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Summary

. Subject

Development of hydrogen storage technology using metal hydrides.
[I. Purposes and Singificances

As the energy source used at present (i.e. fossil fuel, natural
gas) is depleted, many studies have been done on the low grade energy,
and alternative energy sources such as hydrogen energy. However, as the
researches are continued, it is reported that the storage and
transmissions of the energy must be solved preferably for an effective
use of such alternative energy source. Especially, hydrogen is one of
the most promising energy carrier due to an abundance, cleanness and
easy conversion to another form of energy.

The commercial storage method of hydrogen has been either in
cryogenic liquid or in high pressure hydrogen gas. Among the various
methods of the hydrogen storage, the hydrogen storage technology using

metal hydride is significant, since it’s safer, more effective and

economical methods for hydrogen storage than that of other methods.
The close attention has been paid to investigate the metal hydride
and hydrogen storage technologies using metal hydrides in many developed

countries. In our country, only a few study were performed. At the lIst



year of this project (last year), we have developed Lri—xTixCri-yFei+y
vhich have a good hydrogenation properties. The alloy applied for US.
Patent and Korea Patent. For the practical applications of the alloy,
it is necessary to study the degradation behavior by cyclings.

The object of this study is to investigate the degradation behavior
of Zr based Laves phase by thermally a and pressure induced cyclings.
From the results, the potential applications of alloys as hydrogen

storage materials will be considered.

[1I. The Contents and Scope

1. Investigation of the degradation behavior of Zr based Laves phase
by pressure and thermally induced cyelings.

2. Study on the degradation mechanism of Zr based Laves phase by
pressure cyclings.

3. Studies on the effect of cycling conditions on the degradation

behavior

4. Selection of optimum alloy for hydrogen storage.

IV, Results and Recomendation

1. Thermal cycling effect
The hydrogen storage capacity of Zrg 9Tig_ 1Crp.g8sFey.1s alloy did

not decreases up to 3000th thermal cyclings. The hydrogen storage
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of Zrp gTig oMnFe decreased about 13% after 5000 cycles. Thus it
considered that Zr based Lave phase alloy were good cyclic

resistant materials. The degradation rate decreased by decreasing
the applied hydrogen pressure during thermal cyelings.
Pressure cyclings effect

The hydrogen storage capacity of Zrg 9Tig, {Crg 7Fey 3 alloys
continuously decreased by cyclings and about 45% after 3300
cycles. The degradation were easily recovered by anneating at
300C. As the heat effect of hydrogenation reaction increases,
the degradation rate increases. Thus the improvement of reactors
could reduce the degree of degradation.

The degradation of Zrg, 9Tig, |Cri-yFe(+y might be caused by not of
stable hydrides but the formation of 2nd phase which could not
absorb hydrogen.

The potential alloy for hydrogen storage are Zrg 9Tig, {Cri-yFe{+y
because of large hydrogen storage capacity, easy activation, good

resistance by hydrogen absorption-desorption cyclings. Thus high
effectiant hydrogen storage tank could be developed using Zr based

Laves phase alloys.
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2] 7F9oll= 103meVoll A T peak & A3} 750xtolEFol 28 YEAIT
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g2 a=lE Vo]l uUelon] 8sC oj4 xfolBH H ol 1500cycle
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AN}, & xfo]lgHo]l FoIeel wal strain 3 AHYEZ} TS
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'AE 4 AT interstitial site F99] AHUA 2] ujdAelrt ol
w2l A} HFA hole size Fo] Wt S22 H/A 4 e occupation
site 8] AA2E2 $AAF-EFo] 43 Aolgta BIadYPct. a3}
site exchange ol A7} EA3to] #lo]lF 471 F7I3lA X plateau split
o] ojvi 0.48[H]1/IM] 2A ] 7RI F2A3-§Fo] gAY Zlolatn
AF=EEZ, CohenT e 76%7t2] A& Fo] FAT HAE HABE +
et

4} FUUS=117] LeNig & 35008 #lo|E3tA $£2AFEFo]l 2XH =
A% Mol cidled FHol= microphase separation ¢ Yoviz A)H
W3Rl M structure reordering VAtel lehdtim Rt ol
AHESIZE 2ol Bdd AME 4+ Arim AyFAEHE olfEv A,
HEAPHo| o3 FJHUAEL BEFUIL o]FojFow o] FHfde
La%olviz|Zl otM FHUALe] Filo] JoldR]r] wjEeln FH,
Wk-g-x7)0l) RujPY g ¥r-gPe] A HAZFE ] WAl o]F L HIA|F]7]
2 Aolatar Gk,  degradation ¥ Aol oiF A8 AEAF
AR 22FLEo] SAYE AU (2™ 8).

T AUE-2[21] LaNig 8 1800%] pressure cycle 3} S 7%-8TFo]
35% 4% Aol ot thermal desorption test ¥ ZI} degradation ¥
AHolgt peako] UlElRTH(IE 9). ©] 2232 peak & R EZHE
ol A|7} Z13iR|R] ¢gto WEER] ofx ALY site o] trap ® AVR|7}
Zii]=] ofewd WEHZR| ¢4 4AY site ol trap® FA7F WEH
Z11% k. AT}, Magnetization A8 & F3t degradation AT &
Ni cluster 7} AR Roz A= s AT site £ Laly vl

LaNixHy ¢ Zolatza aAsqct. =3 A-2Re] peak temperature 7}
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tiecling Raole = 2 K/min
aller 72 %/ degrodation
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o,

&
Q

Evoiution Rate 'x|o'5 mole Hy /sec

A’ o
| *
. ®
10} y .
B * ®
SUY N (IS
373 173 573 673 773

T(K)

Y 8. Thermal analysis result of 72X degraded LaNig (lg) after vacuum
treatment at R.T
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H3le A2 e AR FA YRl disordering ©] vieldtia 339 .

2]l V.Z. Mordkovich[22] T2 IZZHZEF 100C & 3t 67003
wlo] @% Al= el X-ray pattern & XA A} Ni(111) peak & €Y
QAHTH=Y 10). ol=3el uI74AQ intrinsic degradation & THE3H
& yhgol 23ty dojdrim ARI Tt

LaNig + Hy —> LaH + SNi + 2.5Hy ................ (2)

go] AAEFEXE] LaNis 2] degradation 2] ¥ $A3HH-gof 2F
AEA] BAdEE S£2H3EM ZIURca A=V o fLAARES
213 F=Ed] AR gon ARJtEvict o AGE Ha Aoie AL ¢
4 9t}., Dantzer F2[23]1 LaNig & 30C o4 8¢ =2 2§
HIAHEM 28 FHYWEAFI= thermal cycling & 12503
MEPEE 7 LA FEF] AFa2E  WANA] XNod
Ron[24]F<2 AE  ZoA 45000%] #xlolg Follof 308 Ax9
F2AMGEFELE FANHET  Ishikawa[25] T2 S000xlo]F  Frol 20%9]
$aAZEFo] A2tz Hasgct. ol Cohen[10] oyt %t
A4A1211%52] Aol v)dle] degradation rate 7} o ZHt},

m2}4] degradation HEE #lo]lF 7o olste] = WPt

AzZElejZey,  Cohen[10] 2R 57} F2181H  degradation rate 7}
71ttt Basiqct, a3eg  Cohen?] Fgo] ofsid AL L7}
Z2™H  degradation rate £ Iolo} 3}, AL 2RI AP
Dantzer, Ron, Ishikawa F&| @3F v]|ad 2 degradation rate 7} t}h2

Ltelubal Qo] degradation rate & SR 2EWeZE AW 4 Q).
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002 1)) 111 200
LﬂN'n Ni LIJNI, LoN Ia

¥ 10. X-ray diffractograms of LaNig before and after thermobaric cycling
: 1-initial sample of LaNig : 2-initial sample of LaNigs containing
free amorphized nickel (10%wt.) : 3-sample 2 after 6700 cycles at
Tl = 100°C (free nickel content is 12%wt.)
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m}a}s] degradation & WAHSE Aol oiRt A7r BEHP AAolr},

Hollx AFT LaNigAle] A7 ollole g2 FFA ol o3l intrinsic
degradation o] ¥% A7l FUTEY] frh. Cohen[8]1F < EuRhy & latm
o2 {AAYAM 20004 350 2 28 WHMrPoe=zs 2§
F-4&AI5}. 8 cycles @l 7oz 428 F4+8 &£ U ¢
Z7]o) ujs] goxelv] HAfcie RAE WANUH(E 11). Gamo[13]1F5 2
Ti-Mn §15& 9 100002} cycle ¥ "} $£2AFEF] 30%BE Fxdie
R& ARG (Y 12). =T ¢ AF[26], W £4[27152 FeTiAE
thersal cyclign®t AF $2AMFEF B ohizt sasNEREE
#Fatga BadiscH(ad 13,14).

m2tx jgoll o2} degradation Elv= FE7l A HERAE & 4 AUt
21 F7tA] A%  intrinsic degradation o] ¥ A2 HIAEK Tablel,
Table2 off EAISIAUTE. wWelr £L2ARYPF S 20 FH-PELIIFZ
Whegol] oa} &3 L degradation FAro] i}ejtrl,

) $2AMZYI S 2T LERI0lFo] BHEEE $2MF-8F0] Fa
gttt BaEe] Qrk.  $2AFEFe] A2 xE T
et ttEn e §oldE 28 FHL-YPEATIE 2Pl
w2t 2A M}, 33} degradation rate 8 FAINE QA=
o272 GY=E=] ¢}ur}.

2) Degradation ®/dol ‘leld §32 A2ox slPzoz YAHE
S55,A04E Bt o AT sAHYPE] EAIYLy o)
AEMA] velve 2803883 FdE Qria gz Qe o)
AR +20PEL Y3 7= A& grt.
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REACTED FRACTION (H/M)

g 13.

O 100 200 300 400 500
TIME (sec)

The variation in the absorption rate during thermal cycling : (a)
after activation ; (b) 13 cycles after annealing ; (c) 2538
cycles after annealing ; (d) 8380 cycles after activation.
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g 4.

Hydrogen absorption rate vs.
the 2000times cycled FeTl
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Table | . The chenges of the hydrogenation properties of hydrogen storage
materials upon hydriding-dehydriding cyclings

S—

&l g slolgd 27 | ajo]@4 | 24P L v] hr
T qA(X)
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EuRhy [8] Pily = | ats 3] 5419 ,350°C, vacuum, Shr @ 100%
250¢->350°C %18, X-ray diffraction peak €113

MgoNi [18] PHy = 6.1 at= PS4SR, Mgl BEUS

248 <-> 350°C (Thermal desoprtion) coalescence
T (SEM)

FeTi [26] PHy = 25 otwm 8380 8.7 FeTilizd 2143, Tilly, Fe pesk €18
309C <¢-» 90°C (X-ray), L8N HE Ao
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H28. Extrinsic Degradation

ANty oz F]U-§F S 0y, Hy0, €0, C02F9] W E¢@727)
EqTct. aF daxe AZF(AYAA Fadd F-UEZI7E 299 systeno]
leakSol 23 2AF3Fo] F7]|Fo] =FBEUE 717 A3 d¥&
ulX]e Aoz ¢g3A r}. Metal hydride & $aHT} 4kl AYo) o
27| ool metal hydride &} YW-§3lq AMEHHY oxide layer 8 HAGAIA
#42] dissociative chemisorption & WII S22 FSLE oY
e 53] Hy0, CO, C07 T34 ol 442§ /T B¢ 8720 YN
TA7F ey K3 C0gas © 2 Yol uig FHERAHE F2AHZYF
SRSl ABAY  A¥E NE Aoz A Q.
Goode!1%5<[28] metal hydride & Aol 23t 8887 AZR SR
poisoning®, retardation®, retardation-recovery®, reaction¥22
/4o EE7I22] FHo o} degradationsle A=Y 8L
R (ay 15). d &7F52[29] MmNi4;15Feo,35 US& 30C oA
300ppe2] A28 e 228 cyeling & FAEH  cycling o wiE}
Fad 22 T4 [H/M] o EEE dolRydd(ad 16). 2@+,

427} activation ol 2]# 4321 MaNig sFeg 85 IS4 fresh surface ©il

EAN) 3t 4+22] dissociative chemisorption o] ©i¥t active site °ll
Moz FAx]o] o] chemisorption & HAFr] o EolElm
Ao cyeling & A& et (Ni, Fe)F e cluster o] B4 =]
phFpol ol catalyst2 F-8&3od t}r] recovery?t Yeolivle AeolEta
A A3t ATt

fl 35, Laves phase
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% 15. Illustration of the effects of different types of alloy-impurity
interactions on the absorption-time profiles during repreated
cyeling (a) poisoning (b) retardatiopn (c)
retardation-recovery ; (d) reaction. The curves are for LaNig
tested at 25°C and 345kPa ; only the first 4min of the 15min

absorption period is shown.
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T=30C
P02 = 300 ppm
30 45
CYCLE NO

5

1Y 16. Cycling response of MuNig isFeg 85 in hydrogen containing 300 ppm
02 at 30°C.
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Laves phase & atomic diameter ¥],dpp/dpp?t 1-1.2 ©]WHA{ AB)
Helo] XML ZPUE o HFAEE  closed packed intermetallic
compound®d ©¥tct. o FIEE vieldr] A= B YAEC] M=
A& e dE7l =Hojokdw (2d 17) amfe] o]EFHYU WA
Ra/RgE (3/2)01/2=1.225 eolck. a3} ciiFe] Laves phaseolA]
vielvl=  Goldsmith radii®] ¥], RIA/RIBE 1.05014] 1.68Al0l2 1 ¢~}
o] Yoo ola]¥ Holla t} intermetallic compound &+= ¥l Laves
phase 7} & AU FAHAM PBAE $ e S APEY $ U

Laves phase 2] @3 MgCup, MgZny, MgNio type 2] 37IA|=2
FEELV ciRE MgCuy type 8] C15 Cubic structuref} MgZny typee] Ci4
hexagonal structure # Zreth, (1 18) Cubie C15 phase® A WA}
diamond cubic latticol] #2380 Rt7je] A YAl AL Agld] e 12 749
AN B WAkel 47M2] A (Al oA FEelaledA  Qlch, (A-A,A-B
distancel= t}Zct}.) hexagonal C14 phase® cubic structure?t W&
HAPUAe} A 2R JAEHS o}t ZEFHQ Ao]H-2 82 atomic
layer % stacking fault?} EAErle] welr] cubicd}t hexagonal2
86, =¥ M2 g F IR HAAZRNAM B e 2E
tetrahedra £ stacking Elt} cubic lattice 914+ & point-to-point$}
base-to-base & VHE hexagonal lattice oA+ point-to-point Tt &
Adwrcl.

a7t Y28 4 AE interstitial sitex QAW TV FFol
o2} 242} A2B2, AB3, B4 type 2] tetrahedral interstice’} $lou
Hexagonal structure®l] 21ojA{= face sheared tetrahedron 3} hole size 9l

mEtA o Mg, @A 7o) BFEEA A2B2, AB3, B4 sited] FHT
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a9 17. (top) MgCuy structure : (bottom) schamatic arrangement of the
atoms in the (110) plane in the Cubic MgCuy structure : large
circles A atoms, small circles B atonms.

46



a9 18.

Schamatic drawing of (a) cubic (C15) and (b) hexagonal (C14) Laves
phase structures : o, A atoms : <, B atoms. Three types of
tetrahedral interstices are also shown : a, B4 : b, AB3 : C, A2B2
sites.
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v 2% Fgoewy formular unit 9 17702] total interstice 7}

APt (E 3)
N 4 B, Laves phase® AIZAHAM 2 hydride stability Hal

el AMBIME QAIFURC] AR XjBHe] 2J¥t hydride
stability Fav  olEle]l 3 71A] parameter@ YIFUAE X Pol] 23
A 7IR-A A& 5 Ut

1. hole size effect
unit cell volume ©] LAY 7l YX|8E interstitial site?] hole
size 7} Fo}A M hydride stability?} 28 Ao g3HA gJew Zrd
20 % Aol Ti® AR3A Zr B} Tio] S0 cift ANIYo) 3L K=
AR B8 size effectol] 2]3} plateau pre.?;sure & 200 ¥j F7HAR &
ezl BaElejxz ek, =R 2 18049} o] ZrBi2olA 2] transition
element Q] B YAE VAT Yo0lA] VIIIAZ 48 3o o} cell

volumes A3t hydride stabilitys T3 $£AAFEIFE FA2tr).

2. electronic effect

electron concentration®] 22 Laves phase Y4+8 WS 4o $2&
accomodation & 4 glt}. &l 19 oA} Zo] transition element 7} VA

Zol|A] VIIIA o2 Wy ula} F3Fe] electron densitys 713t

watr] $2AFEeHS a3 Aoz A Q).
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’l"mtl:rlnegw Tetrahedral interstices i AR, Frinuf-Laves phases with C 14 and C45 structure

.- .
PRTPRERPRRPRERL 1E 0T R D e R Al L

Lokl b L y wr T s e Wiy, 44 -

h

Site Coordinates Neighbours Tetrahedron No. per AB,

faces shared
de 0.0, - | B (12 k) 1
D=1 3B {4 ¢)
4f . 3.z A 3(12 k») l
= it 3B t4 10
12 k, X2\, Z A 1{(4 ¢) 3
N =1 1 B (6 h,) -
-~ - =123 2B 2(24 1)
O 6k X, 2x, 3§ 2 A 2(12 k) §.3
= | N =y 2B 2(6 h,)
&  6h; x =41 2 A 2(12 k,) 1.5
g 2B 26 h;)
L 12k, x =143 2A 14 1), 1(6 h,) 3
T =g 2B | 224 1)
24 | v, ), 2 | A {(12) k,) 6
i1 B 1(24 1)
| B 124 1)
_8b g 8. ¢ 4B 4(32 e)
L
O 32 ¢ N, N, X | A 1(8 b) 4
E X = oy B _ 3(96 g)
2 9% ¢ X, X, 2 2 A 1(32 e) 12
O X = 2B 1(96 g)
Z ==

§ 2(96 g)
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ad 19. (a) Plot of binary alloy stability for transition elements in 4th
period (b) Plot of H capacity (H/M) vs. AB2 cell vol. and

electron concentration.
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3. chemical effect
" 19 o I ol o iefe] UMY HEE A £ UL hydride
formation enthalpy 2] HHE RAgFT QUct. VAF (V)M VIIIA &
(Co,Ni) o2 AU Ao] ¥idlo] no}E} Laves phase?]| hydride stability £
443t unstable hydride® %43 }ic}.

o]t Aol ABy Laves phase®lA] A(rare earth) ¥ B(transition
metal ) & T}EYUAE XYool a2} hydride stability W capacity?] H¥+e
el A 8471 BE E]Hog PSS F& o] ohzgr AuEAs)
e A& ¥ 4 UH.
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Al 3% A

RE
A1E NEEH

Yol A-8%® Zr-based Laves phase {2l AR, 99.7XZr,
99.99%Ti, U3 Cr W 3 Fe& AH83te YA e UYL
Zzte] Yol Y& weighing 3 F POl 4-55 HEE 3 Ar
#7180l arc meltingdte] A|W& Azt  AjHe] ZAUSE
27141717] 18t 3-8 A& FHALHA E3E 319 button type PEIZ
Al H& RAZNUCE. Melting¥oll X-ray diffraction 48 ¥ FAA (2
20) AU A3t o] AWEE F7IFolA £33 sieving 3t
-100 + 200 mesh 27]2] FYTUE =3t 0.5-1g& reactorol]l 7<]l3}
AYE WA, '

H12 25X

a9 2100 & Agel 8% 2% Sievert's ¥ FAE el
ARt o systemZ o] F2U¥YE TH & UEH
stainless steel 2 A& P2 reactor & FIEEZL 2= Cu tube &
AR, 2L Rl AHe] JFE Wx|7] 3 reactor 7l
700-800C =2¥%7] oM Fe]EUE £FT filter & HAI33 filter
F=oll glass wool & F}3HAct.

AlHol A1ER AlHe] saFLFH WEZL] HYE FEIE £294H Y

Reactor &
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¥y 20. X-ray pattern of Zrg 9Tig, {Crg 7Fey 3
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¥ 318/ strain gauge type 2] pressure transducer 2} multimeter &
A1t HBAQCE. A" AR S£aE 99.9999% LESLLE
AgERen $aAAE HeAAFEZ 1072 - 1073 torr ¢l mechanical
vacwa pump & AH§3%c). AlHo] FH]IE reactor o] FXZXH 2 reactor
ol K type thermocouple & 4d2X]3¥t31 reactor 8 water bath ¢toll ¥7]7
¥ temperature controller & Y3taxl 3 TEF AN 0.5C LA3H A

PEERIE L IEENE T
H3Z 888 H

1. Activation X2l

Yoz $2APFYIES BTl a9t UKol o =Y
o ol [32] 7| FollA B3t Futt AlHe] EWHLS oxide film 22
dolzH "rHS]. olAY oxide filn & 429t A|WEAI] W&
AAx7]= BG4 & AR, wmElr] piele] Y& o)A 3
#HMre rBo] BAAAM oxide film ©] ¢ clean surface B P4A17]=

Zzto] HAadlo] o|® activation AzlE} T}, ol system o u}a}l oxide
film

BEZ7l ti=27] ofFol] activation AH|PHE vi=2HA EHo £
Aol oE&3 Aol P cl.
€ A8l A-8% Zr-based Laves phase T 32} activation 2 HEe

dMe| Qo] 4-2olA 30-40 71¢¢e] 28 Z}3}7]9 M= 47 activation
o] dojvte FAo] U Aoz GAHCH30]. walA < 0.5-1g &) A|HE
reactor 9] ‘g3l system &] leak AR E HUF t}E systemd] R E

ABYEE TES 30-40 71%%e) £4& 713t AHe) 52491 FHEEE
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3txtt. v}l activation 27]0l cycle @oll u}al partical size 7} Al
dad A7l wBol[31] 158o]4 cycle & 3t particle ©] ©lo]4t
THEZR] ¢t /UAA=a27]171 HER T o2 A4S B4 SA3.

2. P-C-T curve O &3

Sievert’s type B2lolA &ae Rulo] $£48 FUYT F AHY
S-S gaue  fUd=Ele Sa2FE ALY P~C-T
(Pressure-Composition-Temperature) curve & FF43Act. F$a9]
F4ut-gAle] P-C-T curve JAHE AR o&3 AcH(ad 21¥=E).

(1) Ns& &1 N6, N7, S3 valve & ¥°] reactor W system line

WRE AF (1072 - 1073 torr) 22 B},

(2) N6, N7& Faz N5, S28& <Eo reactor & AL¥ line ol
dAYHe] HEE 28 NIohd NSE €th. old line ¢
A $2EAe] &S nl2 Van der Waals A& ©]&3te ¥,
az]a FAFAEolMe] 2a822] mole =¥ zeroZ (.

(3) N6 ol 271 F5E = AEF T 5 Fduiol =gz}
S5 AT o, WA =dit ¥ system o U¥E
7] 83131 Van der Waals 2] & ©]-83t] reactor W line ol EolUE
FaiEAe] B4 n2 § AR

(4) n1s} n28] Aol, & nl-n2 =n3 2 e Peq & HHYH3 oM
Aol F4¥ $2822] E4 n3 & ALSa o] AT 4=
vieo] [HNM] e WY EE viehddrt.

(5) =20 UYL gy FIFIFEAM (2)dlM  (4)712]e] A&
rE3te] 2z HWYPQYYold WP BHEHE F3d  plot  FTt.
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Desorption A]¢ll{= absorption A]2}= WHolE system line & A& &
reactor BT} FFo] FPAA absorption A]2} FTU! W o=
plot ¢},

3. Thermal cycling Test

& Aol AH8E $&AMFEFEO heat pump o AL of3) 3-&Fofol
AH4E 4 U@ @olRV] $131] thermal cycling & 3 ACt. AR
Aol A thermal cycling & 3| reservoir 8 VA3 system MAZ
37 3] L2 5A1 WEAL system 4 EBFE OF 0.5 ata ©] HH
stk AUZEAE 249 15atm ol 2z AL 30C AME SEFS,
a1 150 - 220C oAM= WHREHQ) £AES-YE cycling & 31 M cycle
¥o] P-C-T curve WHHE $2WESZ A3, =3 cyeling test 3o

degradation ® AW & ANFYHAMelt O EFAEE P AP

4. Pressure cycling test

Pressure cycling £] 713 & U4¥YLS 4204 plateau pressure (9
771¢}) Bt A%t A7 E48 £ AES 393 BEXdE  vacwus
(1072 - 1073 torr) A=lE SAAHCE.  Cycle time & $A81NF-gA) 99%
o] XYEHUZHe] A7tz AHYPW oo Table 49 cycle ZU& FEA|SHY .
AR a2 X 99.9999%2] IEEE AHE3Ren orjo] =R
ETE87l&2] =& Table 50 EAI&HTE. AT cycle o] AAT Fro
(3300cycle) cycle & ®|FIL NS & ¥ system & FFo2 WEF P-C-T
curve 8 SATFET}.
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Table 4. Pressure Cylcing Condition

L 7 atm
Vacuum (10-"'2 - 1073 torr)

cycle time {F ¢ 10 ¥
T & :10E
20 /cycle

Teable 5. Impurity Concentration of H>
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5. DSC &8

Pressure cycle $0-&® stable hydride AR E ¢olrr] ¢sj4 DpSC
AP & 3tct. DSC(Differential Scanning Calorimetry)E A28 <UAT
SEHEE FIYAA AlHEUA Yol WHgol o ¥-Sd& FAH:
gogn ¥ 4HoM cycle & QU3 stable hydride 7} BHAHE AR
a4 & 2% W-§Hd R QA3 endothermic peak ©] vielg Fojc}, 2|HE
3300cycle ¥ Al HE-& AMES S heating rate £ 20K/min, HNSEE 500C
2 9.

5. X~ 3AdE
c2FS-GE 98 PENE A0 918t X-ray diffractometer
(Rikaku, “Rotaflex Ra-200, wmaximum output : 12W)& A}-&3}tl. Secan

rate & 4 ° /min 2 & 31931 monochromated Cu Ko & A}-83}¢ic).
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Al 4 F AdEdx 2 %

M2 Themal Cycling Of I 443k

Y

OIiO0
Jim
0=
L2
L=
Eotl:

1. Zr-based Laves phase B!=

SaMFEo R MEE Zrg oTig (Crp gsFeq 1s +2AZYPIe] Lxol
o8 P-C-THHE 2@ 2201 Jehuiglch. o] 3ol $a2MNFEFE o
2.4H/M °]la plateau pressure £ 30C oA 0.637]1¢olc}. ol&E
+2AFRIE FE YBE +47ULY VIl L@ 2000 A
ZF7HA 22 WEX FEN 1070 ALz 2§/ Yo 27
F+=E 7 3= thermal cyeling & AWIHT. Zrg 9Tig. 1Crg.gsFe1. 15
E& M2 YHdE £2F4-4E St AEE 30008 T Fo
P-C-T IF4& 29 2301 velich. Cycling Foll a2 F8Fe] gas
dovlR] 451 2 sloping ©] VielulR] ¢S P-C-T F4le] W37 1 ¥
de e £ =ML Bk, ad) 300 cycle Tl 71.8%
$2MZEF Fa7t Jeldes CaNis b 10000 cycle ol oF 30%e)
22AM B E$FLLE UehdlE Tilng s F 7182 ¥282 cycling ol o8
degradation ¥l AXo] u|8] Zr based Laves phase ¥+ vi-¢ &
degradation & ‘lepdick, wiEbM £ 3{}F2  thermal cyclingdl ©h3jeq
U pAde] ofg S AEUE & 5 Ao F3) heat pump T A AA|
S&&ofoll 4183 JheAde] w9 w2 AHEYE AA3ta AUrt.

1Y 24% Ir-base Laves phase &E%F ZIrMny Al8] ¥Fo82 X0 o
P-C-T F4e] HHNEE BAPa rt. o] Zrg gTig oMnFe I 157148

S2aQoa] FAT 2 E F9] thermal cycling & %3, 1
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Zro.01l6..Croghey,

R, (atm)

H/AB,

¥ 22. P-C-T curves for Zrg 9Tip |Crg 9Fey g5 system at several
temperatures.
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30 T
VA P P O PP - .

° before cycling

o after cycling

Ol
H/AB;

19 23. The change of P-C-T curve of Zrg 9Tig, {Crg. gsFey. 15 during thermal
cycling.
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Lroelig.Mnke

E .
. ——
cﬁg .
. 50°C
. 40 °C
. 30 °C
. 20 °C
Ol
O | 2 3
H/AB,
Y 24. P-C-T curves for Zrg gTigp oMnFe - Hy system at several
temperatures.

63



25% Irg, gTig oMnFe ¥rgol o3l 5000%]2] $2F4-0FH cycling F2
P-C-T 4] 'HEE Jeldic}t, 50008 42 F$4-HE cyclingFolx
F2AZF-EFe] H/M = 2. 142 7)o 2,46 ol uldte] oF 1342 TR & &
AXRAY  P-C-T curve & 'EH7} Aol e & €& & A}, =%
5000cycles ¥2] degradation ¥ Zrg gTig oMnFe ol th¥t recovery HEE
obriz] §1sted 400C oI 22T AFEME T F p-C-T FHE I
250) viehulgdeh.  @M2l ¥ SANFETo]l cycling ¥ capacity
HFaEe] 7571 BE3 cyeling A ¥l $£2AFEFE JIAE
Mo Act. o} 2} A _ Zrg gTig oMnFe L1g=3-R=2
Irg.9TiQ, 1Crg. gsTiy. 1s%rE°] & FEE xlolgol] ¥t AFPAdo] A
T UEdE & & AU

a2t Zrg.9Tig, 1Crg.85Ti1, 15 8% Zr based Laves phase UFES

thermal cycling %ol w2} AlHEo] degradation B Fol Aol QA
ol o] 1 cycling 7o) ¥ degradation FAEF Frede
RARSHG. I olfE ¥ AWA A$ thermal cycling 22 AR
degmda;.im AMgdel Fol degradation HFE A3rE HAEE2 T
degradation A]7]7] £l UL cyclingd $slof 37] o},
o}2}A thermal cycling A] degradation rate 8 ZAA3+E cycling W&
ZALEL7] $l8iA vl23  degradation ©] & YUoji} Zr based Laves phase
3 @A g 2T LEAMFI[EE AL LLAFUYILE AZHI
LeNi5 & o] &3l Ax3tazt i),

2. MOIZ X219 H3I0l [HR degradation HSOl 3l

LaNig &5 ZIrd Y3EFH Z2 WHe =2 A3 activation M2 &F



Zr o Tig,MnFe
30 °C

——e—— before cycling
——— after 5000 cycling
———— after annedling

Ol

H/AB-

21 25. The changes of P-C-T curve of Zrg gTig oMnFe with cycling and
annealing.
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T F cyclingtl @& W3R, $£2UAF 407I1¢2 golu ASRSEE
200C & 3} thermal cycling & Y3 & P-C-Isotherm F/32] HHEF
3¥ 2600 Jveldidek. cycle 7t ol gl M REFol
ANAoz Fastgden 3150cyele FolE 44438 Fo) 87 Fastgon
plateau region ©] €W3] AlztA o] w1} AL P-C-Isothern FH&
el @i},  Zr based Laves phase 3 &7+ €2l LeNis 3L uig 417
degradation ¥4o] Jield& & 4 Ur}.
3¥ 272 $2U8YE 307IgoE YA KAXUF S8/ 3000 A

180C 2 {Mrol 23] i FTH-EE AFEW xlo]g@go] uB
P-C-Isothern 4] Wi# ‘lepdck.,  ale]g47t F7de] ol
S 2AMZEFo] A{3Ao FAdo] $42PEFLME plateau split BEYE
velgtel.  1000cycle ol 23%, 2000 cycle Fofl 50% 2] $a2M3FE§F
g4z} el

SISNSEE 200 2 wola £2U¥E  15714eE FAIR&
wlo] @Y AYAAE ¥ 280 viepuiodck. ¥ 273 uldrialz
slol@4rt Fotttel wel 4aMFEFol 324 YAk, SR 2@
200C & wAENE #FHa £2MFEF F47 ol HA el o]
A7 degradation rate ¥ IR X0 uwlERTtiE  Cohen®e [10]
%3 ciac, Ofd klolg 27F AR X9} I LAWK
WYL HOoa R degradation rate = IASHSE BT ok} JHFE
P2UAEAE FAE £ Utk & £ ATt

Thermal cycling A] 7}l $29180] JTYE 4RI 43 22X
<EF o8 alolg =& 4AA T F 850%] cycle F2| P-C-Isothernm
Z4& ™ 299 velUigict. CIdFEE saU¥o] S8R degradation




303K

(a) after activation

(b) after 850 cycles
(¢) after 3150 cycles

H / LaNis
18 26. The P-C-Isotherm curves of the activated, degraded and annealed

LaNis sample (a) after activation (b) after 850 thermal cycles (c)
after 3150 thermal cycles (d) after the annealing of 3150 cycled

samples.
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503K

10 (a)
N '..__.I'-'
o * AN, G -
0 T
N i
c
.
.
1 (a) after activation
(b) after 1000 cycles
(c) after 2000 cycles
1
V.15 y 4 6

3" 27. The changes of P-C-Isotherm with number of thermal cycles at 30atm
from 30°C to 180°C



303K

10 ©) /| ® | ()

(a) after activation
(b) after 1000 cycles

(c) after 2000 cycles

0.1 5

H/LGNi5

% 28. The changes of P-C-isothers curves with the number of thermal
cycles at 15atm between 30°C and 200°C
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(a) affer activation
(b) after 850 cycles (15atm H,)
(c) after 850 cycles (30atm H,)

0.14 7 A 6
H /LaNis

1% 29. The effect of applied hydrogen pressure on the degradation - ion
behavior



¥ o] oA}, 2-d] Goodellol 21318  LaNist hydriding AEi&
S g gt $2AF-EFe] Fa7t 43%e] Lalistg 7t E3EHE 2AdAM e
degradation ¥ $AAMFEFe] FlEo| deojd == Urta Rz UH.
a}atA] @olvir]e] &R 4B thermal cycling + degradation
3 B Eo] wHEdte QojutE FAolrk. van't Hoff A[(1)4]e] =2
ANFE 24Pl FUIHE LaNis $250UE AHE SA%E L7}
Z71%tct. w2lA thermal cyeling & 7183 4¥e] F7l dolvizldl
2]}t degradation & ZFA|ZPZA o R oA¥EIt}. F  thermal cycle Alols
ZIaEe £ 9 AERLEE WYPojoltl degradation ©] A
veldo e A& ¢ 4 k. 2¥dl I based 32 Z-$ole 15718, 30
(-=> 220C 2 2lo]g3xct. H|E $£2Q1F0] RUA|Y degradation o] <]
viehuz] Al RAe® Hol degradation o] it APAdo] ol S
FSU& 4tct.

A 1 AAdxo] Aol o3 LaNig 3> Ir-based Laves phase ¥&3%

a7} 8 pEAFEFe] aZ, $AINEHET} w2 activation ©]
HE 92T fa2NI[E4E PIAdeE A& ¢ 4 A, v LaNis
e Lag] AZE7IHe] vl AL EE thermal cycling o] &
degradation ¥+ A X7} Zr-based Laves phase ¥FEt}t =1 cyeling®Zlo]
Satm, 30 - 200C & JTUAY “EFF, LaNist© 2000 cycle Foll 32%,
Foll  13% 289}, =3
Irg 9Tig. 1Crg gsFe1 15U =2 degradation¥BAto] FAE]A] ¢fsicl. uwlalad
2 APl MUY Zr-based Laves Phase I3 (Zrp.9TiQ, 1Cr-yFe y) 2

Irg gTig oMnFe & 50003

thermal cycling o] ¥t AMPAdo] =7|ufFol] heat pump T A -§&Fo}o
88 7lsdo] &€& ¢ 5 AUCt.
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Ifl.l

N2Z Pressure cycling Of [IE T23ABBSAY H3f

1. Zrg.gTig.1Crp.7Fe1.3 B! pressure cyclingll [I® P-C-T curve ©
ak-d,

Irg.9Tig. 1Crg 7Fe1. 3 o9& B AME ' Fo| P-C-T F4US ¥
300 ielATE. ¥ 300M @& £ ARl Irg 9Tig. |Crg.7Fep .3
FA2MBAYUITE 40 F4L/ME plateau pressure 7F 1-271%F U]z

AAMFEo2 J1F YT BA4E 23U, g faAFEoZ A9
2 2HE FAEH7] 3 F2eoM AP FeAldde Tatn, PEXOE
vacium 2.8 3t pressure cycling & %W3lgclk. 8 302 750, 3300%]
pressure cycling ¥ 2] & P-C-T curve ¢]|a1 ol2¥e g} A
23E €& 5 AU

Activation ME|¥F $2MAEFS H/Mel 3& ‘ezl 750cycle
Follx= H/Mo] 2.42 activation Z)Fxc} oF 20% vHEe] £AA%E-EF g7}
Aol A4 cycle 3] 3300 cycle ¥&] =A2HZE&FE A € @34
H/Mel 1.682 activation 2R} 45%2] $A2AF-EFH27 dAAvt cycle
& WYPol gl $2AFEIJIFLT o dojd& B FATt. 750 cycle 3
3300 cycle ¥¢] P-C-T curve U%E AWE A} plateau FPo] 27
=3 U= Qe sloping RAXE AHQl viehiz]| g A2
A dolvdrt. pressure cycling ol &%t $£2A4F&FZ27) thermal
cycling A1Et} vi9- =A] Jielyic}t, o] o] {2 AAEHE A o7 Ar).

i) pressure cyclingAlole £ixFAjuint 2L 271 FUHEE

thermal cycling At €& a4 v|F FEA}e E7IA

71R1¥t extrinsic degradation °¢] YEld 4 Qi a®d &

T2



Zr, Ti, Cr..Fe ,

0.4 Q7

Ol

24¥ 30. PC-T curves for Irg ¢Tig iCrg 7Fe{.3 - H> system at several
temperatures.
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300 ._ . m ’

(c)
m After agctivation [ [

T After 750 cycle i
* After 3300 cycle ’

Ol
O | 2 3

H/ Zros TioiCrozFers

18 31. Pressure-Composition isotherm curve for Zrg ¢Tig {Crg 7Fej 3 at

30°C
(a) After activation (b) After 750 cycle (c) After 3300 cyele
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Ao 99.9999%2] AEE S48 AHE3H E&ZIANZE B SAHE
ol oz o] PP HFH2Z AR,

ii) thermal cycling A]o9l+= degradation 3 recovery?} ¥HEE o]
vlehv b2 2 recovery HAo] $AIZJA|R degradation ©] HFA| vield
4 Qltk. & pressure cycling £Z1oll 71038}t degradation ©] =7
velgd 4 ook, w@hebA eyeling 2730l wl degradation rate
o] s}l A3tqirt.

ok Holrglr uFRlE alolg =Zio] W  degradation rate®

WA F S LaNis Ta& o183t ZAHSIAT)

2. Degradation Ol DIXlE= cycling X210 gt

Y 32 ME2 g Hrgg)oA A alolgx7e s $A48 22408
E4-NEAPNED viehlE  P-C-IsothermFAle] wWB¥olr}, et &
Ao 32% AMAEF ZAav) Vel oL} stainless steel PSR E
ALERT BSole £AAMFEF A7 ol E A Jelbd. 2E cycle
Z712 AA Ha SR 7IE ulFo) clel olZo] degradation ® A X7}
2 ol NHE-&7]e] Aolo] Z|AF SaZNEZHS] HIto] ZQRc:
Az},

Rudman{32]> $23NEgg &% AU 2xF7ts E87) 7
sle] J[AR AU, £AINEEY ¥ 2E=FIIE §olY)
HM e i) $2FLE5E8 23AV il) & dA=EEE Z+E HEES
ALE8A L 1ii) ARF  (heat capacity) & =4 #lof Ricta w2},
oL HEAUF ol &3l HIAEE W FE&Fo] ME t}E e SR (HE 6
HZX) & 83t A2 RTALE cyele & WIAS o 42T YExlo]lF
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10

N
t
-+—
O
p s
S ‘
" {
(L.
1EV/ .
/ (a) after activation
(b) Copper reactor
{(c) Stainless stesl!
reactor
d 1~ Lt ag]s
0 2 4 &
H/LGNE

71 32. The change of P-C-Isotherm curves after 2240 pressure cycles in
the different type of reactors {(a) after activation (b) copper
reactor (c) stainless steel reactor
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Table 6 . Types of reactors, temperature changes of LaNig during
pressure cyclings

Types of reactors Specimen Temperature changes
during cyclings

Stainless steel reactor Ig LaNig powder + 209C
(1/47)

Copper reactor (1/47) g LaNis powder + 69C

Copper reactor with Al 0.5g LaNis powder
foam and powder + 10.3g Al powder + 19C
(1/27) (+100 - 200mesh)
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o] E p2AF-EFe] HIE a9 330 BAIFHPL., B2E F 9O
AoIA  rlo|GR 7} FILYO] nlgl £AAFEFES Yoo EAEET}
ol eA3NgEd 711 L5717 8 ¥HE87]1U448 degradation EH &
AE7 AR, ol T alolg z7ola HAE wrEEE A
el 2N 2% HE@dURe] X e 7A%ida
A=A, Lalis & +28 F+8uA ARz @ $ENY o)y
AWe] (W-§87]) &x7t Z71Rc).

adeg £2WEde] AIrl 848 degradation & 43
Vielylth, pAuNbgEe] TR/ HAF YT FHLdxE (O™ 34)
degradation rate ¥ AT AGFe] £2A:FEF F27t JlelRYg. &
@olvizle] B3F HAHWUevE 33 degradation VAol vielglrt.
ol WiEE Yy 2T FErIolEY Z1QURT accumulated lattice strain ol
ZIQ%tka A}, NigEe] RFYE A7) YA Al foam W
Al ¥E€& 9o cycle T UE&F ue) SxHME IC olvE &}
o] W-3-87) ol 44003 cycle ¥ F P-C-Isotherm F4& @ 350
Vel it $A2AF-EFo] R7)o) ¥l 314 Fa2T A& € + U
QAT $2903Te] FAHEACSAR A7) 93t hydrogen thermal
desorption A ¥ & 4w 2 Aide ¥ 370 Jehddck. 44003
nlo] @ A2 broad ¥ peak ©] vIE}RE ST peak broadening®]l 4l 3tSit}.
o}2}r LaNigHg Btl AR £A3%3EF0] AN E Aojdta Y=Y o)
Qe SARPELE AAAUA o)FE 27U, WA lattice strain £
dolviz| g} ulrix] 2 7| [UALE olFA- & U ALE YA, peak
broadening< W& XA FE strain T2 lattice distorsion ¥l

o}3te] ZI|X|YAT} o)EF Yo A3 disordering®EAo] Z]QU¥cta
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‘1.5;‘ (a) cor er reucior
W, i ov{der
W copper reactor
. i } aicﬁﬁlass stoel
0.9 WO reactor
n‘;,“‘ “11;*
P 1‘1:"‘..‘ -..“r
T \
v 01'8 ‘
> "
a ..
<
o : . .. (a)
< 0.7
O “‘h “m
. (b)
: “.
0.6 (c)
0.5

0 2000 4000
NUMBER OF CYCLES

1% 33. The effect of hydrogenation heat on the intrinsic degradation rate
(a) copper reactor with Al foam and Al pwder (b) copper reactor
(c) stainless steel reactor
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screen filter

1§ 34. Schemetic diagram of reactors using in this experiment.
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PR T R e T L T

303K

10 (b) (cz)

0N -
- et
' mw““## #ﬂ
O i >
“ el
o4 —
X A
1 d
1 ' (a) after activation
(b) after 4400 cycles
9. 1 O ) 6

H/LCINi5

Y 35. The P-C-Isotherm curves of activated and 4400 pressure induced
cycled LaNis at rooa temperature in a copper reactor
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1Y 36. The hydrogen thermal desorption spectrum of 4400 pressure induced
cyclied sample in a Cu reactor with Al foaa.
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%d 37. The X-ray diffraction patterns of activated and degraded samples

(a) after activation (b) after 2530 cycles in a stainless reactor
(c) after annealing at 0.5atm Hy for 30mm.
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e ol X-ray AAAE A Aok, 27 3600 & 4 Qo)
cycling®t Aj82 7)o wldle] 4F peak broadeninge] ‘lelto o
HASe7T AR, 400C o)A Annealing ¥FolE peak broadening
BEZE A28 HT. X33 peak?] broadeningS YAI=Z7]L] P2 EE
lattice strain o] Z]Q%tcta A Ath. Annealingol &8 YA =v|&=
H3R YL ER peak broadeningZ RHEEE $LFp-PEalo]gol 23ty
4= lattice strainol Z]QQ%¥clm AR}, oa}r pressure cyeling
A] degradatio Bt W§Hel AHAU4LEF HAZY.  Zrg.9Tig. (Crg.7Feq. 3
3%32] pressure cycling Al degradation ©] Al#Al Urhl:e R
20NNl Raol] ZIARAY £ Uk, Zr based FFol ¥-§Ho] =A
Ueld = AE olFE2 AAEe AL oS3 A,
i) Zrg. oTig.1Crg.7Fe1.3 S 30C oA plateau pressure &
21941t cyeling Aloll 77]¢tolA] S48 FHAF o2 o S7)¢t
AEe] driving force St 428 F4AIFct. Il Zr based
Laves phase ¥ $2FLE5E7 oEdFd vlid ule ml2ess
Rudman F2) Aol 28R S4EPe] AT SEFAAA =
velg ¢ U},
ii) ¥Ig@e] AAEEF Yorv 2 cycling Alof LBl 20N &
BaHo g AAAFIR RIRo=R 230l = Jeld 4
Ak,
o|Zte Wigdel ‘ol 71Ut pressure cycling AlolE  thermal
cycling®r] Rt} degradation ©] 43 A vielytesz|gl dY4¥rc.  thermal
cycling ] degradation ©] A2l Q= RLZ Hol alo]FRUEL XA AL

Hl-2 8718 NMrP o2 degradation HE FEE =A € 4 A



o) Al¥]o] Zr based Laves phase B F2AFERFTeR FFsicia

Azt

H 32 Degradation Mechanism

Pressure cycle & ¥l me} £224F8Fo] a2 HUE Yol
MM annealing Mal¥Ee] P-C-T curve 2] 'H3o} 234 WNE
¥ s1218t] degradation mechanism & A3t} R},

Pressure cycle ol wel $AAFEFo] FLd= WUl stable
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Table 7. The hydrogen absorption capacity of
IZr-Fe systems[33]
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3¢ 43. Pressure-Composition-Isotherm curve for Zrg 9Tig {Crg 7Fey 3 at
30°C
(a) After activation (b) After annealing at 300°C
(e) 3300 cycle
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After activation
2 at —17°C,P=0.6atm
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% 44. (a) Hydrogen  absorption behavior of the activated
Zrg 9Tig {Crg 7Fey 3 at - 17°C, P = 0.6atm
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After activation
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2% 44. (b) Hydrogen absorption behavior of the activated
Zrg 9Tig 1Crg. 7Feq.3 at - 17°C, P = 0.8atm
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After 3300 cycles
at —17°C,P=0.6atm
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1¥ 45. (a) Hydrogen absorption behavior of the degraded
Zrg 9Tig {Crp_7Fey.3 at - 17°C, P = 0.6atm



After 3300 cycles
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1% 45. (b) Hydrogen absorption behavior of the degraded
Irg.oTig 1Crg 7Fey. 3 at - 179C, P = 0.8at
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