hand, for carbon dioxide, although we
had inquiries from companies that had high carbon dioxide
emission like iron making and cement, the majority of
inquiries were from educational science magazines.
Concerning the demands from outside AIST, there were
many that were quite unimaginable for us within the
institute, and we filed patents jointly following joint research.
Although it is possible to imagine one application for one
material, we felt the importance of collaborating with outside

organizations for variation. Figure 13 shows the development
of HASClay usage one year after the press release. The
fields in which imogolite is used as shown in Fig. 5 and the
fields for HASClay shown in Fig. 13 are basically the same.
When imogolite and HASClay are compared carefully, in
the adsorption of water vapor, imogolite has high adsorption/
desorption in the low-humidity range and high-humidity
range, while HASClay has high adsorption/desorption in the
medium-humidity range, and therefore it is more suitable
as a desiccant air conditioning material. On the other hand,
the form of imogolite is tubular, while the form of HASClay
is granular, and the use as a filler that was considered for
imogolite cannot be covered by HASClay.
The promotion of photosynthesis in greenhouse cultivation
using carbon dioxide was a rather shocking research. In
general, the recovery and use of carbon dioxide are mostly
conducted for the reduction of carbon dioxide emission to
prevent global warming, while the use of carbon dioxide in the
agricultural field is not for preventing global warming, but is
purely for improving productivity and quality. Fortunately, we
were able to work with the people from the Nara Prefecture
Agricultural Research and Development Center who were
experts in strawberry species development and cultivation,
and we obtained public funds to develop a carbon dioxide
recovery and delivery system unseen before.[20] At the time of
application to the public funds, we stated that carbon dioxide
could be stored using HASClay, but the project was ultimately
successful because we made the decision to switch to zeolite in
the middle of the R&D due to efficiency consideration.
The research for the recovery and use of carbon dioxide
involved the following framework: AIST worked on the
selection of suitable materials for the recovery of carbon
dioxide; the Nara Prefecture Agricultural Research and
Development Center and Tohoku Agricultural Research
Center, National Agriculture and Food Research Organization
investigated the effect of carbon dioxide on strawberries, roses,
and Eustomas; and the companies fabricated the whole heat
exchange system that decreased the temperature of exhaust

HASClay

Water vapor

Fig. 12 Application of interior finishing material that
contains HASClay
(At AIST Chubu)

・Desiccant air
conditioning
・Humidity control
building material
・Temperature sensor
・Condensation prevention

Organic solvent ・Recovery (reuse)
Carbon dioxide ・Recovery (raw material)
・Recovery (underground
storage)
・Agricultural ﬁeld
(photosynthesis promoter)

Fig. 13 Fields in which HASClay is used
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gas and the CO2 storage layer as well as the construction of the
NOx and SOx removal device and dehumidifying systems.

and construction of a new system to spread the use of this
material.

5 Future issues
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Howeve r, H ASClay h a s not yet m a de m ajor so cia l
contribution. For HASClay to be used more widely, the issue
at this point is to change it from powder to a readily usable
form. The manufacture of granules is essential, and it is also
necessary for the desiccant rotor to be able to meet various
requirements.
There are two major points that can be given for future
development. As a material, it is necessary to find an
adsorbent that has the same performance as HASClay GI,
which was the target of the initial new material development,
and that can be mass synthesized using inexpensive material
at low temperature of 100 ºC or less. To increase the
production volume of HASClay, it is necessary to develop
a new system and build a new industry. A professor of
a university said to me, “The person who developed the
material knows most about that material. That’s why the
person who developed the material is the most likely person
to develop a good system.”
We shall continue to develop materials to achieve the
initial objective, and we shall also work on the design

Basic research on the
structure and function of
natural clay minerals

Clariﬁcation of structure
and function of new
substance HASClay

Attempts and limitations of
practical application of natural clay
minerals (allophane, imogolite)

Development of mass
synthesis method for HASClay

Eﬀorts to expand usage

Set scenario for practical
use (set clear goals for
synthesizing new adsorbents)

Eﬀorts to expand market

Succeeded in synthesizing
new substance HASClay

Goals for expanding use in
society and the present state

Basic research

Application research

Scenario

Fig. 14 Development of HASClay and flow up to present
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Answer (Masaya Suzuki)

Based on your comment on the development of the overall
scenario, I categorized the items into three categories—basic
research, application research, and scenario—and added Fig. 14 in
“5. Future issues.”
3 Composition of the elemental technologies
Comment (Toshimi Shimizu)

The structure of the first draft is merely a chronological
presentation of a usual R&D story, and I feel there is a lack
of synthesiological analysis expected for a Synthesiolog y
paper. When you set the final target of the adsorbent as use in
desiccant air conditioning, the issues to be solved seem to be
the drastic improvement of synthesis yield, mass production
in tons, reduction of raw material and adsorbent costs, safety
of the nanotube substance, and the improvement of adsorption
performance as indicated by the linear adsorption isothermal
c u r ve. You de s c r ib e a s t he ele me nt a l t e ch nolog ie s t he
concentration, reaction temperature, desalination, heating, and
other conditions during synthesis. However, the correlations
between the issues and elemental technologies are not clear. From
the perspective of what kind of R&D scenario the authors wrote
and how the issues were overcome, I think you need to add a
slightly more technological description (especially Subchapters
3.2 and 3.3 of the first draft). To do so, it is important to first draw
the correlation diagram of elemental technologies. Although there
is no example that’s exactly the same, there are Synthesiology
papers on adsorbents and others that may serve as reference
for creating the diagrams that show the elemental technologies
and development framework. For elemental technologies, you
may be able to refer to “Development of massive synthesis
method of organic nanotube toward practical use—Integration
of molecular design, molecular synthesis and safety assessment
for materials having market competitiveness” [Synthesiology–
English edition, 1, 169–176 (2008)] and “Novel functional gels
and their commercial distribution as chemical reagents—New
development of functional soft-materials” [Synthesiology–English
edition, 5, 181–189 (2012)]. For the development framework and
relationship with companies, please refer to “A novel technology
for production of drinking water in emergencies—Specific
material for selective nitrate adsorption” [Synthesiology–English
edition, 4, 156–161 (2012)].
Answer (Masaya Suzuki)

Thank you for your advice on the necessity for drawing the
diagram of elemental technologies in conducting synthesiological
analysis. I felt it was difficult to present a composition diagram
of elemental technologies for inorganic substances, unlike the
organic nanotubes and polymer gels, but I added the findings so
far to Subchapter 3.2. For technological details, I made additions
to Subchapter 3.3. For development organization, I added a text to
Chapter 4.
4 Definition, birth, and naming of HASClay
Comment (Toshimi Shimizu)

In the first draft, it is unclear what exactly HASClay is. In
the paper, it says that you looked at the Si/Al molar ratio as a
strategy to solve the issues on raw material costs, synthesis costs,
production volume, synthesis yield, and others. Obtaining a hint
from the fact that natural imogolite has constant composition
ratio, while natural allophane is amorphous with unstable molar
ratio between 0.5–1.0, you investigated the adsorption property
of the individual products for water vapor, which were obtained
by changing the molar ratio. However, the criteria that determine
the final grade of HASClay are not the Si/Al molar ratio or the
adsorption property, but they seem to be synthesis conditions,

particularly temperature conditions and the manufacturing
methods involving desalination treatment.
Is HASClay a product with well-defined structures that can only
be manufactured under rational synthesis conditions, or is it a
product obtained in the course of a reaction process? The readers
who specialize in chemistry will be greatly interested in the
essence and nature of HASClay. Please describe the structural,
morphological, and analytical properties and definitions of
HASClay as much as you know or are allowed to disclose. I
think you also need to discuss how you differentiate from similar
adsorbents whose main ingredients are aluminum silicate, from
the viewpoint of intellectual property strategy.
In relation to this, please describe further the need to grade
HASClay, and the definitive factor in the birth of HASClay that
required two years for its development. Also, HASClay seems to
be a trademark, but can you give additional discussion on how you
came up with the name and why you decided to trademark this
product?
Answer (Masaya Suzuki)

Since I did not provide explanation on the substances and
attributes of HASClay, I made additions to Subchapter 3.3. The
origin of the name is due to the fact that in x-ray diffraction,
although there was no peak or layer structure of amorphous
hydroxyl aluminum silicate (HAS), the peak for clay sheet could
be seen. Also the product is not a mixture of two substances but
consists of one substance that is deemed the composite of HAS
and clay, hence the name HASClay. Along with the trademarking,
I described this in Subchapter 3.2.
5 Structure of nano-adsorbent
Comment (Toshimi Shimizu)

Allophane and imogolite have well-def ined sizes and
dimensions as independent structures of nanometer scale. On the
other hand, HASClay seems to be a composite of low-crystalline
clay and amorphous aluminum silicate that contains imogolite
of low-purity. To deepen the understanding of general readers
for HASClay, I recommend you provide the structural figures
of allophane and imogolite that are already known, as well as a
photograph that depicts the powder form of HASClay.
Answer (Masaya Suzuki)

As you indicated, the structural diagrams of allophane and
imogolite and the TEM photograph of HASClay are essential in
showing the composition of elemental technologies of HASClay
and the HASClay structure. The structural diagrams of allophane
and imogolite were placed in Subchapter 2.1, while the TEM
photograph of HASClay was added to Subchapter 3.3.
6 Development organization and role division
Comment (Toshimi Shimizu)

In conducting joint research with companies specializing
in the adsorbents for desiccant air conditioning, materials for
room humidity control, carbon dioxide recovery/use systems,
and others, please provide additional discussion on the respective
elemental technologies to solve the problems for public research
institutions and companies, and the division of roles.
Answer (Masaya Suzuki)

Problem solving by public institutions and companies in
desiccant air conditioning, room humidity control materials, and
carbon dioxide recovery/use systems, and division of roles were
explained in Chapter 4.
7 Fields in which HASClay is used
Question (Shigeko Togashi)

For the fields in which imogolite is used as shown in the
diagram in the first draft, what are the differences with the fields
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in which HASClay is used, other than the possibility of practical
realization?
Answer (Masaya Suzuki)

The fields in which imogolite is used and ones in which
HASClay is used as shown in Fig. 5 of the final draft are basically
the same. For the adsorption of water vapor, imogolite has high
adsorption/desorption volume in the low humidity and high
humidity ranges, while HASClay has high adsorption/desorption

volume in the medium humidity range. Therefore, HASClay
is a more suitable material for desiccant air conditioning than
imogolite. On the other hand, imogolite has a tubular form while
HASClay has a granular form, and therefore, HASClay cannot
be used as a filler that was the usage expected for imogolite.
These points were added to “4.3 Development for expanding the
market.”
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It was designed by integrating the technologies nurtured in
the development of continuous synthesis technology and
large-area synthesis technology. Other than the continuous
synthesis furnace, the continuous sputtering device, wet
catalyst coating device, CNT harvesting device, substrate
washing device, and others were added. The mass production
process developed in the “Carbon Nanotube Capacitor
Development Project” was realized, though at a small scale,
and this enabled manufacture of super-growth single-walled
CNTs at production volume of 100 gram/hour.
The manufactured super-growth single-walled CNTs were
supplied to a wide range of domestic companies as sample
supplies from AIST. Over 200 agreements have been signed
to the present.
From FY 2013, the pilot plant was loaned to Zeon, and the
super-growth single-walled CNTs were sold by Zeon utilizing
the Result Diffusion Project. We approached the B2B format
one step at a time.
Many prospective uses were developed from the supergrowth single-walled CNTs that were supplied throughout
Japan from the pilot plant, and this spurred actual realization.
In the Technology Research Association for Single Wall
Carbon Nanotubes (TASC), the technologies to utilize
the super-growth single-walled CNTs were developed one
after the other, including dispersion, coating, evaluation,
forming, and compositing. This led to the development
of various parts with excellent properties such as CNT
rubber composite material with high thermal resistance,
CNT carbon fiber rubber composite material with high heat
conductivity, and CNT copper composite material that can
pass 100 times the electric current while possessing the same
electro-conductivity as copper,[15] and thus the development
by companies was accelerated.
The market demand for super-growth single-walled CNTs,
development of peripheral technologies such as dispersion
and composition, and development of marketable application
moved Zeon Corporation to start operation of a commercial
plant in 2014. The ceremony for the start of the plant
construction was held in Tokuyama in November 2015. I was
able to snap a photograph in front of the plant with Dr. Sumio
Iijima (former Director, Nanotube Research Center, AIST),
Dr. Yumura, Mr. Arakawa, Dr. Mitsugu Ueshima (Zeon), and
Dr. Norimitsu Murayama (Director, Department of Materials
and Chemistry, AIST) (Fig. 15), and this was when I felt we
reached a milestone. Plant construction and the commercial
production of super-growth single-walled CNTs are only the
starting line in the business world. To grow this business,
there are mountains of difficulties and issues that must be
overcome. However, since the super-growth single-walled
CNTs have overwhelming superiority in purity, length, and
specific surface area compared to other CNTs, I believe it

will become a major business.
Finally, I believe that it is possible to see the prospect of
CNTs in the future by looking at the periodic table of
elements. Carbon is the sixth element in the periodic table.
The first and second elements, hydrogen and helium, are
gas, third element, lithium, is water prohibitive, and fourth,
beryllium, is highly toxic. Carbon is the topmost element
of the periodic table that can be used safely by humankind
in a solid state. This means that carbon has a small nucleus
and therefore is the lightest and has the strongest shared
bond. CNTs that combine carbon in ideal structures are
materials that can bring out the performance of carbon to the
maximum. The periodic table tells us that we cannot create
any material that is stronger or lighter than CNTs on the
earth. If CNTs are fully commercialized, I believe that they
will continue to be used as long as human society exists.
CNTs that were found in Japan will grow into a CNT
industry that originated in Japan. They will be used in all
corners of society making it a place where “carbon nanotubes
are here, there, and everywhere,” and will benefit human
society. My goal is to create such a future.
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Fig. 15 Photograph in front of the carbon nanotube manufacturing
plant (Tokuyama Plant, Zeon Corporation)
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per volume and time of the reaction furnace, reaction environment
(vacuum system, open system, etc.), and reaction temperature.
In Fig. 3, for example, if you weigh each score like excellent 4
points, good 3, moderate 2, and poor 1, the supported catalyst
CVD method and fluid bed furnace method have a total of 10
points, while the super-growth method has 11 points, and there is
not much difference. I think the general readers will intuitively
understand the superiority of the super-growth method if you add,
as items of comparison, the three items discussed in this paper:
synthesis yield, reaction environment, and reaction temperature.
Or, is the author’s weighing of the scores for the four items of
comparison in Fig. 3 different from each point mentioned above?
Answer (Kenji Hata)

The four items shown in Fig. 3 show the characteristics of
carbon nanotubes, and they show that the super-growth method
is viable as business compared to the conventional synthesis
methods. As you indicated, items such as synthesis yield per
volume and time of the reaction furnace, reaction environment
(vacuum system, open system, etc.), and reaction temperature
are discussions about the synthesis condition. Since there are
diverse synthesizing formats for each synthesis method, it is
difficult to discuss the superiority or inferiority in simple terms.
Also, considering practical application, I don’t think it is very
meaningful to score the items of Fig. 3 as poor 1 point, moderate
2, good 3, and excellent 4.
3 Safety of the single-walled CNTs
Comment (Toshimi Shimizu)

In the first draft, there was an expression that the researchers
involved in development might quietly disregard the matter of
safety of the single-walled CNTs. For the safety of single-walled
CNTs, as a result of the NEDO Project, the safety test manual
and guidelines for the work environment and measurements for
carbon nanotubes have been published for the workers who handle
the CNT materials. I recommend that you add or cite appropriate
explanations and results of the concurrent R&D for the ELSI
(ethical, legal, and social issues) and EHS (environmental, health,
and safety) concerns that are essential in the development of
nanomaterials.
Answer (Kenji Hata)

I corrected the text so the explanation centers on the activities
conducted primarily by AIST and Zeon. At the time, the NEDO
Project that led to the drafting of the safety test manual and work
environment guidelines for carbon nanotubes manufactured by
the super-growth method had not been implemented. Since this
departs from the main topic of this paper, I did not discuss the
details of the various kinds of EHS research that were conducted
concurrently.
Comment (Shuji Abe)

In the first draft, though it may not be representative of the
author’s thinking, there was a text that the readers might mistake
that you are scientifically negating the health damage of asbestos.
I recommend you correct the text appropriately.
Answer (Kenji Hata)

As you indicated, I corrected the expression that may give
the readers the impression that I am negating the health effect of
asbestos that has been scientifically proven.
4 Mass production of single-walled CNTs
Question (Shuji Abe)

Answer (Kenji Hata)

Zeon has not released the actual figures. Therefore, I shall not
publish the figures in this paper.
5 Grade and quality assurance of single-walled CNTs
Question (Toshimi Shimizu)

In the case of multi-walled CNTs, I think the diameter, length,
purity, metal oxide amount, specific surface area, and others are
noted as their qualities. What are the parameters to assign the grade
and to assure quality of the single-walled CNTs that were massively
produced here? Do you conduct the quality control by using Raman
spectroscopy, optical absorption spectroscopy, or thermogravimetry?
Answer (Kenji Hata)

In general, the carbon nanotubes synthesized by the supergrowth method have the characteristics of high specific surface
area, high purity, and long length, and actual quality control is
done based mainly on purity and specific surface area.
6 Elemental technologies of the mass production process
Comment (Toshimi Shimizu)

You present the division of roles where AIST develops the
method for solving the issues, and Zeon Corporation develops
the ways to upscale the methods, continuous technology, and
production technology. In “4.1 Elemental technologies of the mass
production process”, can you color-categorize each elemental
technology (currently grey) in Fig. 8 into those achieved by AIST,
Zeon Corporation, or AIST + Zeon Corporation. In this paper,
there are no names of the people in charge of the development
of individual elemental technologies described in Subchapter
4.1. I think the reader’s understanding will deepen if people or
organizations in charge are clarified.
Answer (Kenji Hata)

Since this paper was written by AIST alone, I described the
parts in which AIST was primarily in charge. However, to help
understanding of the whole flow, I explained the parts where Zeon
was in charge as much as they were disclosed. For the division
of research topics between AIST and Zeon, AIST developed
the fundamental technology while Zeon developed the mass
production method. The research for large-area synthesis and
continuous synthesis was mainly conducted by Zeon.
Comment (Shuji Abe)

In “4.1 Elemental technologies of the mass production
process,” you describe the development of various elemental
technologies, and I think you should discuss the contributions
of teams and joint researchers for par ticularly impor tant
technologies. If it is difficult to mention them individually, it can
be placed at the end in a form of acknowledgement.
Answer (Kenji Hata)

Since it is difficult to mention them individually, I added the
acknowledgement of the people involved.
7 Integration of the elemental technologies
Comment (Toshimi Shimizu)

The section of “4.1.7 Integration of the elemental technologies”
is an overlap of the contents in 4.1.1 to 4.1.6. Here, why don’t you
give us the final summary of the results of integration and the
conclusion of results as much as you are allowed to disclose. I
think the readers can readily understand if you refer to Fig. 8.
Answer (Kenji Hata)

What specific degree of production volume do you mean
when you say “mass production” in “3.1 Development of mass
production technology for single-walled CNTs”? There was a
description in Subchapter 2.2, that you set a personal goal of “10
tons annually,” but can I assume that the Zeon’s CNT production
plant that started operation in 2015 surpassed this goal?

The integration of elemental technologies is what we spent
most effort on, and there are many parts that cannot be disclosed
at this point, and it is very difficult to comprehensively describe
the whole picture. However, it was the part on which we spent
most effort, and I decided to give some details using case
studies. Please understand that this paper was written under such
restrictions.
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Editorial Policy
Synthesiology Editorial Board
Objective of the journal
The objective of Synthesiology is to publish papers that
address the integration of scientific knowledge or how to
combine individual elemental technologies and scientific
findings to enable the utilization in society of research
and development efforts. The authors of the papers are
researchers and engineers, and the papers are documents
that describe, using “scientific words”, the process and the
product of research which tries to introduce the results of
research to society. In conventional academic journals,
papers describe scientific findings and technological results
as facts (i.e. factual knowledge), but in Synthesiology, papers
are the description of “the knowledge of what ought to be
done” to make use of the findings and results for society.
Our aim is to establish methodology for utilizing scientific
research result and to seek general principles for this activity
by accumulating this knowledge in a journal form. Also, we
hope that the readers of Synthesiology will obtain ways and
directions to transfer their research results to society.

Content of paper
The content of the research paper should be the description of
the result and the process of research and development aimed
to be delivered to society. The paper should state the goal
of research, and what values the goal will create for society
(Items 1 and 2, described in the Table). Then, the process
(the scenario) of how to select the elemental technologies,
necessary to achieve the goal, how to integrate them, should
be described. There should also be a description of what
new elemental technologies are required to solve a certain
social issue, and how these technologies are selected and
integrated (Item 3). We expect that the contents will reveal
specific knowledge only available to researchers actually
involved in the research. That is, rather than describing the
combination of elemental technologies as consequences, the
description should include the reasons why the elemental
technologies are selected, and the reasons why new methods
are introduced (Item 4). For example, the reasons may be:
because the manufacturing method in the laboratory was
insufficient for industrial application; applicability was not
broad enough to stimulate sufficient user demand rather than
improved accuracy; or because there are limits due to current
regulations. The academic details of the individual elemental
technology should be provided by citing published papers,
and only the important points can be described. There
should be description of how these elemental technologies

are related to each other, what are the problems that must
be resolved in the integration process, and how they are
solved (Item 5). Finally, there should be descriptions of how
closely the goals are achieved by the products and the results
obtained in research and development, and what subjects are
left to be accomplished in the future (Item 6).

Subject of research and development
Since the journal aims to seek methodology for utilizing
the products of research and development, there are no
limitations on the field of research and development. Rather,
the aim is to discover general principles regardless of field,
by gathering papers on wide-ranging fields of science and
technology. Therefore, it is necessary for authors to offer
description that can be understood by researchers who are
not specialists, but the content should be of sufficient quality
that is acceptable to fellow researchers.
Research and development are not limited to those areas for
which the products have already been introduced into society,
but research and development conducted for the purpose of
future delivery to society should also be included.
For innovations that have been introduced to society,
commercial success is not a requirement. Notwithstanding
there should be descriptions of the process of how the
tech nologies a re i nteg rated t a k i ng i nto accou nt the
introduction to society, rather than describing merely the
practical realization process.

Peer review
There shall be a peer review process for Synthesiology, as in
other conventional academic journals. However, peer review
process of Synthesiology is different from other journals.
While conventional academic journals emphasize evidential
matters such as correctness of proof or the reproducibility of
results, this journal emphasizes the rationality of integration
of elemental technologies, the clarity of criteria for selecting
elemental technologies, and overall efficacy and adequacy
(peer review criteria is described in the Table).
In general, the quality of papers published in academic
journals is determined by a peer review process. The peer
review of this journal evaluates whether the process and
rationale necessary for introducing the product of research
and development to society are described sufficiently well.
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Editorial Policy

In other words, the role of the peer reviewers is to see
whether the facts necessary to be known to understand
the process of introducing the research finding to society
are written out; peer reviewers will judge the adequacy
of the description of what readers want to know as reader
representatives.
In ordinary academic journals, peer reviewers are anonymous
for reasons of fairness and the process is kept secret. That is
because fairness is considered important in maintaining the
quality in established academic journals that describe factual
knowledge. On the other hand, the format, content, manner
of text, and criteria have not been established for papers
that describe the knowledge of “what ought to be done.”
Therefore, the peer review process for this journal will
not be kept secret but will be open. Important discussions
pertaining to the content of a paper, may arise in the process
of exchanges with the peer reviewers and they will also be
published. Moreover, the vision or desires of the author that
cannot be included in the main text will be presented in the
exchanges. The quality of the journal will be guaranteed by
making the peer review process transparent and by disclosing
the review process that leads to publication.
Disclosure of the peer review process is expected to indicate
what points authors should focus upon when they contribute
to this jour nal. The names of peer reviewers will be
published since the papers are completed by the joint effort
of the authors and reviewers in the establishment of the new
paper format for Synthesiology.

References
As mentioned before, the description of individual elemental
technology should be presented as citation of papers
published in other academic journals. Also, for elemental
technologies that are comprehensively combined, papers that
describe advantages and disadvantages of each elemental
technology can be used as references. After many papers are
accumulated through this journal, authors are recommended
to cite papers published in this journal that present similar
procedure about the selection of elemental technologies
and the introduction to society. This will contribute in
establishing a general principle of methodology.

Types of articles published
Synthesiology should be composed of general overviews such
as opening statements, research papers, and editorials. The
Editorial Board, in principle, should commission overviews.
Research papers are description of content and the process
of research and development conducted by the researchers
themselves, and will be published after the peer review
process is complete. Editorials are expository articles for
science and technology that aim to increase utilization by
society, and can be any content that will be useful to readers
of Synthesiology. Overviews and editorials will be examined
by the Editorial Board as to whether their content is suitable
for the journal. Entries of research papers and editorials
are accepted from Japan and overseas. Manuscripts may be
written in Japanese or English.

Required items and peer review criteria (January 2008)
Item
1

Requirement

Peer Review Criteria

Describe research goal ( “product” or researcher’s vision).

Research goal is described clearly.

2 Relationship of research
goal and the society

Describe relationship of research goal and the society, or its value
for the society.

Relationship of research goal and the society
is rationally described.

3

Describe the scenario or hypothesis to achieve research goal with
“scientific words”.

Scenario or hypothesis is rationally described.

Describe the elemental technology(ies) selected to achieve the
research goal. Also describe why the particular elemental
technology(ies) was/were selected.
Describe how the selected elemental technologies are related to
each other, and how the research goal was achieved by composing
and integrating the elements, with “scientific words”.
Provide self-evaluation on the degree of achievement of research
goal. Indicate future research development based on the presented
research.

Elemental technology(ies) is/are clearly
described. Reason for selecting the elemental
technology(ies) is rationally described.
Mutual relationship and integration of
elemental technologies are rationally
described with “scientific words”.
Degree of achievement of research goal and
future research direction are objectively and
rationally described.

Do not describe the same content published previously in other
research papers.

There is no description of the same content
published in other research papers.

4

Research goal

Scenario
Selection of elemental
technology(ies)

Relationship and
5 integration of elemental
technologies
6
7

Evaluation of result and
future development
Originality
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research ethics
3.2 Structure
3.2.1 The manuscript should include a title (including subtitle),
abstract, the name(s) of author(s), institution/contact, main text,
and keywords (about 5 words).
3.2.2 Title, abstract, name of author(s), keywords, and institution/
contact shall be provided in Japanese and English.
3.2.3 The manuscript shall be prepared using word processors or
similar devices, and printed on A4-size portrait (vertical) sheets
of paper. The length of the manuscript shall be, about 6 printed
pages including figures, tables, and photographs.
3.2.4 Research papers and editorials shall have front covers and
the category of the articles (research paper or editorial) shall be
stated clearly on the cover sheets.
3.2.5 The title should be about 10–20 Japanese characters
(5–10 English words), and readily understandable for a diverse
readership background. Research papers shall have subtitles of
about 15–25 Japanese characters (7–15 English words) to help
recognition by specialists.
3.2.6 The abstract should include the thoughts behind the
integration of technological elements and the reason for their
selection as well as the scenario for utilizing the research results
in society.
3.2.7 The abstract should be 300 Japanese characters or less (125
English words). The Japanese abstract may be omitted in the
English edition.
3.2.8 The main text should be about 9,000 Japanese characters
(3,400 English words).
3.2.9 The article submitted should be accompanied by profiles of
all authors, of about 200 Japanese characters (75 English words)
for each author. The essential contribution of each author to the
paper should also be included. Confirm that all persons who have
made essential contributions to the paper are included.
3.2.10 Discussion with reviewers regarding the research paper
content shall be done openly with names of reviewers disclosed,
and the Editorial Board will edit the highlights of the review
process to about 3,000 Japanese characters (1,200 English words)
or a maximum of 2 pages. The edited discussion will be attached
to the main body of the paper as part of the article.
3.2.11 If there are reprinted figures, graphs or citations from other
papers, prior permission for citation must be obtained and should
be clearly stated in the paper, and the sources should be listed in
the reference list. A copy of the permission should be sent to the
Publishing Secretariat. All verbatim quotations should be placed
in quotation marks or marked clearly within the paper.
3.3 Format
3.3.1 The headings for chapters should be 1, 2, 3…, for
subchapters, 1.1, 1.2, 1.3…, for sections, 1.1.1, 1.1.2, 1.1.3, for
subsections, 1.1.1.1, 1.1.1.2, 1.1.1.3.
3.3.2 The chapters, subchapters, and sections should be
enumerated. There should be one line space before each
paragraph.
3.3.3 Figures, tables, and photographs should be enumerated.
They should each have a title and an explanation (about 20–
40 Japanese characters or 10–20 English words), and their
positions in the text should be clearly indicated.

3.3.4 For figures, image files (resolution 350 dpi or higher)
should be submitted. In principle, the final print will be in
black and white.
3.3.5 For photographs, image files (resolution 350 dpi or
higher) should be submitted. In principle, the final print will
be in black and white.
3.3.6 References should be listed in order of citation in the
main text.
Journal—[No.] Author(s): Title of article, Title of journal
(italic), Volume (Issue), Starting page–Ending page (Year
of publication).
Book—[No.] Author(s): Title of book (italic), Starting
page–Ending page, Publisher, Place of Publication (Year
of publication).
Website—[No.] Author(s) name (updating year): Title of
a web page, Name of a website (The name of a website
is possible to be omitted when it is the same as an author
name), URL, Access date.

4 Submission
One printed copy or electronic file (Word file) of manuscript
with a checklist attached should be submitted to the following
address:
Synthesiology Editorial Board
c/o Public Relations Infor mation Off ice, Planning
Headquarters, National Institute of Advanced Industrial
Science and Technology(AIST)
Tsukuba Central 1, 1-1-1 Umezono, Tsukuba 305-8560
E-mail:
The submitted article will not be returned.

5 Proofreading
Proofreading by author(s) of articles after typesetting is
complete will be done once. In principle, only correction of
printing errors are allowed in the proofreading stage.

6 Responsibility
The author(s) will be solely responsible for the content of the
contributed article.

7 Copyright
The copyright of the articles published in “Synthesiology”
and “Synthesiology English edition” shall belong to the
National Institute of Advanced Industrial Science and
Technology(AIST).
Inquiries:
Synthesiology Editorial Board
c/o Public Relations Infor mation Off ice, Planning
Headquarters, National Institute of Advanced Industrial
Science and Technology(AIST)
Tel: +81-29-862-6217 Fax: +81-29-862-6212
E-mail:
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Letter from the editor
We deliver you Synthesiology Volume 9 Issue 3 that is our
second special issue. This time, it features five research
papers on “nanomaterials.” The final goal or the mission
of nanotechnology is to fully utilize the “functions” and
“structures” in the size range of one-billionth meter (nanometer)
in engineering, and to implement this technology in industry and
society. This is the reason why nanotechnology is considered the
core of common fundamental technology in the forefront. About
ten years ago, in the Third Science and Technology Basic Plan
that was established in FY 2008, the field of nanotechnology
materials was positioned as one of the areas of priority. The
roots of nanomaterial research that is presented in this issue
go back to a period before this Basic Plan. In nanotechnology,
the collaboration and fusion of different fields and different
businesses are essential, because in order to socially implement
the nanometer-size materials, various technologies must be
linked in a configurational manner, surpassing the barrier of
nine-digit size differences all the way to meter size. Therefore,
the story of how the individual elemental technologies and
scientific findings are integrated and synthesized by what
scenario toward the research goals and strategies to create
values that would be accepted in society is an excellent topic of
synthesiology.
For example, the nanomaterials represented by carbon nanotubes
hold the potential to revolutionize the world through their
electronic, magnetic, and engineering properties. However, due
to their minute size, before such materials can become usable
in society, a novel and innovative production process, for which
we have no past experience, is necessary in order to enable
macroscopic expressions while maintaining their microscopic
properties. In the paper on the super-growth method, please take
note of the research scenario that took the production technology

for single-walled carbon nanotubes from lab scale to plant
scale for which the elemental technologies were completely
different. Moreover, it is important to pioneer technologies to
composite and disperse the nanomaterials into the matrices.
In the paper on the development of human-friendly polymeric
actuators, the major point is the attainment of portability, film
formation, and weight reduction of the braille displays that
can be used by visually impaired people by using the carbon
nanotubes as electrodes. In the paper on the development of the
high-performance adsorbent HASClay®, the main attraction
is the research story where an artificial product was ultimately
developed after dropping the attempt to find nanomaterials from
natural minerals, in developing the adsorbent for an energysaving system.
It is also essential to achieve diverse hierarchization such as
the achievement of a large surface area, thin films, and systems
for the products, as well as their production and process
technologies. In the paper for high-quality high-speed largearea CVD synthesis of graphene, the detailed scenario for the
development of a plasma-assisted film-forming process towards
the use of flexible transparent conductive films is introduced
along with detailed data analysis. In the paper on technology
for decontaminating ash contaminated by radioactive cesium,
it is fascinating to see the technology that uses as raw material
Prussian blue, a pigment known since ancient times, advance
to a decontamination system for contaminated ash. I hope you
enjoy this special issue that contains plenty of synthesiological
case studies in which the social values of nanomaterials that
have nanometer pores and cavities are enhanced as actuators,
transparent conductive films, decontamination material,
humidity control material, electronic material, and others.
(Toshimi Shimizu, Executive Editor)
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Aim of Synthesiology

― Utilizing the fruits of research for social prosperity ―
There is a wide gap between scientific achievement and its utilization by society. The history of
modern science is replete with results that have taken life-times to reach fruition. This disparity has
been called the valley of death, or the nightmare stage. Bridging this difference requires scientists
and engineers who understand the potential value to society of their achievements. Despite many
previous attempts, a systematic dissemination of the links between scientific achievement and
social wealth has not yet been realized.
The unique aim of the journal Synthesiology is its focus on the utilization of knowledge for the
creation of social wealth, as distinct from the accumulated facts on which that wealth is engendered.
Each published paper identifies and integrates component technologies that create value to society.
The methods employed and the steps taken toward implementation are also presented.
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