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Development of human-friendly polymeric actuators
based on nano-carbon electrodes

— Toward the practical realization of artificial muscles —
Kinji AsakA

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

— Toward a high throughput process —

Masataka HASEGAWA"**, Kazuo Tsucawa’, Ryuichi KaTo?, Yoshinori Koca®,
Masatou IsHIHARAM, Takatoshi YamADA™ and Yuki Okicawa™?

The current trend in graphene synthesis is to use thermal chemical vapor deposition (CVD) at temperatures 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
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(&, IEFEIC PDMS I2xHiE$ % ¥, L722%>T PDMS %
Ar/H, 77 X< LB O S A FITIZIZERE LTw
2o TOZEIE Ar/H, 7IXVEILHEEOM 3 (a) DO
1s (532.0 eV) BIURK 3 (c) ® Si 2p (1020 eV) 2B}
% PDMS OEHEE TG L%\ He/H, 75 A< il #L 1%
D, 2841 eV THIBSNIMEAEZANVF - —21E, sp
A TR SN 5 HOPG @ b DIzt $ 5 "I, 5=
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WX : 79X Z N7 572 v ORGSR BRI CVD 45 (BRAINEA)

ENHZNSIIIENED sp” RFETH B LD H o720

He/H, 7 A< AL B X O Ar/H, 75 A< HjLE D
MEDFEIE, NYTA, TILT LD SIO, DAy 75

DENIRETLEEZONS, KK TIFIA~ CVD D
Wt BB T I A RBOEGEIZR SN 5720
AEBDOZINZ) YT EDTIAIHAND )AL &R
FEOWADVELBMETHY, EM EANDIDL) AR
MW OHERE 2 P T 2 DD A, Sigmund D A8y ¥
) U OIERNGREGLIUE A8y &) 7RG
BEAF DT EEFTHF S IMTFTE P, £+
VEF—=%3100 ~ 600 eV OH & TANIT A+ 2L DA
¥ (Si0,) DAy F) Y ZPEEIEIAN) T L LD 25 75 3.8
k&, He's Ne's Ar'y Kr'y Xe" @ SiO, FH It
THEAFTVHED G FENEYI 2L =T arPHEsnh
T Py Si0, EBUHH 2 A28 &) 0 7 IR H 285
ATV DFETHFFLEDITHMMLI. SNEDAF D
THROLBFE WV He I3 ANV F—=A7100 eV TH-TD Si0, £
OB TICHE NI T ANF =2 H5Z LR TER, A8y
Z) Y ZWHENIZTERTH LI EER LTz — Ar A
F 0% SiO, ZRYRIZ ARy F) T HEIEN G h ol
B, L722%5T, He/H, 79X HLIIC LD, B,
SIS Z ) a v EBEDEREMHERTLI L%
P32 EDSRETH D S5 I I A R RIS TE
IbTHIEDVRETHAZEVHLN LR ST,

Ar/H, X0 He/H, 75 X~ THjALE S0 72 8 585 H bt
NDT5 T DAME Ar/H,/CH, 3 X0 He/H,/CH, &
THEIEL, AULELZLOGAEL LKL K427 T2
CVDETERLE T F T2y DIFT Yy ARY MV ERT,
He/H,/CH, #2279 X< CVD 12XV, WAL F
OEIEM T, DNV FIZERS GV F (1520 ecm ™)
ED/AYEF (1320 em ™) @IS, Lo, TIA=
ML Z il L CWARWIEA L7220 F T Tld 2D v

250 . . :
i (@) ZIVd> /KR AT
% Ar H, CH,
8
f_r” 200}
i
ﬂ_‘l::l‘
_L:_i
B

150 s - -

115 110 105 100

FaIRILF— (eV)

5 (a) Ar/H, 79 A%, Ar/H,/CH, IRE A
7572 TXPSWMELZ: Si2p WA INVF—ARY pL

FZBC&E o7z Ar/H, 7T X< ATLBICE | &<
Ar/H,/CH, 75X~ CVD ®4.2D 73> F (2650 cm ™)
W GNY RN O E TSNz He/H, 77 AHI
ML 2% < He/H,/CH, 79 AX< CVD O34, 2D NV K

(2650 cm ™) & G /N RANUTIZIF UHRE CRIZ STz,
CORER T RIR T % B ME - HIMSEBE L 6D TRETL

7eAER. He/Hy, 777 X~ AL L 72§48 25 A~ I (350-
400 C) T He/H,/CH, #ZH\WT 75X~ CVD THHL7:
757y OFEEEE Ar/H, T7 AR RPLELL 72 2608~
DEREIDMER RN EPHTmMAITON L, Thbb,
He/H, 7' A~ Wi QLB 5 56 25 44 22 1 0 SR AL & Ak
WENRWICERZE L, SRTO 7T 7 x G T 5
BARRE A R RICHETHEF R0 T T VDT TAX
CVD A ERH W TR T L, EHRETry 7=
VEEGRTART VANV ER T D, BB I F
AN =Ty NCHlEA T 572012 AU - TRR
LW & HRE %+ R BT 2D D 5o

51% Ar/H,/CH, 8 £ 0" He/H,/CH, £ T7 5 X<

EEEE
|
3
<
CLdt
N
3
o
M
\l
JdilF
N
Al
&
8

500 1000 1500 2000 2500 3000
STk (em™)
4 IR LICAR L2572 D52y ARSIy
Copyright (2014), with permission from The Japan Society of
Applied Physics

250 : : :
i b) NUDL/KZFR S X
g He H, CH,
S
EIJﬁ 200
i
ﬂ'-!:‘
E
B

150 - - -

115 110 105 100 95

BHaIXRILF—(eV)

.« (b) He/H, 75 A< L#%, He/H,/CH, IR&H A% LTER L

Copyright (2014), with permission from The Japan Society of Applied Physics
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WX 2 79X B N7 572 v O R B KR CVD & (BAINEAH)

CVD kL7227 57 VD Si 2p DA T FIVF—JED
TOXPS ARZ MV TCH S, Ar/H, BIALE#IC Ar/H,/
CH, TF9A< CVD A L7225 72Tl Si 2p (103.0
eV) DSHIBRICBIZE SN/ 5, —JF He/Hy/CH, THEREL
T TIRBIE SN h o7z BRICE TN DA LT
LOFEMAR WA A0, T AVF =45 X #aok
2 (EDS) 12X, 72nA~NAHWE (797 /~)§i7c
—E) oFMITHFEISMEERKL (K6), Ar/H,/CH, 7
SATTEW LTI 72 D4, YU VIER 2 %R
HMaEN7z0123 LT He/H,/CH, 7T A<IZL)EREL 72
N VAT 278 Ay }‘167?_5'£EFF 0.8 %) UFTHozs
P E®D XPS BED EDS IZXB5HH 5, ARENPSLDY
Vay Ao 7 77I/H%«®HXV)1&& %. He/H,/CH,
T A EI1CX). Ar/H,/CH, X0 &) FEACHIH S h
LZENHLNER ST,

HEWOFMLBEL L FARIZ, 75X~ CVD TRAEV A
He # FIH 322 Ar 2 FIHT2 008, HRELI27 T 72>
K& i H7257, K7 (a) 1& Ar/H,/CHye (b)

(& He/H,/CH, Z FHIWTHIEL L7227 T 7 . ¥ B O I 1hi 3%
BTHEMBESETH D, NV TR ET A&

121, 20 MO CVDIZED 20 BREED LB T7 2
JREASER S H A FICBEMERE L 720 IR 97 74 b
0.335 nm XD HFITKEN 034 THolzo FEIEM
DB CVD Tid, 772 DKEIZ2-3BIZHIREN S
Bl R EFHHICT A< CVD TIEy ZOBNIRT X
NI FTo LRVEDSIEIEM FICET 5, ShdsT T
AREH VD EAFLEOBEEREBE VD, —F Ar &
WRETATHRELZ I 72 v OFE WE T HME$ET
. Fhod O 2SN H A K LIRS Nz T8
BFBIE 0.27-0.28 nm TH Y. CuO (110) DJEHFEIZ—E
35, TOZXiE Ar/H,/CH, 75 A~ CVD HZ 5L
MBI EN B EZRL TV, SIRILWIE D
o TREIREEDITV Y P A MR SN2, TR
0.34-0.37 nm TH N 777 74 FOJERBL Y 227 h KE W
DT, M LRI L 727 F 7 2 VG O—HBH5 R
LL7zZ &2 RIBELT W5,
COWFGRTIZE I O T 5 X< R LB )5 % B g
L. $i 55 S o 200K 8 & ASHE W O HUY 3A A% B 5
HZllZkY, 59X CVD TERT AT T T VDE
EALD TR I L7z He/H, % 6 9% 4 5 25 41

30— 350 5 T
@ ZILdV /KK A5V A ) NUDL/KER/ AT
300 S 300 O E
— | —~
7 280 5 1 L2850
N |3o ,
D 200 S 1 Deoof| 8
R 100 v ﬁ B ofl.3 V
— I 1 —1o00f|.O
% 150 | J S 7 S 1 4&( 150 0 3
pica N R I I¢] O o ]
N 3 E | <
L B 50 = 5
-y L —— 0
0 0]
0 5 10 0] 5 10
IILF—(eV) TRILF— (eV)
6 TARLF—SEM X KL (EDS) 1CkbE3 8 77 2 v 0 &iEHsH
(a) Ar/H,/CH, &7 A, (b) He/H,/CH, Je& 7 A% HMH LTH B,
Copyright (2014), with permission from The Japan Society of Applied Physics
(a)
M7 KT IAICEYVERLIZT T
7= YO TEM {4 "
(b) (a) Ar/H,/CH,#& % A, (b) He/H,/CH,
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WX : 79X Z N7 572 v ORGSR BRI CVD 45 (BRAINEA)

0)7“7;(‘7%&@ 3. Ar/H, Z 5 551 LB & H iR
LRI R ISR R OMBILm 2 RETH2 L
MATE 5 ~EF&%’:0)X/\‘y§”}/7 WERT S
WZ KB HEMOTFH Y% S R HI T RETH % He/
LNCEXBHF M O T I AR BIE, AT LTS
71/mnaar$%rﬁu:é%wﬂ%%ﬂﬁ?é:M:Eﬂju:o
B L7727 T T2y NOABEEPLD ) AL DORMP O
R A, He/H,/CH, # H\5Z 12k, Ar/H,/CH, %
BT AL KL T, X0RRMCHEITiETH 5,

3 BERFEETITSAYCVDORFE

757 v EWEERO TR EEITL20, Hih
B OmAN =T bOEIEOMELA I TH S, Rk
DEIICEREE JFRIM) 2HMET25 CVDICLETT
Tx YOGS, BRECROAELETH L Y e, WH
FEBHEI0 % (57U PUE) TY—MEPL 30 QA%
BCVD THILEN A EMEE 772 v DIRIETH S T,
ITOZEWEMED BN EEETLS T T T/ —
FaFIH LA BT E 5144 —F (OLED) Ok fED i
ENLM, 0k %r 572y O EWERIGH T H
HE 90 ~ 93 % VEREN L7720, 3.4 BD T T T«
UHNFEE D, LIS oTHIBOALLTHEED 7T
7 = VRO T E D 2 LEEDD 5o

O— - Y— - O— VI LB T T v DO REAFER T
Bld o700, SO BAM L A SR O KR 2%
FaATER SN Do SSHMEM OB BB LY HEEO
BEAMEZEKL, 950 CTYI7=2vpu— - Y— - a—
VECVD G2 R A HEGE S22, ZofliTid
STEDREY IR 15 mmTHY), X5R5HAN—
Ty MU END, FHEREM OBNIE - B IE
HWEb~xfrur Iy 7 DFREZNHILS 772 DNE %
[ 35720, WoZ)DEiR{LDRDSNT WS,

Pk, WP E O ARIRAL & AL PR HEE o i) 1 & A RS
EWRTHT T T2 DT TIAT CVD DI #IT-TE
720 ST OB EY EEA 5 ~ 10 mmTH AL —
Ty MBI O -y — - 0=V R E R S5 X
< CVD 2 FEV AN =Ygy L2, —) 757+
VDT FTAT CVD OFEI AT A X (AL 54 X)
2510 nm L E/REL, TRICE D BEEAIREE DR E S
NTWBEIETHbE, ThIZOWT, FIT72 VDT IFA
CVD 234 T2 TR E R # I & & W RS
L0, ZRCHMOEESHESN, YA XN T —
7 ROAES DL TS O TR & B D LA AL
TWBIEPFHEEZEZ BN S,

COWIFETIXT T 7= v OEBIAE T % ik RO FE

—130 —

R THILICLD ., BEREEOHHAEXY, 79 7=
YOG A ZPER E RO B YE % ATz, ek
DREFHFIREL LT, A VSO EREN A TS
TERL MBECAMBELTE TN LRFE, BLOKIG
BNOBRBEN SR IN B NEDORFELZFH Lz, 2
DOF ORI I 72 v OFE T A XD R EFNIC
PEVCESIFEOKRIFREE LR AT, S5 AB RiEfk
RO T 7 v T RS TR TAIED
KA7ze COFPIIFEIM O MBI L KFET T AW
WA A G DEFETHY, 24 CVD &KL TE KR
ARG &) TEMITA R e T oML A BIEL 72,
i*ﬁk* 20 Pa D55 PR THIE I % @ E N # O
12& 1 300, 400, 600, 800. 1000 CTOKET 15 4
Faﬂ%&kﬂ%ﬁw PORE# TR H L7z, #iHD
X 6 mm X 6 mm CTH o720 L THBILIL 72
% 7~ >0 ek O 3% BET XploRa, IBA£ 1 pm O —
A ZRy b Y 632 nm. 8) 12k, BJLHT
T I T BEWMENZDEDEMHERL.
FREIATLTRAY VEEDOETRFEHT AR DI ER LK
FEH AR LU THEDOKEZET 7 A EEEL .
HTEIN B BT B2 DBREE D & LG S 2 AR =
ORFFEEFHLCT I 72 DR R M, kFES
T AILINI K FE A A& 30 scem. )5 PaT30
W17 5720 7 I A WBIIIMCTE THREE CA 4 VT 0K
WAOSHIRF CE BRI ~A 70k 7 I A~ E2FH L7,
BT 7 3 ERLCE RN E T 57
B, BHRBIREM G Lz, kA B 7 1 v 2%
EABIREME L TR L. B 74VADE ST 41 ~
22umThb, FI77x AR LIMHEBE 7 v a%
P Lotk STE 2 BT 7 > & =7 A /K¥EWR (0.50 €V
/0) TIvFrrkRFELL.

\‘—.‘wn e
1000 °C

% o st N it 800 C

i W R 00C

- \‘-\___MWM 400°C
25-300C

{40

500 1000 1500 2000 2500 3000
SY VYT (em™)

8 AKRFEFHMAP. FilAS 1000 CTMEMLELL 7-858 D
FIVANRY pL M
Copyright (2014), with permission from Elsevier
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WX 2 79X B N7 572 v O R B KR CVD & (BAINEAH)

BRI 72Dy — MUk EEETu—-T %
W2PIESHEIZ LD, 6 mm X 6 mm DFEEIC b5
T1 mmRMBBET36mMELZ Fx) 7 RBEEIL van
der Pauw i " 12X & — VDRI E TR L 720 KIS
BHRREMICIEE L2772 12, Hb&ic X s F—
Yo7 xi1otz0 7772 Y EERALE (20 BV /L) DA
V7 UENT NI —)VIERIRIE L £ OHREBESE TR —
Yo7 a7z,

BII R FIZ PR CEE MDA DI, iR
RLTBELZZMED T <Y ARZ MV Th b, 300 Tz
TIIRFICRNT LT =238 SN 2 o 7255
400, 600, 800 C THEAMLIEL 78058 2> H 13 IR M E e R
OB ERT I~ =2 W pElillshiz, x5 508
IR ADFIBE NN DOEAIZIToTWRWOT, §iliH
WEIZE EN L AHMP I FE BBV a N OB
PORFG SN D IRFHELZRFLTLHOLEEZ LN,

SSEATEA T B AKM IR FE DU E & RBEE I LD A
72AEH, 5-31 ppm CTH o720 I 7 VD FER T Ol
B3 3.8 X 10%/cm® THBo 31 ppm OAFIM R H35H
HORHOEREIZTTHIL, —EorI72rv—1
PR EINLETHE, @FHICLERESIZ 5 um TH
%o TOMIEIZBNTHH LAMEDIE XX 6.3 um TH -
72OT, MEHIEEINIRFETIEI-BDOT I 7 VBRI
PET %o LI oTRIRERNOBRENSOTE R, 5D
VI I 2 R BEF AR EIN L EE 26N, HIBE
EEFANT) =D =Ky FR T VAT LTHR LTS
D, R=2ZFENF 1.0 x10 ' Pa LT THoTzo 5DETH
SATE, USEEOBRBEO VT T R FAR A
HTHHDT, TTTOFEMIIELLIZH RN DL &
LTHEDLZEIZT 5,

S5 HE M & R R IR PR AT C o B D AL X
0. RFRA A% — UG 35 2 &7 i 1000 TThN
BULPLL 720 2 ORBKFEFH A TS 2w AL,
FEMTIVVMEZITo720 LALKSIZRLIZELI I,
FiA5 1000 COMEINZOATIZ, SFEEKN LICT T
T YR ERT 2D NV F (2650 cm ) I vy E—2
BT AHZEIZTELRD 5720 1350 cm ' B X0 1580
em ' DI RFCE BT O—FRE—213 1000 TTO
METHR L7z THUIRE T CHl oM@ (1085 T) 12
VLW E CEILIL 24T 5 727200, AT L7290 Bl e 5
DIRELTD HHVIIEDZEFEE EHITHEFEL 0L
EZ2HbN b,

L72h3oC ARFEFPS P, Zilia 5 1000 T ThZL
PO AZE N L 728055 R, FE S B T H
3400, 600, 800 COHMILICHIZEIN/DS, =Hiwn D

Synthesiology Vol.9 No.3 (2016)

300 TOHMLILB LT 1000 T TSN 2 h o720

9(a) 1T, B AETLHIERL30BRAZETIX
TP A TSI D TV ANRT MVE R, SO%EA
777z REMEIRFE, RFHEOYHIER TS
Y= 273 shd 72, B9 (c) 121000 TTOhNE
WLBRFE I 30 BORIKE T I AL A L 720 E2 H D5
TYARY MVERT, IEHIZHE G 23V F (1580 cm ™)
EDNYEF (1350 cm ™) ASEIE N5 2641 em !
5 2681 cm™' OHEPAT 2D N FIZEHI SN h o7z 2
d. ZOMRIE TR TR S5 1 A3 5
HMOEFBEEDITHEL, I 72 PREN L >
72 ERRIBL TS, X9 (b) (%850 CTOMEMLEIC
e\ IR EE T 30 B AKFE T 7 A< B 2 it L 72 8 5 A
bDIGIVANT MVERT, HEEZR G/NY RE2D NV
AIFFITHIN D N FEEHITHM SN ARKED 7T T =
YR ERL TV 5,

W2, X9 (b) T2D NV RFOBIRA 2 FFDO R >
ToARIEEBRE AT A DO S LB SN IZT EAD, &5
VZRERN 2 AT 2 AT o 720

10 W RTEHIE, Bs 2D Ny FOY— 27 B fli 4

(FWHM) #H 345757y 2 MBSz, [
A st o 12 HOREHIF LTENRZ N 46 JiTE—
ZTLTA VTR, 2D NV RO E {5720 FD
8. LD FEEICL72A5 T, K10 (a). (b) 1R TX9
WCH—ou—L Y i FzigMo0u—L » o
TI4y T4y Lz ABRIE L2 57201

M

_(©) 1000 Ci + A TS T

G 2D

A
i
H

_(b) 850 Tl + KF7> X o

IS S e e e e e e e e e

T —

. €) 7J<§7’|52‘7ﬂi¥0)3::

1000 15600 2000 2500 3000

SYVVTS (ecm™)

9 BIETRHETS X WAL 7285H DT~ AT LM
(a) MEHL kETFA<WEDOA), (b) 850 C. (c) 1000 Co
Copyright (2014), with permission from Elsevier
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e 2 79 AR B M7 57 = v OE R R SRR CVD &k (BINEH)

41.0 cm ' A5 59.5 cm ' D 2D 3N Y KO —Z g (FWHM)
ZHL. Woou—LryYHifT71y 74785 (K
10 () —H (ZBZI 72 lBVWTRBSh - HE s
T 7Y DMICHEOAE G DLz ABREE TRV
AEOREETH BT 72213 360 cm ™' 25 405
em ' @D 2D N FOY—=20E (FWHM) 2/ L. AEfAx
Fraa—L oo c74y 7407805 (10 (b))
ABRBREOZIG 77 v RN BEERBO{ 57
EDOWHRZHARB72, 2D NV KOE— 21 (FWHM)
DEANTFGABLINTIY AR MV DY — 7R 2D N
YF/GNYFERIIORT, F~riiEl 2D NV F/G
INVR) D075 27 OREIT ABREE BT 72 0,
28 MO 51 DLEABARTI I T v EAE SN,
DOFER, TEHA D 850 CTHOXRETIAMINI LY &
WENIZT T T2 D60 %SABREOZIG I 7,

40 BWHBABEERBO G720 THDHI LD 5D %,
757 x AERTORCHRT S D /N F (1338 cm ™)
AIEFIHFCRE TRl SNz, COFEDOT U5k
WCEBRBEBIORBERHEORE TR, ZO7 I A<
FMCTHB I 720 HHVIIERE T T 72 /13 TRTOR
Beligisherolzs 7772 OfFRTARXIET~ VA
RZMVO DNV RE G NV ROMKIIRE DS 100 nm 2
JETHh o7z (thih) . WERLEDORIIEA A% HATHERL7:
757 TlE, FEi A X113 10 nm LR TH 72012
LG COFHEOBKKFIFIRED T F7A< CVD I2XD,
BT A X2 ETA5ZENTE, EHI2, 79X
T ULPRRERTI 30 FPE B CVD & iR U CIEH IS ©
HY. BHEEREV ) TIATMHOIFEX R LTEY.,
FAN =Ty bOU—)V - — - O—)UiEEE TN i A4
FEIZTo WA L2 THETHH I EERIBLT WA,

2800

———— ] ——
(a) (b)
b
ol
i3
H
R P I . . N B
2500 2600 2700 28002500 2600 2700
XVVT bk (em) SYVYT M (em)

10 SRYARZIVD 2D NV RO —2T 4 954 ¥ 750 M

(@) ABRBE @797y (Moou—L Y liFT71v7477). (b) REAZ/I I 7=V (—

Copyright (2014), with permission from Elsevier

DOU—L Y IWETTA4 v T4 7)o

20 20
llllllllllllll llllIlllllllllllllllllllll
| MABEEB&ED 2 EIS T i . WABERBEED 2EISTIY ]
F BRESHESSO 2 BI5TIYy | | BREAEESSO2BI5TIY
:}5 0L~ HORTavTaITHh—T ] :}51 oL —— HORTavTaITHh—T a
il o [
E 15 40% 60 % —_3315_
oot 1w |
= - 12 ¢t
m I 1m
‘,_*H‘ 5 - ‘,_*H‘ 5

50
2D J\VRDOHE=TE (cm™)

40

60

0
0.0 1.0 3.0 40 50

2.0
2D )\URE G I\URDBEL ((EFEM )

11 2D SV FOLfl40E (FWHM) & 2D SYFE G AV FOBERROE A7 54 M
KT ABRME B I 7, HEAEGHBE I 727,
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W 1 77 A= e M\ 0727 77 = v O E FE KT CVD & (RAINED)

#1 ABMIM 25720l BEE, BXO2D /Y FoB{ii4iE FWHM) M
Copyright (2014), with permission from Elsevier

(EimscEm) e 2D/rormemen) ZEEPCRCS  suvm
Cu(@5 um), 1050 C  |1500-4400 47.462.0 90[10] N 12
Cu(@5 um), 1000C | 350-400 67 e
Cu(25 um), 1000 C 580 45.0-53.0 992 B Asaamo)
cu(l.2 umiNiQ.4 um), 920 C| 3485 38.0-50.0 98 o e
Cu(5 um), 980 C — 70[30] EATEA TR
Cu(6.3 um), 850 C 1000 41595 60[40] S iie

*1 Z@ISTIVHDEBAIEN

*2 ABREEZEISTIVDEDE. 32 HEEISTIV,

*¥3 ZEITTIVEFEEDT %,

WIZ, FELTHRONIFEIN L0 7T 7 = v ki
PR 7 4 VAT HIT L. 4R R 2 v
THLNEB/ANRY MVERT,

1213 (@) 79 7=/ WkiEEBIRET7 4 vAa, (b)
RS TR 7 4 VA, JEBFEART MV THY), EHI12

(0 X % () THYETLIILTRDZFI T
DHRDIFEBMHEANRT MV TH Do (KA IE 7 4L 2
HARDIE M1 550 nm T 915 %THY, 757x
¥/ R YERIIR 74 VAT 864 % THhotze I 7x
YO ADIE I IL I 550 nm T 945 % TH -7,

100

©
(@]

HEBE (%)
[00]
o

N
(@}

(c) —=J371Dd (5tHEIE)
(b) —HBEE
(@) =571V / EifigEM
60
400 500 600 700 800

BE (nm)

12 () 797>/ BHIRIEHBEOF (b) BHIRIEH 06358 2
Ay

(0) X (a) % (b) THYVHELTHZTF TV DRDEBANRYT ML,
AT MV O TSR IR 7 4 VA A7z NA w2 21
£%,

Copyright (2014), with permission from Elsevier
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W77 D8ENRE23 %06, KEHOF5I572v
DRBIEIBLIZ/TH L LD o7 W,

K1IINFTHEINAL BT I 7201220 B
B, P, GRE. ABRE B 72v05<r
ARY PV D 2D N Y FOE—Z1E (FWHM) 255,
OO EREMTIE, ChFTHIESN2 DL IERL
THBIREEZR, AR S, Z2HUZd b 59,
FITOF X)) TRBE 1000 cm®/ Vs 13, #EHROT IR
R CVD BETHRL727 972 OBEES L2 100 cm?/
V' IR LC KIRICH EL72 COMRIVEVE
B, XVEIRTOE CVD 2 HWT LLiubiaky
1500-4400 cm?®/Vs™, B X1 W.Liu 512XV 3845 cm?/
VsPU SR SN T WD, O EIR T IR~ CVD X
DEWTL I 7 OSSN LA e
BECTHHILERLT VD,

FROBGHR LTI 7 VOO T — MEPLIZ 951
QTH o720 KK ZEASILS>TR=Y 7 2L 720
13RSI L AR r By - MEivyE v
THbHo KK 6 mm x 6 mm DFEHD T —EPTIE
130 QTH o720 i IV — MEPUIZ 100 Qi TH -7z,

WA e SR E D 75 X< CVD H0BFIC XY,
KEWBLUTAKT A7 T 7 v O hEE % KIEzm
L. E5IEBOHEELARRICRED S Z LRI L7,
TI7 L BRDOKFIRE LT, SECABELTETN
ZiFE BLORINESRNOBREED O AL S b ik #EF
ML7ze ABRBEOZEZ 7207360 %, RESGO
BT 7 0540 %OWHETERSNIZe ZHTIT7y
DY —MEPUL 951 QTHY, BRTOXF X)) 7HH)
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WP 79 X= M\ i2r 77 = v Ol FE KT CVD &% (RAI1ED)

J#1% 1000 cm®/ Vs TH o7z, Hifb4 ik
ZhiL Y — MEHT 130 QR L7,

LB

4 KEBISTIVERBEMORRE
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Technology for radioactive cesium decontamination from ash
— Utilization of nanoparticles as adsorbent and approach to application —

Tohru Kawamoto®, Hisashi TANAKA?, Yukiya HAKUTA', Akira TAkAHASHI', Durga PARAJULIY,
Kimitaka Minami', Tetsuo YasuTaka® and Tatsuya UcHIDA"

The accident at the Fukushima Daiichi Nuclear Power Station in 2011 spurred rapid research and development at AIST for a radioactive cesium
decontamination system. 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 PB
nanoparticle structure for use as cesium adsorbents, composite fabrication, e.g. granules for utilization as adsorbents, and extraction of radioactive
cesium from the contaminated ash. All aspects of development were achieved within a short period of time through close collaboration among

researchers from materials science, computational science, and geology. Collaboration with private companies was also effective.

Keywords : Prussian blue, nanoparticle, radioactive cesium, decontamination, ash
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Development of HASClay® as a high-performance adsorption material
— Developing adsorbents for energy conservation systems from a kind of clay nanoparticle —
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Given the need to reduce greenhouse gases, we have developed an inorganic porous material, HASClay, which possesses excellent water
vapor adsorptive efficiency, and the ability to dehydrate using a low grade heat source. In this paper, we explain how the synthetic process
of HASClay was developed from a study of naturally existing clay and nanomaterials, and the requirements for widespread use as an
adsorption material for energy conservation.
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90
T BASA4h (AQSOA®-Z01)
A5k (AQSOA®-Z02)
8o | I XYIR—32ZVUA (TMPS)
(B FIUEEl (§7Fvo%-HU)
707z JELEE - XA
CAEISAS JELE - KR
CYURSIL AR
CYUASIL BB

70 |

60

50

40

KEIREE (Wt%)

30 |

20 |

0 20 40 60 80 100

HEHEE (%)

B 2 AR P2 T 7 W A ) 0 7 28 S W A 25k At
(AQSOA®-Z01%, AQSOA®-Z02%, TMPSB, %752 *-HUM)
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3O X o THAEHDORE R EH AT E S Z & H
Oy WAEAIE LCE, BREREEHE AN RS 1A%)
et S TRIOWAEH OB TV 5, — T b
Z2iE, SESFLRWMEOLER LI AL 720, TRE W
JE HLPH G AY T RE R AR AL OWL G KN D) A5 LT %o
COL)BRBMICBNT, OBAERL—FRY 7IE §
TIZER LTV A — MR Y F I TRE DY 2 1%
BERELGSTLIVAY Y MRS ZVIE, @
NETTERTCELTR 72V BLUOAET A FOWLHE S
TARASHREFIIC BV THEMME R TIEND, TIh
YIERES =y el BT IS A L S o Mg
A3 IEK BT AERORFIHR G LIRS 7,

2 YHADRRERLE (1990F(K~2005%)
2.1 TEARICEETIF/HF

ZH OHHE L7z IH T3 B be 4k B T3 H i i
FEHTIE. BRAD 27 SEICRR STk, £ 53y 2 288
BHULE L7ZWIGE AT o T z2ds, BRI A S
T D—DTh LRI ABRTIE, 6685 (RIckI Iy
7 ANHIER) \CH &Rk, EOB b BT D HIZEA
HEDLNTEZ, FHOIE. Uk T Iy 7 2GR
HMFFEICAR L CB Y. ZEFRE 22K 1IconT
DOIFFERATH & LIS, MitOETBLIUE % FIH L7AF
FERIToTCVIz, ZORLOR T, BRBEWEELZH T
DORTUET L/ RAETTA NTH -T2,

FIATENRF ) Fa—Tl )b Cey7T—L v RH—
RUF ) Fa—=T7g I ENED, KINIKIZH RS
BIEAL FIEOHIZHF I ATV RF ) Fa— T BHETET
o FNHIZ, 77V BIUAETIA MEWIWET
HY, 77 VIFERZE 35 ~50 nm DF AT VDI
.ATITTAMINZELS ~22 nm - EEH+ nm ~#
um NDF/ Fa—TDREL TS, TETzVBILUOAET
FA4 b OREEB R Z X 312 P10, E MR T B S
ZHART Y, 772y BIUOAETSA bOIEARKE
Wik, KEBILTVI=ZT 205056 F 794 M — O
2y THMAKERIE L 75TV B SIO, PUfifADS ST O 3 18
DERFEFETVIZTLERE TR THAL TS,
O L SI-O-Si#EEE ST, TARLHAELLF THA
M= OBFERTHEE» 2D HLRoTwE, TOIA
TAYMIEDFTHA M —IBHLT7T o7 v BLUA
ETTA FOMEEERE LTV 5,

TRz YBIOTAETIA ME, BARLKILKE KL
MRS A HEICLIT LIRS A Z 5, 1990
FEHF TR EICTHEAO GBI L SN TEL
A ZOH, il e LCORRER A HWE L LTOM
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AhhEN, ISR/ XD R REIRE, v
WREEEZHELTWLIEND TR KREDOPRERLWAE
BENCDIEFITENT VD720, A ETH M W 4 7.
AR BRBE O B & BA NS HI T 2 A RN 25121
RV —F/ 3RV y bELTOIAR, EBEGTF~DIL
HA R shTws Bl
2.2 7O7zxVZERVICREEMORFE

HAROREE, PERAM FREFSIC LY IR, Pidk
P B OO RWEEEY ASETHONT Wz, BEY O
R LD SN B L AMEI ALz FHUCED
B ERLIE LTV 72205, BT ARBRIROBI N S
BRI RE & R 72 & 7B A OB T AT b7z,

ZORBEMELTHOORZORTO 72 THY,
THZ7x 3 BENEL LD EWEL, BEFKLRS
BT BT ENS, ADPRIBEIATE T E 2 L HIPHIC PR
DHBNNIEDTHI LN TESD, TOTH Ty W
LAV ORSEE, SELFETITWERMELZY, &
OT TGRS AVIE, BRI 5 —0
AEMCHEHEIN TV,
2.3 AEJdSA bORERE

AETTA ML, RIRIHEIET B/ T 2—T TH D

RIKHAFAETHRIIBMDOTH R, BINELT ) LB
Holze HFHRHEMIE 1977 412 Farmer 52 LT3 TIZ
HBENTVAED, HHEETOERTHo72720, AT
FCBE TREZMASZEICEDHER I D 10 fEFEEE mi
ETOEBICEIILZZM, LarLohTd 1 L oz
VRS TO M g MELPMINTE S AmErhEL LT
E— DR+ R A E R TH ELR VLD TH -
720 —HAFETTA MIOWTH AN — MRV T AR
F & Lol & R FIZ I Lo THT o722 24, 40 C
OHAETOENREIEAE T EE2WALILA M,
FEH 2T I ES L o7z,

3 #HERERORFEEE (2005F~IRHE)
3.1 AEJdS4 hSDRHAD

2003 SEFTIZ, A ETFTA MDAERBIP L= RV T
LEF L LCOFHix K2 7215, F/ Fa—TOFIHELT
DIFIFRIGHL AL, FERALB XU 77 HEBH %
I 723G By & BAR L7z,

ZORPDESDNTELT 2004 FFIZ ST O FEitxk =
V7o — it EE ARl i 2 oM A RIS L) [T
FTANE - ISHEAMR RS ] AL H BIF S, B

@

o
Io

[Cl[@][e][e]

3 7R7vBIUOAEITIA NOMEEFT V(T 7y B G AETSA4 )

— 10 nm

—20 nm

4 7TR7VBEIOAETIA POBFEMBITE (K 7u72v " fii42T54 )
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BT WF - BT AR RPN 8T - AHEBR BT B Ow
TOME M Tbsz, F72 2006 FFI2IEHEE 7 —12T
VB R [AET T4 iR FLCHEES/727/0
VWA - Bl GEFR. nano tech ) /T v
O EFRERENDEBYICSINS T W72k a%
JHE, B¥EPLSFSEFLHEZMEPE TV EonTE
THEW 2,

AEITTA PORFESBTFELT ERPOLMEFLTERT
DAY MERRPMBEMOARL LT, oAb, T
LEOBAAL, MREELR, Fhoy)—2arba—u
F BROWLIIMBETELWIRADN LB L ehbh o
72(05) 0 724 ETF5A NI F/ F2—TTHDHI LMD,
ZOHERNO LM E LT b K L ILFAFZE
i1o720

L LDORFELTHLAEVRIEF LT/, Boh
T2HEELRRA LT UTOHEPREITON S,
PEREDSENTITRSTH EBREL ANV TERDTES

RINTE FoTWC FRITED SIFE T X SR

DWIARD TN E, FIAT MO ML LTHE % LR

RICEHEIZAT ) T EIFHEL Vo
CEBRBL ANV TOWOL AR TERLLLTY, B A—h—

WZBWTIE T MR BB TO A B A R E: Tk

BT T45— - I\ (V5=

JLEDEEE

E— R TRSIEH|

SHEERERE
mmmnms @7, sty ok AREEEE
(A4FJdS1H)
CEERLLA N @i DAt
AZRR IRERkEE

IRRIRTRUR S FboOUU—23bO—)b

AT/\UT 4 (FEERE)

BESENGEA]

5 AEIFA bEMOTAN Y

_|_

7O7IVHBROAEISA b
DEFIEE
(HO-Si-(OAI), #&:&)

6 HTBLR AT A G TR XX
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WE R LAV TOAFEZE LV,

PR T Y, iR ASE V& R PR AR T, A
ADJEVERIZRAD RN R, T A OB S
OWHEERELTHMT 5720 40O VEREA I TE %
Vo (BBICTIAMELSTHRMTE2DIIERSG
P72 CTH o720 )

T ARAMORMERB DR HHZLDEFDAETITA IO
WPERH IR DO IRE(ZZTD, T/ Fa—T 1T %
EWIIOWTIE, BEETHNTWA,

Do RERE R EARICHERSEEEL, T
E7 Il RETEDZTFOMBE=—AH 7L LT
by ERMETH LU EFRL NV TRHE>TIIE®RD 2
v IAMYIZRAE VORI RNIZIE IO 235 4K
BFEZAT) S LD UL DOREFRITEL, BTSN DA
ETIA MOMFEEHZ DL E LT,

3.2 BiROFREZEREUCHRREFI DR
FRCIRARIZAET T A PTOFEZ RIS, RO FB

BEATIZHIZ->TIE, TU Ty BLOAETITAS DIk

AHEETH 5 HO-Si- (OAD) 5 i3 & Fg P 1o Hifiv g &

WX BN TR T 2 REME 2 g L TRE 217>

720 ORI AEFH ORI Z K 6 1R T, &

ORERIIBIFZERELT 7RIy BIOMETTA b

DIEAMEETH B HO-Si- (OAD , #iakix, Si/AlEV I

W05 &b INTHRBE L r A BAKBRETVIZT LK

B ARA LTI 2 M, 22T Si/AL BV

EELICHWRIELZETENVEN L0 THLER LD

LIRS AL 2D, WHEOHEEA T2

BARPEE SN B R DH 5% 2 7,

ZO—J T, TANBLIOREDSEEE 22 IEOHEE
e Lize WFelits e LCid, W Ale LTHRICIR
CRHENTWAY Y A7V (100 F /kg 72 ¥+ 54
k(1,000 [ /kg #2 ) oBofitscliistsh 22 &xH
BEEL72e ZDDIUBEREMEN % HO KR
HIHA o, FICHIAZLELz. UFIZZEDIH

BT OEAIEE
(1:1 EBoEE)

BERDR
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Hzms (M7,

OEHIAAMDOBREDS . FEIA DR EEZH T
BRAHEL T 5o TAHNIIAKAT T A, BT VI =
5y KBRALF M) 7 A& R E LTHRTREE 25 L9 12
T5

QP LNV TOLEN GRS REL 25 &9 IR
JEASI00 CTHRIMT—MHINIE R LTWEEFFA F DL
WS TIT 2% £918F %,

GIHIZIHA 7V THEEDS T RER L T 5,

OABENE ICE) %2, BB OREE L LTl LOEHRIIN
L CHZER R ORI 53 143100 gl L TH B L5127 5,
FROO~@OD I 5G:ME2MHET LI LTI, Wat

FTHINTGRA= =13 %l HRbds, ZONTROERLR/(T

A—¥—% Si/Al ENILE LT,

DX NG EFRELL LT, S5IMREE LTHIN
TEPE 60 %I BT B A A 30 wt% %8 2 W25 A A
EMITHLWED G AT TORE, MM
NAZ LA " (HASClay"™) &) BN KL A H %
BT BTS2

CONAZLA " O OBKIE, X RETEIEIC B
T M & KT IV I = 5 A i (HAS : Hydroxyl
Aluminum Silicate) ¥ — 27 & BIREEIZRELWVH D
Ot DT —MIHETHE—2 (Clay) BROLNBHTE,
FHERN 2 O AW T 1O A 5
4B EMND, HAS & Clay o#E&REAZL L, HASClay
XTI T20 FTNAZ LADPERIZ SO HEETH -
7RART IR EE 60 %12 B1F B E 30 wtlhk K& HZ S
45 Wt%RRETH 7220, FRMEW AR ELTD
AT BEEEOHEAILEITo72,

3.3 NRIVADEEDEKREMEEIC LIRS
L2 UNAZ LA P2l oL F T2, 24 EO K

W ZE L 720 MMICNHNAZLA C DE T b WE
(NAZVLAZL—=FI: LFANAZ LA GIT) OABAT]

HEE R o72% Bk X M@ o0 ETlid, 7a

BR > A6 ma——p 55
RS ERE
@100 CHREDEM
F—hIL—TEERRLEL)
@1 HIC T Y1 UILTDOER

OZAf7FER#

@UNEFEN 100 g/L B E

7 BB F O A B R S
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7x R SiI/ALRIEREWE L OENE I THIENT
T, 2AH)LTHAENMR ICE B VARSI EANTRE
EWVIIRILTH o720

COWEDHEEXWASHPIZTH720, M 32 HiTRL
7eflfRE —HIZ 9 L. WEOMELITI I LICHsEE T 7
FL720 B LETIZ, AFTIA FOEBRIESHIZBW
TRIATRTHD o725 0B X B3 M) Y A0
F R LSO EORRE R, 98 CTLULF TIioTW &k
HEEZ 110 TULEIC EIF COME %2 T 572 ZDREE,
WHERRE2AT) S EICED, KSR AMREL ) EL (O
AZVAZ L =R TR Z LA G, E5ICHEZ K
L 200 TT4RMMETLZEICLD, ERETVI=
% DA B AR SR L O BA R S e B b e
BNAZVA Y (NAZVAZL—=RT:UTFNAZLA G 1)
LV BE X BEHTKIELLbIE-X ) E#BITE W
BORRICEST. T A7LA4 GIBLUMIE, 98 T
TA0 AT HE, NAZLA G LIZRATENDL, W4
NAY VA RiBMER L FRL 720

NAZUA G ITENAZ LA GIIZOWT, ENENDOW;
KX SR E K 8 12 L #SiNMR A2 MLz [X 9
(2 IS TR T B B A X 10 1R M

Bk X BEHTIC BT NAZLAGITIE, 20=21°
& 35° R R RAS T35 O (hk0) OFHHARYS § 57 11—
RFaE—2rb, 2 0=26°L A0 HEDIBET IV I= L7
AR TH AT U - =0 2 O -2
AROLND, ZRIIHL. NAZLA GITIE. 26=26°
L 40° ISR SN B ISR 7V I =7 2 A BRYE A B
BT O—=RR—=7DABRLNS,

KIZPSINMR AXZ MUIZBWT NAZ LA G TTIE,
-78 ppm DFNE—27E-86, -110 ppm D7 E— R E—

(a) \RZLA GI

Intensity

(b) \RZLA GI

0 10 20 30 40 50 60 70
26 (Cu, Ka)

8 NAZVADKA X BTG
(Je i NAZLA G T, 45 NAZLA G I
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RSN, -78 ppm DFWE—2Z, TO Ty B
4TI PEBEPOREITERTLE—2THD, FZhD
-86 ppm DE—=2ZIN—=3IF 254 bDLH) BEIRT VI =
IO A B ORERE YT ALY -2, BXU-110 ppm
Y— 2713 Si UK BWTTXT Si-0-Si DFEE L %251
WISERTLE=7A7RENT W2, FNAZLA G
Tid, “Si-NMR ARZ MUZBWT TR 72 Y BEIOAEDT
FA4 b EFHPOFEE IR TA-78 ppm I8V E— 27 %2R
L. 39— 2@N=3IFa251 bOXIRBRTVI=T L
A R ORI Y 5-86 ppm DE— 7 AVRENT W
725

ZLCEBMETHEMBEBZICBNT NAZLAG]
(349 10 nm FEDOHA ZORT-H 5722016t L M, A
ZLAGINE 2-3 nm DI AR ELTETHTIZ VDL %
HZEERIRBLT-& 2-10 nm DA ZDOR %257 > T 5 1,

CDEHNINAZ LA G IOKEK X I, FE
BT NVIZo LT ABBONINY — 2R LTBY), &Ei#
RITET- BB B A BBV TH, oM E TV
ZULTABEEX BT HIENTER V. ZOIENE T

-78 -86

-110

V=T AT A BRYRIC B2 5L E X - 72 D 25 ZSi-
NMR AXZ MVTHY, 7TR7xYBLOAETTA M
WCHBRTAY—2&, Wil oEICHRTLZoDE—r %
HEHrIEmRLT

B ENT 3HBEONAZ LADX G5k gz 3£ 112,
FNOHORELAEAFRBEH ISR, NAZLAD
PEREIZB VT, MEARTNCIHE A 179 2 LIS X HREAs) I
T, AETTA MO BHRDDH 5 EHEM S D,
AETTA POEHRIIBVTIL, HALWA L+ FEoRA >
PHAETDEF ) Fa—TORENHESN L EDMON
Twp Y, ZOZENHAETIL DL LllirED D DL
JEFEETHT-DITIE. BAF V2R EDD B LN
N2,

LZAHT, 0200 CTOMEENIBDIE, A ETTA
MR LCEEICE-TIRY 7T—Th otz THIIAE
T4 b AT AN 120 CLLLEMEZELTH LML A
FEITA IDPERTELRVEVIFEEZ A>TV HTH
BV, ZNEHS720. TYVASYMERED [NAZ LA
FL—=FIZBRCTMALIZLEIRLDTE0?] O—F

-78 -86

-40 -60 -80 -100 -120 -140 -160

INADLA GI

-40 -60 -80 -100 -120 -140 -160

INZAOLA GII

9 NAZLAD PSiNMR ARZ MV (B NAZLAGIW, fHiinzxrzr4 ™)

INZATLAGI

INATL4 G

10 NAZVLADE BB FMBIGIE (B NAZLAGTI Y, H:nzrr4 GI™)
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1 NAZVADKIGERE

" ORI (EARIED)

= BREE DNEAEIRE ES—mp tERER
HASClay®-GI 150~200C ob =1 750 ~ 850 m?/g
HASClay®-GII 80~ 100C ob PREL 550 ~ 650 m?/g
HASClay®-GII 80~ 100T Z\) &L 450 ~ 550 m?/g

Thh. ToLx7uycy MEIEIZRDY T TOTHH
IR D o720, EBICHMTLI LR T LD
BN Eolz0D, FITHWHEDIERE o7z TOEEIC
HELEBS23, ChETORBEZOTTHMEL
TRZTIWT WL, ZLTEADTA 71 TR ERIE
HHEETHOANLZETH D, LPLNAZLATL—F
[%#%RT25ETIC. NAZLAZL=FIIDOFRE»S 14
PLEDERZRE T2,

4 WEFIEEROYFUF
4.1 PHOREBLICSIFIELTDEE
BN AER ORI EEL o725, TN R KE
BRI BCTIEDOERFTEOMES 1S, BHNAZ L
A7 V= FICONRALE#EDD 2 &b o7z
BRO—FOHNTH 72, FYHy ba—5—TOM
FHd, A'TIA PEHCTTF Y AY va— 8y — 2 ER L 72
WEWH L DILFBIZEOH T, FWENAZ LA T L —

90

—&— : J\RILA GI(KiE)
O 1 \RILA GIEERE)
—h— 1 \RIL GI(IR5E)
oA D NRI LA GI(EEE)
70 |- | —— 1 \RILA GI(IKE)
<O D N\RTLA GIL(FEE)

80 -

REE (Wt%)

I I I I
0 20 40 60 80 100

EREEE (%)
K11 NAZ LA DK EF A SR

—160 —

FIICTHETZ#ED DL L o7z, BRELT 1 kg #E
FTIRMELCAEDTE, MTELLTOTAMTIVE
EARELNTW . L2 LIROBRHIE, FEEISHZEWT
O— 5 —%fERTHBEBEANEBIT LD, ZOLEITLE
I ARELT40 kg THo7ze AR A== L
THINEZITTHHRDDEI bR O RN EITNA, F
IR EAELL Eh s 2 e P HENI 720, ERITIZT
BWEITH TR o720 13 FT 1 kg DFEAHET
BB LIIMERFATH 72 h5 A B DT
BIEHAA Y 71270 I TR (ZOBENR
VAL REmOKERE L7HBHETLIEICLD, BN
WCHEIJTHRATLNARZ LA EKEGHET HEEE) 12XD
1) LICEDRIL/=D5, REOGHAMYELITH S
EIZEoT NAZUVADEBICBW TR E LRIV EELZ
ENTELILIIKRERNEETH -7 WAL F 8
HHDINZ 40 kg DEWE 3 AT-72, ZORE. 7oA
Yha—F = LTRWERASEE I BRI Enb, /ETT
APDOEREHB LT W2V RIRIE L 728 2 A1
ANAZVADERETIEZITFT Tz nwiz, wihdbE72
TVAN) —AEATIHOBERETH 7205, ZORETHEK
AT RELERMEAHT LMK EPFEIHLTWAD
Lk, TOBRDBHICBWTEETH 72

NAZ VA B ERAED ST E B RN DEADO DD
5283, ZOBOTVAN) —AERATIIHT2-T IR
WCHEELERTH o7,

FIA A= =D H T o TR, FERIFASI K
QBN 2RO ERLELZHIE. GEWA—A =D
F—=F—TOERDWHEL R KEEWIBOREE TS h
Mo — & — R B 7> TR R 04 & %0 B X9 Tk i
O, FLTFY Ay ba—F—BEA—H—Tld, A%
A—H—=n B SN BNAZ LA FiBREZ W C Rtk g2
00— — OV Z1T ) L W) A TRIZED T T DI,
4.2 REILKICHEIT TR

MEINAZ LADESE, 7Y Ay NEFHW AR E LT
B3 EAT 57205 KEROWEFRNENTVL I LMD,
T Ay NERDANORELBE R O TE,

MTHHRAEM L LTOREITIE, "AZ LML AER
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B Lo NZEAE B2 T U224 8, BN EE &
R TELZERFIEL Y, Rt 7 — DB
5% BRI b 92 BRI CHERERE Ot TRk % 4 12 12
R ZOMBEMOFEMIZBNT FAME=RLEFT
%l EEE L TOMBEREL S E T/T-> T 5 2 LI
FEIL NV TIEBENBIH L EBEOMAIEWE TR
MiCT&x2ZLIZEELRILETH LD, TNUT 2.2 WICTR
L7z7a 7z 2B EM O T 7o R Ea
LTWBZEDRENST,

RN OIS BVTIE, ARA—T—THER SN
NAZ VA RIERMAER PG L ZDONAZ LA iR IV
PERSIT Rz > & — OBEEEFFNBL B BRI THE L, 2
L CZ DO PERERTAli & BEARIIE AT 5 AR Tl BTz,

F 2T RAL IR FEOW AR BT, A #RISHW
LNTWBEEFITA PRI T KAELL EOENICE
WTIERDN LW xR L2 M, ZE LR FEOWAEIC
DNTCIE, AETIA PEHWT BELEMFTICTIRRL
REZHHCXDWHEE LTORBE K IN TV R
B b,

4.3 MmiFmLXICAIF TR

FRROXIIT, KELABIOCBALRFICBIT LA
MHEEZRTIENRTERZE, FNAZLADOMFEICE
LEFERT VAV NO—7 —OBAERARS o722 &
By EBRBMRACTRILRICINT, 7LA) Y —2%1T>
720 RERIZOWTRENAZ AT L—FIDF—% ZHwv
2008 4 10 HIZ, LR FBIZOVTIEINAZ LA F L —
FIOF—% % v 2008 48 12 H1c47->720

TVANY) =2 DOFISEREL, FRIKZEROWAFIZD
WTIEBL R BELOMwEbeE %, — =
AL FITOWTIE, ek - A2 MED AL EPR
HOZWEEPSDOIWEDLEIEDH 725, FNLIsMIE
BREDTA TV AMERED DO DD L5720

MRS DBELIZOVTIE, PIRTIRBEE TERVNE
%K, LEAFZE A R T FE T ORI D, —

K12 NAZVAEHNEL LMol Tokk 1
(R« BERSIFHERE > 5 —)
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DOFMELT—ODICHITEETETH 205 byt
WZOWTIIAMER L M2 B 2 EDEENZ KL 72, 7L
AN —REFTSTH S VIFEHRDNA T LA DF RIS
WTIKI1312R T, 5 ITRLIZAETIA MW FIH
GIER 13 IR L INAZ LA & W72 F 45 813 2R AR A
WKCRETHEH, LDFEMNCAETIA PENRT LA &I
BIaL, KEXADOWAE BT ETT A NI H
W& SR E IR BT A EAE L NAZ LA
REFIBICB TR E RN Z NI Eh D, XTI Ay
NEFCHEL MR ERoTWh, ZO—T, /€T
FAMDIIRIEFT 2—TIRTHHDITH L. NAZLADIE
WRIFFIRTH 2720, A ETF4 FOMREL TR ST
W74 =L LTORMIE. NAZLATIETERNWI L
75,

F- bR ER W Sy 2R B CONE K
L, FRYZHIETH o720 —MICEIL R FE DN
I A, HOERIRBE AL BA 1L 720 o WAL b FHEH ]
WMTHDIENRL DS, BT TORRAL R FHFIHIL,
W ERIRBZALFI D720 T3 7 K KA BE DI F &
B EozdTh ol FRIZHAFTO MRS &
URIEDENTH 55 RILREMIEHIE Ly — D) —
MR EIT) LD TE, ANESOEBLEL T, 1t
R AL R FE ML - FJH S AT LADORHIEICETES
72 P SIS HEER TR NAZ LA BT EL R
FREETHEWZ LTS D SHFZER S &
IZEFTA MEZDPRI ST BT 27 ORI TH o728
Bz 2%,

COZ AR FE ORI - R 2 0FFeAHNE, R
WS AL Z DRI B 72 > TH AR O E, 2R
ERA Uy —B LU RS B AL R e v & —
BBALRFERHO R A FI, NF, MLaFkay
THRTL. REIHET ADRIE R TI1F % B e ALk
KA ES AT AR OEME, BXU NOx - SOx B %
PEE BRI S AT A OMEA YL, TR HED SN,

XES FUhY =R
- TR
CEEtY—

! - BRI

Z EHAR| BN (FFA)

d “EbRE - BN (EME)

- BN (thrRETER
- BEDE (CLareE)

K13 NAZVA ZHWT-FR S %
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5 SHEORE

INFTNRIZVLAOBFEBLOBAET TORHERMIC
DVWTIRRTEzDS, T —HO7u—% X 14 1T7R T,
ZO7a—%RNESTHELEZD, bLWELR)NATL
ADERDPSIHEFoTWID, DL LonEL7K
FIOREEITH L o7z b b, WM ONIZE,. 2
HOIEIE L7 R e R Lrh o W o5, €
LTAETTA POAEHBERIE. ThOOFMERET
MNOTETAILENTERLLDTHY, POENFTTORE
BPHEZETVENHIE5DHHEERbNS,

Ll NAZ LA ERERERESEBANLF DN
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A super-growth method for single-walled carbon nanotube synthesis
— Development of a mass production technique for industrial application —

Kenji HATA

More than 20 years have passed since Dr Sumio lijima discovered single-walled carbon nanotubes (CNTs). Development of this
material is still an active area of research, world-wide, because the expected high electric and heat conductivity and mechanical strength
properties are difficult to obtain with other existing materials. However, low growth efficiency of single-walled CNTs has made the cost
of production high compared to that of multi-walled CNTs. Consequently, commercialization of single-walled CNTs has taken longer to
develop than multi-walled CNTs. To address this problem, a super-growth process was developed at the National Institute of Advanced
Industrial Science and Technology (AIST) that uses an innovative chemical vapor deposition (CVD) method. The super-growth method
opens the door to a range of industrial applications widely. This report describes the development of this process for industrial scale, mass
production of high quality single-walled CNTs, with commercialization in mind, from the perspective of business-academia collaboration.

Keywords : Super-growth CVD, single-walled CNT, element technology integration, industrial application, business-academia
collaboration
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Synthesiology Editorial Policy

Editorial Policy

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
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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
technologies are integrated taking into account 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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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 journal. 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 Requirement

Peer Review Criteria

1 Research goal

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

Research goal is described clearly.

o | Relationship of research

goal and the society for the society.

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

Relationship of research goal and the society
is rationally described.

Scenario Pt agred »
3 scientific words” .

Describe the scenario or hypothesis to achieve research goal with

Scenario or hypothesis is rationally described.

4 Selection of elemental

Describe the elemental technology(ies) selected to achieve the

Elemental technology(ies) is/are clearly

technology(ies)

research goal. Also describe why the particular elemental
technology(ies) was/were selected.

described. Reason for selecting the elemental
technology(ies) is rationally described.

Relationship and
integration of elemental
technologies

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” .

Mutual relationship and integration of
elemental technologies are rationally
described with “scientific words” .

Evaluation of result and
future development

Provide self-evaluation on the degree of achievement of research
goal. Indicate future research development based on the presented
research.

Degree of achievement of research goal and
future research direction are objectively and
rationally described.

Originality

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.

Synthesiology Vol.9 No.3 (2016)
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Instructions for Authors

1 Types of articles submitted and their explanations
The articles of Synthesiology include the following types:

+ Research papers, commentaries, roundtable talks, and
readers’ forums

Of these, the submitted manuscripts of research papers
and commentaries undergo review processes before
publication. The roundtable talks are organized, prepared,
and published by the Editorial Board. The readers’ forums
carry writings submitted by the readers, and the articles are
published after the Editorial Board reviews and approves.
All articles must be written so they can be readily
understood by the readers from diverse research fields and
technological backgrounds. The explanations of the article
types are as follows.

(D Research papers

A research paper rationally describes the concept and
the design of R&D (this is called the scenario), whose
objective is to utilize the research results in society, as
well as the processes and the research results, based on
the author’s experiences and analyses of the R&D that
was actually conducted. Although the paper requires the
author’s originality for its scenario and the selection and
integration of elemental technologies, whether the research
result has been (or is being) already implemented in society
at that time is not a requirement for the submission. The
submitted manuscript is reviewed by several reviewers,
and the author completes the final draft based on the
discussions with the reviewers. Views may be exchanged
between the reviewers and authors through direct contact
(including telephone conversations, e-mails, and others), if
the Editorial Board considers such exchange necessary.

@ Commentaries

Commentaries describe the thoughts, statements, or trends
and analyses on how to utilize or spread the results of
R&D to society. Although the originality of the statements
is not required, the commentaries should not be the
same or similar to any articles published in the past. The
submitted manuscripts will be reviewed by the Editorial
Board. The authors will be contacted if corrections or
revisions are necessary, and the authors complete the final
draft based on the Board members’ comments.

@ Roundtable talks
Roundtable talks are articles of the discussions or
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interviews that are organized by the Editorial Board.
The manuscripts are written from the transcripts of
statements and discussions of the roundtable participants.
Supplementary comments may be added after the
roundtable talks, if necessary.

@ Readers’ forums

The readers’ forums include the readers’ comments or
thoughts on the articles published in Synthesiology, or
articles containing information useful to the readers in line
with the intent of the journal. The forum articles may be
in free format, with 1,200 Japanese characters or less. The
Editorial Board will decide whether the articles will be
published.

2 Qualification of contributors

There are no limitations regarding author affiliation or
discipline as long as the content of the submitted article
meets the editorial policy of Synthesiology, except
authorship should be clearly stated. (It should be clearly
stated that all authors have made essential contributions to
the paper.)

3 Manuscripts

3.1 General

3.1.1 Articles may be submitted in Japanese or English.
Accepted articles will be published in Synthesiology (ISSN
1882-6229) in the language they were submitted. All
articles will also be published in Synthesiology - English
edition (ISSN 1883-0978). The English edition will be
distributed throughout the world approximately four
months after the original Synthesiology issue is published.
Articles written in English will be published in English
in both the original Synthesiology as well as the English
edition. Authors who write articles for Synthesiology in
Japanese will be asked to provide English translations for
the English edition of the journal within 2 months after the
original edition is published.

3.1.2 Research papers should comply with the structure
and format stated below, and editorials should also comply
with the same structure and format except subtitles and
abstracts are unnecessary.

3.1.3 Research papers should only be original papers (hew
literary work).

3.1.4 Research papers should comply with various
guidelines of research ethics.
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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
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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(lssue), Starting page-Ending
page (Year of publication).
Book—[No.] Author(s): Title of book (italic), Starting
page-Ending page, Publisher, Place of Publication
(‘YYear 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 Information Office, Planning
Headquarters, National Institute of Advanced
Industrial Science and Technology(AIST)
Tsukuba Central 1, 1-1-1 Umezono, Tsukuba
305-8560
E-mail: synthesiology-ml@aist.go.jp
The submitted article will not be returned.

5 Proofreading

Proofreading by author(s) of articles after typesetting is
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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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Research papers
Development of human-friendly polymeric actuators based on nano-carbon electrodes
— Toward the practical realization of artificial muscles—

K.AsAka

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

— Toward a high throughput process—
M.Hasecawa, K. Tsugawa, R.KaTo, Y.K0oGa, M.IsHiHARA, T.YAMADA and Y.OKIGAWA

Technology for radioactive cesium decontamination from ash
— Utilization of nanoparticles as adsorbent and approach to application—
T.Kawamoto, H.TANAKA, Y.HAKUTA, A. TakAHASHI, D.PArRATULL, K.MINAMI, T.YAsuTaka and T.UcHIDA

Development of HASClay®as a high-performance adsorption material
— 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
— Development of a mass production technique for industrial application—
K.HAatA
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