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Abstract

Particle surface modification of powdered materials has currently attracted considerable attention in various
industrial and scientific fields. However, conventional wet processes, such as plating and impregnation
method, produce wastewater streams containing potentially harmful residual chemicals. In addition, the wet
processes involve the decomposition of precursors by heating and chemical reduction, which interfere with
controlled surface modification. To avoid such drawbacks of wet processes, we have developed novel
particle surface modification methods based on the plasma technologies. In our original surface
modification methods, a polygonal barrel containing the powdered sample is rotated or oscillated to stir the
particles during treatment, achieving the uniform modification of the particle surfaces. Since plasma
technologies used in our methods are categorized as dry processes, they do not accompany wastewater
discharge. Furthermore, the treatment in our methods is carried out without heating or chemical reduction,
allowing controlled surface modification. This report describes the particle surface modification using the
“polygonal barrel-sputtering method”, “polygonal barrel-plasma chemical vapor deposition method”, and

“polygonal barrel-plasma treatment method”.
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MWD, RIEEY ) — ek - REEMTIT CH 5
LLblz, MRirEREE T ) LV TTYA TS
ZEMAREE o T, B TIEA Ry X2 Y o TED
V2 PCVD 52 HW - T%44/31 0 PCVD %)
[23]1°Mki + R g 2 )/ L~LTE (B
JEORES) WEe ANV LTS X~k -3 1
S [24,25) b H2 B LT D, 2 2Tk,
IhbFiEE AWk TR E e - o &
AR U 72 R OB REME I DWW TR - 5,

2. ZANVNVANy ZY 7RI K DML FR A
1E4fi[8-22]
2.1 4B B o1& [8-10]

P ANV ANSNY ZY TR L DR
B DO REEMIZ OV TEET . B 2(1)I21% Pt Z (&4
LR Y A&7 VATV (PMMA) 8k Cki
:50 um) OB FE & R LT\ 5[9], &5  Figure 2 (I) Optical microscope images of
B PMMA 0k T3 L 68, C b % DI HE L. Pt A< PMMA particle_s (partic.le size: 50 um) before

) and after Pt film-coating. (1) Photographs
v ) 7T REBRROERL TN D, MO a0y (1) SEM and EPMA images of PMMA
BN X BEEE T D002 B O G238 powder samples (particle size: 15um) coated
AT L. RIRD B BEEEIT /> TWW5 = Lk ¢ With various metal films.
LD, b OFERIE, AN L ARy Z Y o 7RI KD PMMA Bk 76 73 Pt #1% (TEM
BEX Y, BEEKHS0 nm) TH—IZa—T 4 7 ENTWND I EEF/RL TS, X 2)2iEfh
D4 JEFEFE A AEA L 7= PMMA 0k 7~ ChifR: 15 um) OG- E %78 L72[10], Ththoiehd, &
i L72@BICHRT 2022 L TWD, £ 2233 SEM 4 Tk R OIFREIZIT R =
IREVTER D HIVZRWAY, EPMA R Tid SEM 1§ & [F] UK THEDCHE S — RIS S hie, 3742
bbb, ZHNVLANRY B Y o TIEICR DY =R —T 4 o 7 I3 RREIKE L2,

BRI, ANV A Ny B Y U ZETIIHW S HRICHIRA 22 < . Bl 2 IXEE O K 5 ZeKkEEr:
PRI FRIENZ S —EMN IR TCH L &, ETRNV b Ty b RVD XD R BEHERIIRERT
5 3WITMEI CHLERm AL — &R —T 4V TE[L6L [ O X | ORBLERDL T4 T kR
LLTHLAETHLZLBHILMME LTS,
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SNV ARy 2 TIER RISHEA Sy 20 o 70 X0 BT R i AR 2 DALY
HIEMiTE S, —HlE LT, SN0, 2EHiL7=T7 V7 L—2r OFEEAK ()W L7z[11], Rk
OEITFHREF O RF 80 (0, 195, 350, 490 W) (Zit~> T, &6 (7 AEOR) b
HoRoF e B LI, TNENOREDPE—OTFHEZEL TWDHZ &, x0T LIT L
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— 7 RIENAER S 72 SnO, R DJE )3 ) — T,
DD —DDORRLFRENZIBN T HIREEIZ LT A3 72
W2 EZR LTS, ERRIZREIOMH SEM %
(K 3(1) (21X — 72 JE 72 D SnO, BEMNFR®D B4,
Z ORI - R i O MM IR > TR ST
Wz (B 3(-A) A FHAZIR) , £/, Z7auhH D SEM
675 B IR 195 W: 80+15 nm. 350 W: 130420 nm,
490 W: 180420 nm & fLAE® Hav, X 3(N)ITRd
BrOBEARZEALA SN0, BEE DN 5 T
B LTSS L S o, ek, RS 04 Prolognen o S takes b
AR OBIR LEIZE T2 23 ORRAEH) (TiO,, WOs) SEM images of the Al flakes coated with SnO,
[12,13]. =ic¥ (WC) [14]. Zib¥ (TiN) [15]  films (AC power, A: 195, B: 350, C: 490 W).
2 X AR T REEMHICOVWTHHE LTS,

23 =R F ) Fa—TF 774 — (LK) MEOREER[L7]

=R F ) Fa—7 (CNT) Rh—HRrF+ /77 A3— (CNF) X, +/ A— LA —F—
DIFAERZFFO—IRICDRBMEL TH Y | FFRRESLEMESCHBARE A G T2 2 200, R
JRNEFCHEH SN TWD, FlzIE, BT/ ki 72 HEF L7z CNT X° CNF [3REHE L H B
BN AR =2 EADISHABRBE SN TWD, L, BHEOY =y b7 a2 fni
CNT X° CNF Kifi~D&J& T / R HEFHZIEL, 1) CNT B L O CNF RiaEIORTLEE A EE | 2) &R
TR DT 2 — TN HEBEET b, R EDOREN RIS TWD, 2T, ALV
ARy B TR GT, RALEEO CNT B8 & (A) (B)
U8 ONF Rili~D&IET /K TEM 23K A 7. ¥ | After &= | Before
AANZITAEMERS 150 nm (ffE & 10~20 um) @
CNF (Z Pt ZHFF L7=3KlD TEM 2R L7,
gD 7= 1z, HFRTO CNF i 6 X 4(B) 12K

5 2.2 nm U p——

L7z (Effiai®> CNF FmIIH L CTH 5 D T4 6 8§ W0
L AR OBBREIC AR L LT i =l _e--'ﬁé 3 [ e
2 BRIE 2~4 nm O Pt F /KT CEYIRIRS: 2.2 © ﬁ.‘,.@ AT 'ﬁm EEl

nm) 2MEd TH—IZHEINTWD Z & n3bd T
%o FIBEZRRE AL ONT (HEHERS: 10 nm, kiR o) |0
5~15 pm) THHELN TS, KIZ, REHEE
L wﬁrg?@:”ffﬁE‘)%E#TEMYEU’E%HOkO Figure 4 TEM images of (A) Pt-deposited CNF
4C)FERIETHE L 2B ORRTH D, and (B) as-received CNF. (C) and (D) show the
(Y TR L= Pt F /2 ki Chifk: 8nm) 1Z#kl&» TEM images of Pt-deposittd CNF samples
1 HES AT B LT i 2 (K N B LT prepared by an impregnation method and the

R, A polygonal barrel-sputtering method, respectively,
AL (ORFIFESBE L TR DE Y. yhich were measured by rotating a sample holder.
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FTETDLZIENDoTe, =, ANy Z Y 7 ETER U (4 4(D)) Tl
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2.4 BEREMEMOR - D 7EE[18-22]
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B (EMHEL= L X — DARERCEIME DN 72 &) 23887 2 & F L3 PEEICBIT 2 ONEE
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Ty IRy I ANRBERNE L EEN TN, Thbb, B, s5K. Wi ERFEET 58
BTIZBWT, IO OWESRA 4 U BEKAERMIZE Z 5 BITNTE A EBEIN TR,
Flo. SESERAVLICHRIIR 7 H TR (RELER, INEGE I, LR ) S MLETH D,
INTIEIT A S o iR m 28 L, B E T 2B E ST 2 2 L IxE# 0¥ T
bbb, —J, BMADBARLIZZANVIL ANy XY v 7ETEA OFRBERZHE LTV RS
A7 ATHY, LEMEZ PR LGRS TR CTh 5, LT TldalrdE, A TR
INTWD Z@EbRFE (COp) DOHNEIZE 57 2 mtERefit iz >\ TR T,

2.4.1 BRBFENM B AL O FH[18-21]

T, COp HEH EHIIC ﬁﬁ&%ﬁ/XTAfﬁélwm“%m%ﬂﬁ&umm)#Q@E%
FREHEIR & L CEBRAZRME NGB EIN TS, L, AR FERbE BIET 720
E@émmﬁWL%ZX%MﬁﬂKﬂkfﬁéo%o%@ﬁ%&mmiﬁ%ﬁ7v—7xw—ﬂ
VEETH D0, BEAEE L THO STV S PR PtAA O I EHIECEM B Ao @it b
TDO—DThb, BEEHEDITZANVILANy XY TEERNTA—R K EIZ PtRu 4%
HEF L7727 / — Rl (Pt-Ru/C, A4k Pt:Ru=50:50 at.%) % FHH L, & O R4 Fiif L 7-[18,19],
ZORER, K5 IRT X o, AETHE LZREO Pt-Ru A4 /7 ki 113, dilkfit L v 75

I TR b B —Th o7, E7o. RRBEHCHE STl 2 O F /RO & aE
52.9:47.1 (#5.3) at% CT& v . 17 P L o K Ak
(51.0:49.0~89.4:10.6 at.%) |2kt~ fH TH—

Tholz, THIT, P L 723k CO MHEK
FECFE S TR t«@hfwé & & H
%#_Lkuﬂo_n%®%¢ + o AR
7 ) — RICHWEEE, 3EEMS %ﬁ?é@
é:&&<@§@%a%%&ﬁ@ﬁ@va

(BUROK 110 LLF) ICETHICE 2% _

. . . Figure 5 TEM images of Pt-Ru/C anode catalysts
AR LTE[18). 7o, AEE T EEA S ) — for PEFCs with data of atomic ratios (Pt:Ru) of
B R i ] FE AR A [20,21] D B AL A ARFPEIC D individual alloy particles.
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WTHIE LT 5,

2.4.2 COy A & LA R HL[22]

Rl a T2 CO ARFRUIZ K D A & ARk
Bty (COp+4H,—CH4+2H,0) 13 CO, HIlRUT Xkt LA %)
ThHTET TR, AR LIEAZ U 2BELE LTH
FIHCEDRRERT D, L, Z OfBIGIE
ﬁa4%€&§@ﬁ%%£kb(ﬁk&cm%$m
) . AETIEROLRWRIGE] EBEZX BN TEI,

U UL, 2NV ARy XY v TR FNT
TiO, MOk B2 Ru F /7 & @ 2 HF L 7o fil 45

(RU/TiOy(B)) TIL=IEMN D CO, DIKFBELIE DM
1TL. #9150°C THafbaR, ERERILIZ 100% 0D il BT
Mz rdZea /L (K 6(A)ZH) [22. Zh

I RECTHE L 2RO RuHE ARG

(RU/TIOQ(W)) x| 200°C UL AR CROS 23 EELT  Figure 6 (A) Temperature dependence of the
FAHILEFRLTCWS, WOt ik L7 methane yield at methanation of CO, over
L = %, RUITIONB) CIAHLES X 7= Ru KL T- RIS Sfug/%iéjgfiaISZG;tTSiéT()JVV)_T(EBI\;I oo
K12~3 nm TH Y, ORI S HTECRIZIIVY  the onset temperature of methane formation
I Rbhotn, —F. BERk-EmocauE N yeEze and TON at 160°C versus and the mean
RUTIONW) D Ru K&/ AiilE 5~20 nm Ty, Particlesize ofRuon Tioz
RU/TIOy(B) & I BT 72 5 T e, EHIC RUBL L TON $ (RimifE% B8 LI SR |
B L OBUSHHAATERE OFEM 72570 60 RuKLFAEA 6 nm LLTFIC72 5 & TON B3 @i L,
AU E BRWEULBBRE IR T2 2 e 6n Lo (K 6(B) . 2£ Y. RulTiO(B)
FRBED SUOIEMEITHER S B O m R E B IKF L TV Lo TIERL . e 707 /2 kiz &
LRI ECIZER LTS Z ERNRIBR SN, Z ORI, mmxum%%wtcmx&
AUEOEDY CO HIEUCHBRTE 5 Ml THERIS THDHZ L anm L TnD, EMMLDOE
ELTC, BUE, ZOMBARMALIEFEHEAT — 3 TD CO, (FITHER) FrZEl Ja"éﬁ‘éb}?n%

HIMIZETJEBHSE b (JAXA) & Ef L T\ 5

3. ALV PCVD I & B 1kl R EEAi[23]
FRULIZZANLA Ry Z Y o ZIRIIHR R EERTE & L TERL TV DD, EfiT 5WE
(=R R E) 1L - T, RFFRIOEE (Ef) FRREZ0NEET D WEO Ay ¥
V> ZTHREIIKT) , ZOMBEERIT 5720, ANy 2 Y U 73EORD Y I PCVYD E% v,
mwaiﬁX%%%m%*(ﬁ RAEHOL A, SFRALKE) &7 7 X< L, ki 3%
ZHMWE =T 4T TEDL, T, RETMBBRETH D Z L5, Mk T4k
& Lfrmﬁ&'ﬁm&b\fk V~w—%bfHTE 5, 54, PCVD KT N— RT 4 A7 MOREL >
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cR RALVORNBEZHEAYEL T A2 1—AR> (DLC)

Ba—T 4 v 7T HFEE LTRSS AL T A7),

I TIEHTICEE L. [Z2M 500 PCVD ] 2
T. PMMA ki 7 (kif%k: 50 um) 261> DLC Wil =2 —
T a7 AT, AR OB O AMEL B E LA
MEEEE A2 7(1), IR T (A QUEERT, B: W) [23],
BRI O A OAMEL Chi 7135 M) 13, PCVD BRI X
DT RTOR TR RBEICE LT, PR~ S, 2
DFAG O ~DEFIZALIE DLC D —EfiICE N 5 =
ENDroTz, 723, DLC BRI & & &I
L., ZOfEE, REloEMITRL hoTe, Fz, AR
BHE 30%mHEeHIC 3 ARIRIEL Tha< 21t (i)
P ALFRZEE S M B LT,

4. ZBANSVNHRLT RESHIRC & 506 T RELH
[24,25]
ZIERTHRARTEE ZHNLNVANyHZ ) TR

0} (1)
(A)

(B)

Figure 7 () Photographs of (A)
untreated and (B) treated PMMA
powder samples in a glass bottle and
(11) optical microscope images of the
obtained particles.

(2431 )L 7T X< PCVD {£] 14,

Mok FREICHE (&8 - Bk - 1— R 5E) B¥ BT AFIETHo, ZhUIxiL,
REMGELEFETH LR LE (ALY T X< b +REWEE] 13 +REZ 0
DEF ) A=V THETHFETHD, T TE—FlE LT, gl LTR BN TIO,
PRI CERL1-£8: 7 nm) OZEALALBERIZ OB & SEM 8 %X 8(A). (B)IZ/RL72[24], &5 D
eIz, T UE=TRMR T 550 CHEVLEE L T L 723 BEE S X 8(C) I Tnsd, Wi
NOMEVET HRBHI R AN B RAICE Lz, £, N EAEITH 045 wt.%I 2N L. &Y
PRI 2N S, TIO, R TOEFR R—7 N o nE o7z, LML SEMEND, 7T X< LBk}
DR ITTABEFT LBV 2V OTxt L, INEVLEEEEL CIIhi Ot 3o b (X 8(C)HHM
N) o THDHDEFE R—TRi O IE, IEVAEL RO e R FFE BT O 1/2 PRI £ Tk
D UTDITK L, /77 A~ Wbl R SUE E TR A LBEFT & S Th D &V ) E
ZBINTo, DFE D AREZ~ AV R SfF Okl TR i 4 SWE TE 2B FIETH D,

(A) (B)

©)

Figure 8 Photographs and SEM images of (A) as-received TiO, sample, (B) plasma-treated TiO, sample,
and (C) NHs-treated TiO, sample with data of N contents and specific surface areas.
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5 BbhiT

SEFEI Ll 2NV VAR B ) 7 - [Z4/8L L PCVD ]« [ZAL LTS
R PRI RSB L) T RBRBEITE LWk R e - ZWEIETH Y . ERIE TR LSRR -
7o MR- R Z T/ LV TT A 0T 5] BRI TH L, 2D DOFEIC K L2REE
il RENE T ) MBI OB 2 7 L — 7 AL —F 2 A MO T, SESERSB~OIEH
JEBR b IR T 2,

References

(1) RErER, KL, 56 (2005) 302.

(2) FAANA—, FKmELfr, 57 (2006) 889.

(3) T. Kawaguchi, W. Sugimoto, Y. Murakami and Y. Takasu, Electrochem. Commun., 6 (2004) 480.

(4) Y. Suwa, S. Ito, S. Kameoka, K. Tomishige and K. Kunimori, Appl. Catal. A: Gen., 267 (2004) 9.

(5) C. Bock, B. MacDougall and Y. LePage, J. Electrochem. Soc., 151 (2004) A12609.

(6) %, A2 THG S EENR - 3 —T ¢ 7 BAfi~DIGH, CGRETREE AR, 1984)

(7) C. Casiraghi, J. Robertson and A.C. Ferrari, Mater. Today, 10 (2007) 44.

(8) T. Abe, S. Akamaru and K. Watanabe, J. Alloys Compd., 377 (2004) 194.

(9) T. Abe, S. Akamaru, K. Watanabe and Y. Honda, J. Alloys Compd., 402 (2005) 227.

(10) A. Taguchi, T. Kitami, H. Yamamoto, S. Akamaru, M. Hara and T. Abe, J. Alloys Compd., 441
(2007) 162.

(11) T. Abe, S. Higashide, M. Inoue and S. Akamaru, Plasma. Chem. Plasma, Process., 27 (2007) 799.

(12) S. Akamaru, S. Higashide, M. Hara and T. Abe, Thin Solid Films, 513 (2006) 103.

(13) T. Abe, H. Hamatani, S. Higashide, M. Hara and S. Akamaru, J. Alloys Compd., 441 (2007) 157.

(14) S. Akamaru, H. Yamamoto and T. Abe, Vacuum, 83 (2009) 633.

(15) S. Akamaru, Y. Honda, A. Taguchi and T. Abe, Materials Transactions, 49 (2008) 1638.

(16) A. Taguchi, T. Kitami, S. Akamaru and T. Abe, Surf. Coat. Technol., 201 (2007) 9512.

(17) H. Yamamoto, K. Hirakawa and T. Abe, Mater. Lett., 62 (2008) 2118.

(18) M. Inoue, H. Shingen, T. Kitami, S. Akamaru, A. Taguchi, Y. Kawamoto, A. Tada, K. Ohtawa, K.
Ohba, M. Matsuyama, K. Watanabe, I. Tsubone and T. Abe, J. Phys. Chem. C, 112 (2008) 1479.

(19) M. Inoue, S. Akamaru, A. Taguchi and T. Abe, Vacuum, 83 (2009) 658.

(20) K. Hirakawa, M. Inoue and T. Abe, Electrochim. Acta, 55 (2010) 5874.

(21) C. Hiromi, M. Inoue, A. Taguchi and T. Abe, Electrochim. Acta, 56 (2011) 8438.

(22) T. Abe, M. Tanizawa, K. Watanabe and A. Taguchi, Energy Environ. Sci., 2 (2009) 315.

(23) Y. Honda, S. Akamaru, M. Inoue and T. Abe, Chem. Eng. J., 209 (2012) 616.

(24) K. Matsubara, M. Danno, M. Inoue, Y. Honda and T. Abe, Chem. Eng. J., 181-182 (2012) 754.

(25) K. Matsubara, M. Danno, M. Inoue, Y. Honda, N. Yoshida and T. Abe, Phys. Chem. Chem. Phys., 15
(2013) 5097.



B IR B FNAER e o & —iF9R S 32 1 9—20, 2012,

X
BHBIELSITFZ VAT U BOEABEEEICRITT
Pd REHEE DR

Vladimir Kh. Alimov?, # % B HEIG L, A2 I0—B8 2, dARAr — 3, kiR !

YRR SRR RN AR A e 2 —

T 930-8555 & LI i fiLfE 3190
Max-Planck-Institut fiir Plasmaphysik, EURATOM Association,
D-85748 Garching, Germany
¥ RUER R R B LA TR R 18 T K
T 606-8501 5UHR i 5 it X & FH AT

Deuterium Retention in Self-Damaged Tungsten with and without
Deposited Pd Layer

Vladimir Kh. Alimov!, Yuji Hatano!, Kazuyoshi Sugiyama?, Ikuji Takagi®,
Masao Matsuyama’

'Hydrogen Isotope Research Center, University of Toyama,
Toyama 930-8555, Japan
2Max-Planck-Institut fur Plasmaphysik, EURATOM Association,
D-85748 Garching, Germany
®Department of Nuclear Engineering, Kyoto University
Kyoto 606-8501, Japan

(Received January 31, 2013; accepted May 7, 2013)

Abstract

Influence of Pd deposition on deuterium (D) retention in W samples irradiated

with W self-ions was examined to understand the correlation between the probability of

occupation of radiation-induced traps by D and the concentration of D in a solid

solution state under plasma exposure. W samples were irradiated with 4.8 MeV W ions
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to 0.65 and 12 dpa, and a thin Pd layer was deposited on the sample with the higher
damage level by a technique of sputter-deposition. Then, the samples were exposed to
DC glow-discharge D plasma at 403 K. In spite of the higher damage level, the
concentration of trapped D in the damaged zone of the Pd-covered sample was far
smaller than that in the non-covered one. The small D retention in the Pd-covered
sample was explained by a decrease in the D concentration in the solution state owing to
the enhanced recombinative release by Pd and the consequent reduction in the
occupation probability of radiation-induced traps. These observations indicated that
tritium inventory in neutron-irradiated W materials can be significantly reduced by

enhancement of tritium reemission by surface modifications.

1. Introduction

Tungsten (W) and its alloys are recognized as candidates of plasma-facing
materials of future fusion reactors. Because defects such as vacancies and voids act as
strong traps for hydrogen isotopes, tritium (T) inventory in neutron-irradiated W
materials is an important problem in safety assessment of fusion reactors. Indeed,
significant increase in deuterium (D) retention in W after neutron irradiation in a fission
reactor was reported in Refs. [1-6]. It is also known that irradiation effects by neutrons
can be simulated by irradiation with high energy ions [7].

Under exposure to hydrogen isotope plasma, a majority of hydrogen particles
impinging on the W surface are emitted back to the plasma through recombination into
molecules on the surface and subsequent desorption. A minor portion of impinging
hydrogen isotopes settles in interstitial sites in the bcc lattice, diffuses in the lattice, and

then gets trapped when they encounter unoccupied defects. Under exposure to high flux
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plasma, formation of bubbles and blisters takes place in the near-surface regions by
precipitation of molecular hydrogen isotopes in cavities. The hydrogen isotope retention
in blisters and bubbles increases practically infinitely with increase in internal pressure,
and these defects can be called as unsaturable traps. On the other hand, in the bulk of
materials where chemical potential is far lower, hydrogen isotopes are trapped in atomic
form in defects such as dislocations, vacancies, and vacancies clusters with finite
capacity. These defects are often referred as saturable traps. In this study, the attention
is focused on the trapping effects in the bulk of materials, and hence only saturable traps
are considered below. Inventory of hydrogen isotopes increases with increase in the
fraction of occupied traps. Based on the model proposed by Beshers [8], the fraction of
occupied traps & at temperature T is expressed as
&./(1—&;) = & exp(Epin,i/KT), 1)

where 4 is the fraction of occupied interstitial sites, Epin; is the binding energy between
hydrogen isotope and defect, i is the type of defect and k is the Boltzmann constant.
This equation suggests that the fraction of occupied trap sites and consequently
inventory of hydrogen isotopes increases with an increase in the concentration of
hydrogen isotopes in the solid solution state Css because Css is proportional to & . Even
under the conditions where Epin /KT >> 1 (i.e. & = 1), the inventory of hydrogen isotopes
depends on Cgs if a discharge pulses are short enough to keep the penetration depth of
hydrogen isotopes smaller than the thickness of W materials [9]. If Epini/kKT >> 1, clear
interface between filled zone (& =~ 1) and empty zone (4 ~ 0) can be observed, and the
velocity of the interface is

dx/dt = D|_Css.5/XNt, (2)

11
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where x is the depth from the surface, t is time, D_ is the diffusion coefficient of
hydrogen isotopes in the lattice of W, and N is the trap density [10]. Here, Css.s is the
concentration of hydrogen isotopes in the solution state just beneath the plasma-facing
surface. Although Css including Css.s is far smaller than the concentration of trapped
hydrogen isotopes, the variation in Css has strong influence on total inventory of
hydrogen isotopes. Indeed, such correlation between Css and inventory of D was
demonstrated by a gas absorption technique under equilibrium conditions in our
previous papers [5,11]; Css was determined as a function of pressure of D, gas and
temperature. However, the correlation under non-equilibrium conditions, such as under
plasma exposure, has not been proven.

The objective of the present study is to demonstrate the effects of surface
modification of W on D inventory in MeV-range W-ion-irradiated W. A thin Pd layer
was prepared on the surface of the W-ion-irradiated W sample, and then the samples
with and without Pd layers were exposed to weakly-ionized D plasma created by DC
glow discharge. Weakly-ionized plasma is suitable to examine the interaction between
hydrogen isotopes and saturable traps because such low-flux plasma does not form
blisters. As previously reported [11], the W-ion-induced defects in the sample without
Pd layer become fully occupied during plasma exposure of surface to a depth depending
on implantation fluence (or time) and are empty at greater depths; the D depth profiles
are consistent with saturable traps being filled by D atoms diffusing from the surface.
The mass balance at the plasma-facing surface can be expressed as agi, = k.Css.s* Where
a is the sticking coefficient of impinging particles, &, is incident flux and k; is the
surface recombination rate constant. Hence, Css.s = (adin/k,). Although k. for a clean

W surface is very high (k; >10** m*s™ at < 1000 K [7]), such surface state is available
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only in an ultra-high vacuum. The values of k; reported for W with ion-implantation
[12] and linear plasma machines [5] are just k. > 1072° m*s™* owing to contamination by
impurities such as oxygen and carbon. On the other hand, Pd is a noble metal and its
surface is less sensitive to contamination by impurities. In addition, solubility of
hydrogen isotopes in Pd is significantly larger than that in W, and Pd overlayers would

provide high Css_s together with low Css in the W substrate.

2. Experimental

Polycrystalline mechanically-deformed W from A.L.M.T. Co., Japan, with a
purity of 99.99 mass%, was used in this work. Two W disc-type samples, 6 mm in
diameter and 0.2 mm in thickness, were prepared by cutting a polycrystalline tungsten
rod annealed at 1173 K for 3.6 ks in a hydrogen atmosphere to relieve internal stresses
occurred in the manufacturing process. The samples were mechanically polished to a
mirror finish with diamond powders (9- and 3-um-sized grains) and colloidal silica
suspension (40-nm-sized grains). After cleaning in an ultra-sonic bath with acetone,
surfactant and de-ionized water for 5 min each, the samples were annealed at 1173 K for
1.8 ks in vacuum (~107° Pa). The grains are elongated along the direction normal to the
surface, which is similar to ITER-grade W.

The first W sample (sample #1) was irradiated with 4.8 MeV W ions at
temperature of 573 K to damage levels of 0.65 displacements per atom (dpa) at the
damage peak, whereas the second sample (sample #2) was irradiated with 4.8 MeV W
ions at 300 K to 12 dpa. The damage profiles were calculated using the program SRIM
2008.03 [13], “full cascade option”, with the displacement energy of Eq = 90 eV as the

more reliable value for the W lattice [14,15]. Note that for irradiation with 4.8 MeV W
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ions, the damage peak situated at a depth of 0.23 um.

The damaged sides of sample #1 were exposed to D plasma formed by DC glow
discharge at temperature of 403 K [11]. The sample was set on a holder equipped with
an ohmic heater and a thermocouple served as anode, whereas W disc located at a
distance of about 10 cm from the sample holder was used as a cathode. Deuterium
pressure in the chamber was maintained at 1 Pa, DC discharge voltage was 400 V, and
discharge current averaged about 0.18 A. Because the sample was set on an anode, the
main impinging particles are D atoms and molecules (D neutrals) in addition to
electrons. The energies of atoms were in the range from few eV (atoms originated in the
glow discharge) to ~150 eV (atoms reflected from the W cathode). The flux of
implanted deuterium was estimated to be about 2x10'® D/m?s with the use of Ti probe
exposed in the DC glow discharge at 300 K for 10 and 60 min, while the D retention in
the Ti probe was determined by thermal desorption spectroscopy [11]. The implantation
fluence was about 6x10% D m 2,

Sample #2 was exposed to the D plasma in a similar manner at 403 K to the
implantation fluence of about 6x10% D/m? but with Pd cathode instead of W one.
Owing to far larger sputtering yield for Pd than W by 400 eV D ions, the surface of
sample #2 was covered by sputtered Pd particles. Here, the sputtering yield for W is
3x103[16]. The sputtering yield for Pd is not available, but that for Ag locating next to
Pd in the periodic table is 0.1 [16]. Thickness of the deposited Pd layer on the sample
was determined by means of Rutherford backscattering spectroscopy (RBS) at *He ion
energies of 2.8 MeV and evaluated with SIMNRA program [17]. The backscattered *He
was energy-analyzed at a scattering angle of 165° by a small-angle surface barrier

detector. It was found that after D plasma exposure for 30 ks (that corresponded to the
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implantation fluence of about 6x10% D/m?), a thickness of Pd layer was around 270 nm.
After the RBS measurement, the Pd layer on sample #2 was thinned by sputtering with
Ar ions in a commercial glow-discharge optical emission spectroscopy (GDOES)
device (Horiba Jobin Yvon, GD-Profiler 2). Repeated RBS measurement performed
after that showed that a thickness of the Pd layer was reduced to 58 nm (Fig. 1). Sample
#2 with 58 nm Pd layer was exposed to the D plasma with the use of the W cathode at
403 K to the implantation fluence of about 6x10%? D/m? Namely, sample #2 was

sequentially exposed to D plasma 2 times with the in-situ Pd deposition up to 270 nm

RBS, 165° Detector
Analysing beam: 2.8 MeV *He"

8000 | o .
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Fig. 1 Rutherford backscattering (RBS) spectra for 2.8 MeV *He ions incident on tungsten
with and without 58 nm thick Pd layer deposited on the W surface. The symbols and solid
lines represent respectively experimentally measured and calculated RBS spectra. The

RBS spectra were calculated by the SIMNRA program [17].
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and with the pre-prepared thin Pd layer (58 nm).

The deuterium profiles in samples #1 and #2 after exposure to the D plasma were
determined by nuclear reaction analysis (NRA) at IPP, Garching. The D(*He,p)*He
reaction was utilized, and both the o particles and protons were analyzed. To determine
the D concentration at larger depths, an analyzing beam of *He ions with energies varied
from 0.69 to 4.0 MeV was used. The proton yields measured at different ®He ion

energies allow measuring the D depth profile at depths of up to 6 um.

3. Results and discussion

Generation of displacement damage in the sample #1 at 573 K and subsequent
exposure to D plasma at temperature of 403 K leads to accumulation of deuterium at
depths up to 2 um (i.e., in the damage zone) to concentrations of about 0.6 at.% as
shown in Fig. 2. Note that after exposure to D, gas at pressure of 1 Pa (the same
deuterium pressure was maintained under DC glow discharge) and temperature of
403 K for 30 ks (i.e., for time period of the D fluence), the D concentration in the
damage zone does not exceed 10~ at.%. It should be noted that, in undamaged W
exposed to the D plasma, the D concentration at depths > 0.1 um is below the NRA
detection limit of 5x10™* at.%.

In the sample #2 exposed to the D plasma with the Pd cathode, deuterium is
accumulated mainly in the 270 nm thick Pd layer (Fig. 2). However, after thinning of
the Pd layer to 58 nm and second D plasma exposure with the W cathode, the D
concentration in the W damage zone is significantly lower than that for the W sample
#1 without Pd film (Fig. 2), in spite of higher defect concentration. Note that in the

sample #2 irradiated with 4.8 MeV W ions at 300 K to the damage level of 12 dpa, a
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Fig. 2 Depth profiles of D retained in the sample #1 and sample #2 after the first and
second D plasma exposures. Thickness of the Pd layer on the sample #2 after the first
and second D plasma exposures is indicated in the legend. A boundary between the Pd
layer and the W substrate corresponds to a depth of 0 um. Damage profile is plotted in a

logarithmic scale on the right ordinate axis.

concentration of defects responsible for trapping of diffusing D atoms is slightly higher
than that for W-ion irradiation at 573 K to 0.65 dpa [5].
Obviously, the deposited Pd film on the W surface serves as a storage for

implanted D and reduces flux of diffusing D atoms penetrating into the damage zone by

increasing k.Css.s”. Note that the diffusivity of D in Pd is 4.5 x 10 *° m%*s* at 403 K [18].

Hence, the mean diffusion length of D during the exposure to D plasma for 30 ks is
evaluated to be 5 mm. This value of mean diffusion length is far larger than the
thickness of Pd layer (58 nm). It means that the low concentration of trapped D in W

damage zone in sample #2 was not owing to slow diffusion in the Pd layer. The D
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concentration in sample #2 beneath the surface (Pd region) was ca. 1 at.% (6.9 x 10%° D
m~3). Since agn under exposure to D plasma was about 2x10™ D m 2%, the k, was
evaluated to be 4 x 107*° m*s™. This value is in reasonable agreement with that reported
by Pick and Sonnenberg [19]. The entropy and enthalpy of H solution in Pd are
—60 J mol*K™ and —10 kJ mol™, respectively [18]. Hence, the above-mentioned D
concentration (1 at.% at 403 K) corresponds to equilibrium pressure of 31 kPa. On the
other hand, the concentration of D in a solid solution state in W at this pressure (31 kPa)
and temperature (403 K) can be evaluated from the solubility data reported by
Frauenfelder [20] to be 2.5 x 10 D m™ (3.9 x 10 *® in [D]/[W]). According to Eq. (1),
at this fraction of occupied interstitial sites, &, the fraction of occupied traps, &,
becomes equal to or below 0.1 if Epin < 1.2 eV. Since the activation energy for diffusion
of H in W is 0.39 eV, this Eyin corresponds to the activation energy for desorption of ca.
1.6 eV. This means that occupation probability of mono-vacancies [21] and dislocations
[22] by D is negligibly small. Namely, low concentration of trapped D in sample #2 can
be explained by low occupation probability of defects with small Epi, owing to low D
concentration in the solid solution state. In other words, under plasma exposure, the
retention of hydrogen isotopes in irradiated W can be reduced by reduction in the D

concentration in the solid solution state by enhancement of recombinative release.

4, Summary

Preparation of a Pd layer on an MeV-range W-ion-irradiated W sample resulted
in significant reduction in D retention after exposure to DC glow-discharge D plasma at
403 K. The reduced D retention was explained by decrease in D concentration in a solid

solution state caused by enhancement of recombinative D release by the Pd layer and
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consequent reduction in occupation probability of radiation-induced traps. These
observations indicated that tritium inventory in neutron-irradiated W materials can be

significantly reduced by enhancement of tritium reemission by surface modifications.
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Abstract

Degradation of a carbon-supported Pt (Pt/C) catalyst used at the cathode of polymer electrolyte fuel cells
was investigated. The Pt/C sample was prepared by the polygonal barrel-sputtering method. The results
showed that the Pt nanoparticles were highly dispersed on the powder carbon support. The cyclic
voltammograms of the prepared Pt/C sample showed that the Pt particles were electrochemically cleaned
by 100 repetitions of the potential cycling. Further continuation of potential cycling, however, resulted in
the gradual decrease in H adsorption/desorption currents, indicating a loss of the electrochemical surface
area (ESA) of the deposited Pt. Note that the ESA obtained after the 4000th potential cycling was ca. 20%
of that at 1st potential cycling, and the decrease in the ESA is most likely attributed to the growth and
aggregation of the deposited Pt particles.
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Figure 2 Cyclic voltammograms of prepared Pt/C sample obtained at (A) 1st potential cycle, and after (B)
100th, (C) 500th, and (D) 4000th potential cycling (temperature: 40 °C). The potential cycling was
conducted at 50 mV s™* between 597 and 1093 mV vs. RHE, and the cyclic voltammograms were measured
at20mv s™.
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ECIEF LI Figure 3 ESAs and ratios of ESA/ESAnta

. B versus potential cycling number.
S BIZ ESA B DER Z it % 726012, 4000
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Abstract
To understand the mechanisms of the gas evolution from Li,.,TiOs.y stored in moist air, their

weight loss curves were measured in a helium atmosphere with a thermal gravimeter. No weight
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loss was observed Li,oTiO; stored in moist air in the temperature range from ambient
temperature to 800 °C. On the other hand, the weight loss curves of Liz2TiOg4y and Lip4TiOsyy
stored in moist air showed two steps. The first step began around 100 °C, and the second step
started around 650 °C. The first and second weight loss steps were attributed to H,O and CO,
evolutions, respectively. The CO, evolution in the second step resulted from the thermal
decomposition of Li,CO3, which was produced by the reaction between Li,TiO3 and CO, during

storage. However, the reaction causing the first step could not be identified.

1. #&

D-TE@E G T A SOS THER LTeHEF L U F UL EZ RIS E D 2 LT, BB
THDLHNITFUVLADEELHDOETIT) ZENBESNTWD. N F U LADOAEFEICH
WHNDL Y FUMEEY E L CLETIOsHA IR SAUFE S LTV B (1] k7 & O RG
AW LTIOsHF DO U F 7 AOREIFHA L, MU F U A ERENFR & & IR TS
5. ZOY, EMNRZBANETHD. £ 2T, MU FULOHEIER L AR HEFH D
M k% B LLiOEIA %2 B0 S 72 Ligex TiOs+y D BAFE MM T T 5 [2].

FH 51T LisexTiOs+y 2 MM 22 A P R WIS L2 R D22 e 2 B L S D2
L& 0 Et L7z[8]. AR AT O LisaxTiOsey D XHREH 73 # — > 13 LiaTiOs & LisTiO4
FADIFAEZ R LTz, LisoTiOs TIHImIMZE R P CRE L CHEEMINIA Sieho

. — 7, Li22TiOs+yI X O Li2aTiOs+y TIXEEHEMNA B 641, %25 F C100H F o
REZOEEEMNIZNZEN14% & 18% ThH - 7=, REHZ DRI/ XX — 1213 LiaTiO4
RSN, LiTiOs & LizCOsFRIZZ L LTz, BIG, 3BT E £ 415 LiaTiO 3T
M2 F TCO2& Bt LLieCOsZ AR+ 5. BtAaFIcBWT 777y R T
LizwTiOs+y [T @R CHREF SN 5. BIEZEA T THRE S 72 LianTiOsw Ik &G d LY
CO2Z&EICWIN L TE Y, FEREIFN TS NTBICHKN T2 2 E8E 2615,
ZDOHABEB Y AT LNOAKY T ZPREZIEINEE, 7707y EheD M) F U
LENAFET S Z ERBESND.

Alal, wn K OV ZE 5T TR L 72 LionTi0s+y D H A S ¥ B 2 BV &y L, 4
2w 5T Db OMmF 21T - 2.
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2. EBR

AL U CHZe & N 38 KON 225 T CLREMARE L7z Li2oTiOs, LizoTiOs+y & T
LizaTiOswyZ M L7z, WTHORE MR TH Y, OO AE1T LizoTiOs0
T8x10%m, Li22TiOs+y C7x10%m, Li24TiOs+y T6x10°mToH 5. XHERIETHIE Dk H
X0, Bz T CRE %O EHILi2oTiOs TiELieTiOs D HAH, Liz2TiOswy & Y
Li2.4TiOs+y TiELi2TiOs % PLi2COsIZ L W FERK S LTV D Z E o 72, A o
LioTiOs D& EEUILART O TR TEY, WTFHOFEHIBW T SCEE & Jv
—HERLTWD. 728, BEIOFEMIC OV TIEZE CRIBIIC IR~ TS,

BB O—HNI Y BTN EANTZT T AF v 7 Ny JNIZTERTRE L. vk
FLRZER T CIRE L35, ), $95%DWmE F THEEICTRE Lz b0, BilER
TORE L7alkl e Lz, ok, MMZERN CORE I O EEHMILANIC®RE L
[8]. F7=, MBMCHE S EEA(LICHS LzLilk AW % RET 5 72 I LIOH(H0)E &
OLi2COsDENVE B LA JE LR 21T > 7.

EVE & HT 121X Rigakuft 8 Thermo plus2% AV 7=, HITEIX10°C/min D FH- R 8 E T
{725 800°C % THelfii# F(100cm?/min) TIT - 7=, MIEREA G ITIIPRO b D 2 filf
AL, #EHIK6mgZ M L7z, SRANCITZEOPHRGEEI AR A L7z,

3. BRLEZE

Fig L2250 L ONEE 225 T of
THRE L 72 Li2oTi0s ® A EE & | E D s .l \‘ﬁ
R ERT. WTHORE L BN £ Moist storage
> = Y U F :? -10r
5 REELRD R, WO 72 B
HHIRIEE A SRV LR hote. S s .

Ramp rate : 10 °C/min L|2l0T|O3
RS, LizoTiOs% = iA CIBHZEK T T ol AmosphereHe :
0 200 400 600 800

EHIMMARE L-BIcb EEELITA Temperature, T/°C

HAVT, RE R OXIRET S F—
bLETIOs D BAR & LTRE S HL T changes of Li20TiOs with heating under
[8]. BNH, {bFEimEOLiTIOIE  helium flow.

Figure 1. Temperature-evolution of weight
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Abstract

The mesostructure and tritium desorption properties of as-synthesized MCM-41 and that after 5 cycles of
sequential H,O impregnation/desorption have been compared. The XRD and tritium desorption

experiments showed good reusability and reproducibility in the enrichment of tritiated water.

Research note

The enrichment of tritiated water is an important and indispensable task in tritium (T)
recycling and environmental protection. Although there are several methods for deuterium
enrichment that are practically available and used in operations, these methods, such as gas

diffusion, distillation, and electrolysis [1], are not applicable to T enrichment because of their
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high cost and low efficiency. The development of a novel method for the enrichment of T
from tritiated water has long been required. Selective sorption and separation of T with
certain adsorbents is an attractive method. Zeolites, a family of microporous aluminosilicates,
are one of the candidates for adsorbents, and much effort has been devoted in optimizing the
operation conditions [2].

Mesoporous silicas, such as MCM-41 [3,4] and SBA-15 [5], which possess large surface
areas (up to ca. 1200 m?g) and pore volumes (larger than ca. 0.8 cm®g) with uniform
mesopores (larger than ca. 2.0 nm), are interesting adsorbents since they have large water
adsorption capacities [6]. We have investigated the desorption of T from several porous
materials including MCM-41, SBA-15, LTA(5A) zeolite, and amorphous SiO, [7]. Among
them, MCM-41 was found to have a superior intrinsic T desorption property as compared
with LTA(5A). It was also found that such T enrichment could be reproduced after 5 cycles of
water impregnation and desorption [7]. In this research note, we report the details of T
desorption behavior of MCM-41 after 5 cycles of water impregnation/desorption treatments.

MCM-41 was prepared by the procedure given in the literature with slight modifications
[8]. The starting materials were colloidal silica (Snowtex-20, Nissan Chemical Industries,
Ltd.) as the silica source, dodecyltrimethylammonium bromide (Tokyo Kasei) as the template,
NaOH (Kanto Chemical), and distilled water. The mixed solution with the molar composition
of 1.00 SiO; : 0.50 DTAB : 0.28 NaOH : 54.5 H,O was hydrothermally treated at 130°C for
48 h in a stainless-steel autoclave. The white precipitate was post-treated by dispersion in

distilled water (solid/water = 1:10 by weight) at 130°C for 24 h. Calcination in order to
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burn-off the template was done under an air

o
o
—

flow at 550°C for 10 h with a ramp rate of

2°C/min. The as-synthesized material was

Intensity /a.u.

denoted as MCM(1).

MCM(1)
The obtained MCM(1) was dehydrated at

MCM(5)

180 °C for more than two days, and then 0o 2 4 6 8 10
20 / degree

Fig. 1 XRD patterns of MCM-41. MCM(1):
as-synthesized, MCM(5): after 5 cycles of water
impregnation/desorption.

cooled to room temperature under a vacuum.
Then, distilled water impregnation was
performed by the incipient wetness method. The sample in a quartz boat was placed in the
desorption apparatus equipped with an oven under an Ar flow of 50 cm®min at 25°C for 24 h.
Subsequently, the sample was placed in a quartz tube in a furnace. The temperature of the
furnace was increased to 100°C at a ramp rate of 5°C/min, and this temperature was
maintained for 60 min. Then, the temperature was raised to 150°C for 30 min. By repeating
this stepwise heating, temperature was raised in increments of 50°C up to 550°C. The
impregnation and desorption cycles were repeated 5 times, and the resulting material was
denoted as MCM(5).

The periodic mesostructure of MCM(1) and MCM(5) was confirmed by X-ray diffraction
(Philips, PW1825/00). Figure 1 shows the XRD patterns of MCM(1) and MCM(5). The XRD
patterns of both samples exhibited well-resolved diffraction signals assignable to the 100, 110,
200, and 210 reflections of hexagonal symmetry (p6mm). This indicates that the structural

collapse is not critical in MCM(5). The unit cell parameter (ao = 2d100/\3) was estimated to be
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3.88 and 3.89 nm for MCM(1) and MCM(5), respectively. Nitrogen sorption isotherms
(Autosorb-1MP, Quantachrome Instruments) showed type-IV curves with a steep H1
hysteresis loop in the relative pressure range of 0.2-0.3 in both MCM(1) and MCM(5),
indicating uniform tubular pore channels [9]. The Brunauer-Emmett-Teller (BET) surface
area, pore diameter by Non-Local Density Functional Theory (NLDFT [9]), and pore volume
were estimated, respectively, to be 1109 m%g, 3.13 nm, and 0.79 cm®/g for MCM(1), and
1114 m%g, 3.18 nm, and 0.78 cm®/g for MCM(5). These results indicate that mesostructure is
more stable under the present experimental conditions than that in previous studies, which
were carried out under steam [10], hydrothermal [11,12], and high temperature conditions
[13].

T desorption was studied using the apparatus [14] in the radioisotope laboratory of
Hydrogen Isotope Research Center, University of Toyama. Experimental procedures were the
same as those mentioned above, except that tritiated water was used instead of distilled water.
Briefly, a dried (180 °C and evacuation) sample was impregnated with tritiated water (231.1
kBg/mL) by the incipient wetness method. The total amount of T impregnated was 462 and
410 kBg/g for MCM(1) and MCM(5), respectively (Table 1). The sample (0.1-0.3 g as
adsorbent) in a quartz boat was placed in the T desorption apparatus equipped with an oven
under an Ar flow of 50 cm®/min at 25 °C. Here, under an Ar flow, T was allowed to desorb
spontaneously from the sample (mainly as HTO) and was collected in water bubblers in an ice
bath. Then, water-insoluble species such as HT were led into a CuO bed heated at 527°C,

where HT was oxidized to HTO and collected in a separate water bubbler. The amount of T
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Table 1 Summary of T impregnation and desorption for MCM(1) and MCM(5)

T impregnated Spontaneous desorption Thermal desorption
Weight loss T desorbed Weight loss T desorbed
wt%  kBg/g wit% kBa/g kBg/mL wit% kBa/g kBg/mL
MCM(1) 66 449 65.5 424.6 216.5 1.10 9.57 290.0
MCM(5) 65 410 62.8 382.2 219.3 1.18 9.27 282.4

collected was measured by using a liquid scintillation counter (Tri-Carb 2100TR, Packard)
with a liquid scintillator (Ecoscint XR, National Diagnostic). It should be noted that more
than 98% of T was collected as HTO in the desorption experiments.

Spontaneous desorption of T from MCM-41 was observed under Ar flow at 25°C. The
desorbed T was collected over an adequate period up to 24 h. Figure 2 shows the T desorption
profiles of MCM(1) and MCM(5). Here, the amount of T desorbed is normalized with respect
to the weight of the adsorbent and time (kBg/g-h). It was revealed that a large amount of T
was desorbed in the early stages up to 5 h. The desorption rate decreased after 5 h, and
became about 0.2 kBg/g-h after 24 h. As listed in Table 1, the cumulative amount of T
desorbed during the first 24 h was estimated to be 424.6 and 382.2 kBg/g for MCM(1) and

MCM(5), respectively, which were almost 90 % of the quantities impregnated. A significant

weight loss was also observed as shown in

=100 1]

h

—e— MCM(1)

Table 1; more than 95 % of the tritiated water ~O- MCM(5)

=
o
T —TT

was released. On the basis of the amount of T

[y
T —T T

desorbed and the weight loss, the

0-1 1 1 1 1
10 15 20 25

was calculated to be 216.5 and 219.3 kBg/mL, Time/h
Fig. 2 Change in the amount of T desorbed from

respectively. These values were clearly lower MCM(1) and MCM(5) at 25 °C. Bars along the
x-axis represent the periods of T collection.

Amount of T desorpbed [kBag/g

concentration of the tritiated water released

o
(3,
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10
than those of the tritiated water used for
impregnation, suggesting that a certain E’
E 1
amount of T remained in the samples. 2
E
Subsequently, the T remaining in the E —e— MCM(1)
0.1f -0 MCM(5)

samples were thermally desorbed. The L L L L L
0 100 200 300 400 500 600

Temperature / °C

sample was placed in a quartz tube in @ Fig. 3 Tritium desorption profile from MCM(L) and

MCM(5) at 25 — 550 °C. Error bars represents the
furnace under an Ar flow (100 cm’/min). period of T collected.

Then, the temperature of the furnace was increased to 100°C at a ramp rate of 5°C/min, and
this temperature was maintained for 60 min. After the water bubblers were changed, the
temperature was raised to 150°C for 30 min. By repeating this stepwise heating, temperature
was raised in increments of 50°C up to 550°C.

Figure 3 shows the change in the amount of T desorbed depending on temperature. The
amount of T desorbed was normalized to the weight of the adsorbent as unity. The T
desorption profiles of MCM(1) and MCM(5) were very similar to each other, as seen in
Figure 3. Both in MCM(1) and MCM(5), T desorption decreased when temperature rose from
25 to 150 °C, and showed a minimum of about 0.2-0.3 kBg/g at 100-150 °C. Then, the
desorption amount increased again above 150 °C. An almost constant amount of T of 0.8-1.1
kBg/g was observed at temperatures from 200 to 550 °C. Such desorption profile can be
explained by the state of adsorbed HTO molecule [7]. Namely, a large number of physisorbed
HTO molecules desorbed below 100°C. Thereafter, desorption of HTO via condensation of

surface silanol groups dominated above 100°C [7].
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The cumulative amount of T desorbed from 25 to 550 °C was estimated to be 9.57 and
9.27 kBqg/g for MCM(1) and MCM(5), respectively. The sum of the T desorbed at 25 °C and
under thermal conditions corresponded to 434.2 and 391.5 kBg/g for MCM(1) and MCM(5),
respectively, showing more than 95 % of mass balance (Table 1). Besides, after thermal
desorption, a weight loss of 1.10 wt% for MCM(1) and 1.18 wt% for MCM(5) were observed.
On the basis of the amount of T desorbed and the weight loss, the concentration of tritiated
water was calculated to be 290.0 and 282.4 kBg/mL, respectively. It is obvious that the
concentration of tritiated water increased as compared with that used for impregnation. The
concentration ratio, defined as the ratio of the concentration of T desorbed under thermal
conditions to that derived from spontaneous desorption, was 1.34 and 1.29, respectively.
These indicate good reproducibility and reusability of MCM41 in the enrichment of tritiated
water. Although the volume of tritiated water obtained under thermal conditions was small,
the optimization of desorption and especially adsorption conditions might improve the
effective enrichment of tritiated water.

In conclusion, the structural stability and T desorption behavior of MCM-41 was
investigated. The mesostructure of MCM-41 was found to be maintained up to 5 cycles of
sequential impregnation and spontaneous and thermal desorption. The T desorption behavior
of reused MCM-41 was very similar to that of as-synthesized one, showing a good reusability
and reproducibility. The results suggest that MCM-41 is one of the attractive adsorbents for

the enrichment of tritiated water.
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Abstract
We evaluated the electrical resistivity of Pd hydride without electrical contact. An alternating
current susceptometer was used to measure the electrical resistivity. When columnar samples were
used, it was possible to determine their relative electrical resistivity was obtained after simple
analysis. The relative electrical resistivity increased monotonically with increasing hydrogen
concentration in the Pd rod. At lower hydrogen concentrations, the obtained relative electrical
resistivity was approximately the same as that reported previously, indicating that the
alternating-current susceptometer correctly measured relative electrical resistivity. At higher
hydrogen concentrations, the results differed from the values reported previously. Sample shape and

geometry must be considered to obtain accurate values at higher hydrogen concentrations.
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Figure 1. Schmatic diagram of alternating-current magnetometer combined with
pressure-composition isotherm measurement system.
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Figure 4. Hydrogen concentration dependence on the output voltage generated from eddy current
in Pd rods and relative electrical resistivity calculated from output voltages.
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