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Development of metal hydride hydrogen storage materials

and small scale storage systems for a fuel cell vehicle
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SUMMARY

[. Title
Development of metal hydride hydrogen storage materials and small scale storage

systems for a fuel cell vehicle

II. Project purpose

This research was performed to develop a new hydrogen storage technology for fuel
cell vehicle. The practice was cooperative project which was composed of two parts, one
was research on the hydrogen storage materials and the other was development of
hydrogen storage tank using the materials. Korea Institute of Geoscience and Mineral
Resources (KIGAM) and Korea Institute of Science and Technology (KIST) developed
hydrogen storage material, Ti-Cr-V-X alloy and alanate, respectively. And Hyudai-Kia Motor
Company Research Center (HKMC) studied the requirements of hydrogen storage materials
for fuel cell vehicle and performed basic research on the manufacturing technology of

storage tank and the performance test technology.

II. Project contents and scope

The main research themes of KIGAM were improvement of hydrogen storage capacity,
development of the massive manufacturing method, study of hydrogen absorption and
desorption characteristics, and the optimization of storage alloy composition. KIST
performed a study on thermodynamic characteristics of high purity NaAlH; with 5wt.%
hydrogen storage capacity using thermodynamic modeling technique, a research on
synthesis of complex metal hydrides with an adequate hydrogen absorption and desorption
property. The investigation on catalysts for the improvement of sorption kinetics and the
sorption performance test for synthesized hydrides. HKMC focused on the requirements
drawing of hydrogen storage materials for fuel cell vehicle application and the
development of the system design, analysis, manufacturing, and performance test
technologies. The system-level performance test equipment was constructed before making
prototype tanks. Two prototypes were manufactured and tested hydrogen sorption
property.

IV. Results
For the TipsCrosVoosalloy partially substituted Cr by Fe, plateau pressure increased
linearly with decrease of the lattice volume. The plateau pressure of the alloy with 8at.%

of Fe raised without any decrease of hydrogen storage capacity. This result showed the



possibility of the low-cost ferrovanadium application instead of V. For Tip3CrossxVo2sMny(0
<Y=0.10), hydrogen storage capacity was about 25wt.% and showed same level of the
plateau pressure compare with non-treated Ti-Cr-V alloy. The hydrogen storage capacity of
TionCrozVoasFeosMnogs was 2.71wt.% and it absorbed 98% of hydrogen in two minutes.
Addition of Al brought about the increase of the lattice constant and crystalline size, the
decrease of the lattice strain. This caused the decrease of hydrogen storage capacity, the
increase of the plateau pressure and hysteresis. And the decrease of the lattice constant of
alloy caused by the formation of TiB phase due to the direct adding of B. Inversely, for
the addition of Tio7sBozs alloy contained B, the lattice constant increased by the remained
Ti atoms after the formation of TiB phase. The abrupt variation of the plateau pressure
and hydrogen storage capacity resulted from these change of lattice constant and formation
of second phase.

Catalysed-NaAlH, and Ca(BH.), have been synthesized and their thermal decomposition
and rehydrogenation behaviour have been studied. Several catalytic additives have been
synthesized and tested to find effective catalysts to decrease dehydrogenation start
temperature and increase rehydrogenation reaction kinetics. A scale-up process to prepare
kg quantity of catalysed-NaAlH; has also been developed and more than 25 kg of
catalysed-NaAlH, with reversible storage capacity over 3.7 wt% has been successfully
produced.

The equipment for the performance test and manufacture of the metal hydride
hydrogen storage tank was purchased and constructed. The performance test of the metal
hydride tank of advanced country was practiced using of the facilities, and the
requirements of the hydrogen storage materials for fuel cell vehicle were established
through the analysis of test results with fuel cell stack property. Two prototype tanks were
manufactured considering of the hydrogen storage property, and the design, analysis,

manufacturing, and test technologies were assured through these researches.

V. Future applications

Hydrogen storage alloy can be applied to the various industries, for example, Ni-MH
battery for hybrid electric vehicle, off-board fuel cell, submarine, and ship. The basic
research on the massive production technology would be adapted to mass production of
the material and cost reduction.

On Phase IlI, a more systematic study to find better catalytic additive on Ca(BHi)
and Ca(BH,)2txMgt: hydride composites will be carried out. In addition, a new high
capacity borohydrides such as Mg(BHy); and another new hydride composites such as
LiBH+Ca(BHy), system will be studied further. A more rigorous experimental and

modeling work will also be carried out to understand the actual role of catalytic additive



on both dehydrogenation and rehydrogenation reactions of borohydrides and their
composites.

The assured basic technologies on the design and analysis of metal hydride hydrogen
storage tank will be improved continuously to reduce the development period of the tank
system with more advanced storage materials. The experiences during this research - the
material-based hydrogen storage system - will use the future materials application to the

hydrogen storage tank.



CONTENTS

Chap’[e{ 1. Project OVEIVIEW  weeerrmeesriree ettt 1
Section 1. Pro}'ect Fa 12T Lo T 1
Section 2. Purpose and SCOpe Of the project ......................................................... 2

Chapter 2. State of the art 3
Sectionn 1. OVerSea SEALLIS  cvrrerrerrrrrreetrrtrms et et e es et e et 3

Section 1.1. Stat—us Of the hydrogen Storage l-naterials ...................................................... 3
Section 1.2. Status of the storage system ........................................................................ 5
Section 2. DOmESHC SEATLIS  crorvrerrrrrrrrermere ettt 7
Section 1.1. Status of the hydrogen storage materials e 7
Sectlen 12 Stat—us Of the Storage System ........................................................................ 7

Chap’[er 3. Project contents and reSults e 8

Section 1. Hydrogen Storage materials  ccrerrrere 8
Section 1.1. Development of metal hydride hydrogen storage alloy and tank design technology --- 8
Section 1.2. Synthesis of complex metal hydrides for hydrogen storage —-----e-erorveoeeeereeeen 87

Section 2. Hydrogen storage system and performance test — oo 117

Chap’[er 4. The achievements and contribution oo 150

Chapter 5. Future app[jcaﬁons ........................................................................... 154

Chapter 6. The information of the oversea science and technologies - 155

Chapter 7. REIBIGNGES  vrvvvvrerereeimer ettt 156



<

:

—

[}

TR o 7

H 2 & =Uel 7lsHg

M

- 117

=13
=

A E L R A dA 2A7E 70

— ]
g o 2z
A
R E
ok mszﬂ.ﬂﬁo
o &
B0 I R
w ., B wp = 7T A" "
w B R w9 o=k
. - =0 M b i F
PR 2P L TG W
s L eenwE
“_,chrclmm]'ﬂu\@dn HHE\I_’D_E_
AN Xy o= N mPeg
ZoM, KY e ™ <4 KO
T LE R :uif.ﬁ,ma
®° O dr —
GEMEE m A EER
o KYomw g o KV oo KV
- N -~y Io — N
~ o~ o — = - N

- 150
- 150
- 153
< 154
- 155
- 156

A2 A Pdforl o] T &



Mo &AM 2| THR

A1 A dgEe] 284

A AqAACZ g3yt 343 A HEAM AR oyA] i 9 jF W3 FAo] th Balo)
Z5o] sit} vl olyA] FEIto] whzhdl 22 HuAd wzw 20300de] A AA oA Au)ek
2006'd oiB] 44% FUHE For MuE W ol& 7hEE oy 71 ArHoR Asd Ao
Elm AZho] el wet oux]Y R BFdge] Fy1E Aolmz AN A odx 37 &
TAZE A Z=el dFEHDT doh 3 H2 {3y FEHY FEAT AE(oint Research Center)
SA7F wiEe] dg M w2 2000 FE AA 247tA dlE SR 02 JkssEn
E Ao yehgth 199004 1995 Apolellis MAl 247k wjZo] 3%, 1995 0]A 2000 Aol
= 6%7F F7HH Hlsl 2000 - 2005 Alol) wiEH SUbe 15%2 F43] FolAth olE A
T2 FF ALE A0R AAAD Yo 2472 wiEE TAAI7] A% ='o] eiAA gevtd
20303 7kA] 20063 tiH] 39%7} o] 2718 Ao g d&5T Q)

24 7k HEE QS ovlEe 87 FAE d$dr] 93 FAEH FAE Algte] d4E
A FAlolnh 92d 649 Ael® 7EHs S Ao 96d 12¢€ mE o 5L
Gsteba wlE ek A A 9 o7 A At 9 %Oﬂ Atk AlAl o] Akl EkA u) &3
7%E A stE fviete 247t s R 9GS I B dEel 0 AAA 2013de e
HETOEZ FAH FAA FHFA 4 2 dsnz ol tjuls
ool A 71 RIS St g 93 o) 3 o]
o2& Adsel tixsls] S8 247t

2 30 o f ju e K

Ol

=

g 1o 1o ot o
o 8 g
gﬂ@
>

o
i
(o3
©
N,
\\dmo
E

£ o

h
=
el
o
N
N
S

O jg O_>fl_, —{U U
R
1
o3
oX
)

) rS
k>

+
¥0
rlf
=
fru
o
N
iy
2
>
o
g
o
we
=
ars
2
ofl
i 2
b0 =
o N
3]
% @
_éz,’ -:01 (Ulo
)
olr
SQTL
g
e

2
M
o~
2
O
i)
2
e
v
Al
ol

(carrier) 24 T}t Fofe g€

A oo & 4 stk ol ue}

Vet 71eEA A8 slse] &

e 7% rt RES AA 7] dEd F4

wol A AAHez Heslo] gt 1 A2 TaEL Eo, GM, g, dAd-7lo}, Exuba 5 A4

T AT AFANES R AY - 912 FHE Fi A5AA AEA g R AFZTIZANEES £
A A =2

Sﬂéﬂ skt Olﬂ%ﬁ AFNE A5 dA ARy dad

32

Sk A ABAG EAA HEHE AANE QA A5 ALY oz lEe] A5
A e 157 FYANE BEND 5 Yootk BAHOR P $W02 S00kmolAE FE
S 9E A% BEE ST gor), 0B FaAe 542 Y- adel Aade] Agalo] Al gl
@ 4 ook Bek WA Y L 4F A FU ARAA AFA)E BhFY BMPa 29 £4 AR
2glo] M43 Yo} BEL S FYAYE BEATDlE BEG Aotk 2HAYE F7147)
7 A AR S TOMPaz A A2HE Do) A%l A HEHT UE s, vl



5}
=

—

g 227

o UE 977 2
71& A7} WalEolo}
Agez A )% )

=g}
=

=

7]
ik

}

<
i

1R e S EAY

pd
o

AL

(@

)

=
[&]
A %

9

&
h=1
T

M&E el #

1
5

°
pal

°l-&

=

Sttt

olx, FF AAl 7le ARl FEHUE Frel7] SsiMe T4 A%
[}

| e A7k
Energy and industrial Technology Development Organization)2] F3 3ol Z}E +AAH A5 % A

[*]

DOE(Department of Energy)&
A M=ol AMETR e o AR AEn AEE AFAR

P &A 55| HAZ dof sl

o
-

%
A~ T2
T
17E 3

kel
pd

E

5l

Atk T
El Al
vk ool spdE A AE

H

3 1
3

=

=]

8 45w
= ol g3tol A% A

dol) 24 3ol

A= A

ey

0
i
7o
ok

ZO

—_

4
+

wK

}o

17 A

LS

/51 o

1=
=

NaAlH,9} € 9353

A
TE

!

0

‘_Nmo

wir

ATl A A
AA

R s

2

EEEEE

I

T
LA

7Zlgto 2 3

=

=

o]



ror
ot

M2 & e 7isy

A1 A =9 ZlsNe 4%
AL A FaAdAs g A%

22 A AT Ao YR A= 2015~202017FA] 3 wt.% o] A9 7 A ALS 7FAH 500
S 2= A8 A83E ERE sl 9oy Ay 98 o] 8 2 A LA

E Sof B3 dF7E &8 Fof 9t) dREGME dud 218 223 Sy ol

7t Mg 2wt % o)) BCC(Body-Centered Cubic structure)d] 42X TFS Al#alal

lom, IMC, #XNZFu FolA T FaATTSE dAwstn Aok FFAA

Ministry of Science and Technology(MOST)-& Bl &3 o] HE 7Tl FLHA

lo

Al g =€ 7]Eola 9low oln ABS 59 FAaAATFTES A ¢ 5HE oS 4
Abela glok e e FHT 48 BCC @l diste 24 HHSE Y A 3~49x9
bt 2523 BY 5L B 24 @ 2ATE Wl F2HEEA0 nAE 98 5
ohekst A7 ZAE Busta vk

AlanateA] 2443189 7% 1997d =Y Max-Planck 144 9] Bogdanovic 52 Tig &3+
Zu S F2 PHoZ NaAlHo) @7 a2 & 200T o] doll A 50~120T 74 ¥351em,
150C F2oll M astaE S g durd& dovled AF ettt vl Al7]d] vl= s}e}o] tf &
o] Jensen & TiCLol & ol & Edyda 22 A4 o= Fr)sl Bogdanovic®} 22 25 ¢
A e FaHdd vl o] st FEFAAFEH] Aves A o] U niF
Sandia = ¥ A+ 4 9 GrossE 4} Jensen 5-& NaAlH ol % 713 Tio] |t A7 A9 T o

Pe

A
A7} NaAlH; 2472 el 88 Az EA8 sty ra4de waoes 42 90
Balema & 7} Graetz 5-& NaAlHso| 379 Tizh Az W F-o SA3817] &1 Ti-Al 570388
gi FPHoZ EASTE AT ZAFAE AASGH=H ol A2 NaAlH

=3 = 4

< RHstetA] ga Tizk €5 FuiEM A& 738 siddse 29tk Chen T
LiAH ol Ti o) & F7tsl Lol 2 28 S510 204 a9 dutgol 7hasite A7 248 B
st et opA7hA] dutgel Adde HSF AT 2orF Bad vl glen, £ 194 Fafutke
o) Anhg-2 v o b= Aol EAT Adbel o) Ui ok

Fichtner §-& Mg(AlH)S 54 M o2 f4stn SR 548 2AMe 23 294 238 3
Twt% ool ik AT Bkl o kgl g o= gldth 19 Eajrtkso] ¥
HhE 1A} F AR ]IA of A7 A B ESA dHA A o Ho Sl AT zle] AF Azl o
skl 1Al Zefjuk-g-o] Wdnkg-ofn] wpeh A gt 194 wh8-o] ofykgo] gfgtao 2 ¢ o
A% A0 2 o2 ATk Morioka 5-& KAIH 9 @8 542 248 A, 250-340C Aol A 2
A Falinke o2 F 35wtk o] vt HEE o £HE HotetA] dotk ARkl Thwsit
2 Bk np it

_Bﬁ



AmideA] &4 3E 9] 3¢, 2002 Chen 5-& LisN7F 200~3007T Ato]ol A Hoh ¢k 9 wt. %<
TAEVIHOE A - UEY F lve dFEHE Rt e LisNg 28 8h3-& LibNH
eF LINH & AX & 29 A 2 dojube A S #3891, of &8 CaNHY 2 ¢ % 500~550T ol A 7}
A2 Fa A wEo] JhEe A 18 Ichikawa 5 Chen 59 A7 Z#AE EU 2
LiNHa9F LiH &£88 o838 150~250T oA 7k Al 23 - 748 4eS fFsida,
55wt.% 8] vt WEstdon o g dRYolrt A HE A skt B v):
Sandia g A4 9] Luo 5 #H <+ LiNH:9} MgH, Alo] 2] #F-8-& o] &3) 52wt.% o] 42
2 dthe AT 23 53] 1003] A4 Ato]E g Hol
278 B3t o} Xiong 52 Mg(NHz),9F NaHE 53 A # Mg-Na-N-H 3} g &%
BEH AA120TAAN Fa7F HEHY BRI 4 0THME F43 58] dojyes A
R 200C ol el M & o] 1718 ol et 2 Edth A 74 A] opvjo] = A] 2h4= 4
AT E R E LiNHE 8 ol &3 312 56] LiNH,¢} LiH /\}OM 7t dkg-of o 3k A7}
FHZol= MgE 3
3tEo

L{u

[an!

/}oa Zog ;{32} t!ol-%}\] 71

Q

2

ol

¢
p
|r

=
-z
in Hm
:5
4 H

i)
©
F>

}_.
5
b
Y
o
e

N

s r
=

z

E:]“{i = N &_\:_7}— 150~200C o) &}
otz oy} AE B R E5HA sk U]

A

2L
@

fr
rN
2
Lo
ox
olr
2
w
e

2
o
o
s}

ar
EI

oy &

¥ ko

ol
—_-

o,
eop g
sy r

L

o

i~

o

o

2

s

ruly

4

ol ©

Ao

)

By

%

e

1B

o

Tt

%

s

>

N

|

N

B>

s

(e

oo

L =

e

o

r

JE
=0
o,
il
ko
Ol
o
£

Borohydri

L
I
rr
a
o
[g]
i)
L
&
b
oty
e
lo
o
o)
&
FE fr
Jlm iy,
> 2
SN
TRt
£
rfr oy
4 ACH
m bt
all
Y b
>s .=
e
b oo i
)
°
il
e
H
fru
_grL
o
n
o

O
-

& g

AEANEE sty 2 57H400TC o] o2 io} 443
= L5 200C 272 e A 2
vhR] ooty ¥ uskgd o, Orimo 5-& LiBH,2) 4 & Ligi Al
= 3] 600°C 350 7]gte] FAaE 7| A] LiHY B

5
&=
S

ag
!
_}1_:
gt
%

B3

2 LiBHsol MgH, & H7}sl B2 £ 2 315~400TC 2 F3 oM 5] 8~10wt. %2 54

o2 A% - H**% Aohe ATFEAE Rudtded, SHAARZEE 17|99 £

Sk 225CY Ao 2 APt} Aoki & LiBHyo LINH,E 713 250°C ol A oF 7.8wt. %

Ao 430TCol M= 2 10.6wt.% 2] A4S AT Basg oy dub-gof A3 A7

=2 g A7 20000 o] Fofl Ajars] gl o op A wl-¢ 7] %<

= S o) BE ATRITE v $ Aoy o] AL AR Ho|FE B2 3o

St o) 229 A0 dotyAlo] o] u o 7S] A dojulz] &) wEolr)

sto|=glo]Sofl o] A F454AE Be 5o gE S U BIEE Yade AT
Z

=
Veba gl A oG WS YL FEFLALEF FLE HaAHAN BHeES
./_[E A

—_— =



(¢]

B

A 12 " R Al2E N

B A ]

A

4 QFHol & 5 wky|g i ZRAE

ul o
=

o} ¥ NEDO®9 dgxz -

=

OF_J

(.
E

L

=l

Agds H

e
ke

e A

o A e,

2} )
o H

AT HA =z FPED Sloh

&

s

2o AW, FFA F2 A% AR WY AT F ok

J

N

au AR AGLRIE EEoz A A" ZAN 7

AT},

u}

i

e

7 A2

z
jul

& Abefolt). OvonicAlol M= = QEb9} o}

o)
5

} oyl 9dth. GMAl A= Purdue

g

Py
+

T8

3

e

fﬂ.

tolBel= "W of

]

g]

d
R

o8

E

H
tal
_—OH_
)

—~

Plo
Tor

o9 a7

UTRC % SRNL ¥

o
s ul

Ao A

ol3re] DOE Aoz o]Foy

7] A alanateE o] &

—t—
fi%s)

]

kK

At} (Fig. 1)



NEDC Ry~MHElele 2l = ¥

Ovonic MH=4Ad 983

Fig. 1. Examples of MH tank development



A 21 A

. x{%}.

SR E

1970 AE o 4

O
1

oA %

2 A2 E Rl

0]

olJ

;A2 A9 W FEolu & F AxTE FHU) o]FoXA o

o

Hel

ol
T
Jlo

.
O

—_—

B

oy

)

o<

\a

o

W

Aol

FA] %50,

3

|

%o

230l

o]

o

Chi 2@ Rofol7] wolt

A77F S ek Aol AlAESd oo

I}
—_

<
(-
i
Ar
!

=/

X

A1

El
5]

1

k)
L

lithiun amide®l] tj

L
L

off A= 20033 H-¢]

LiAlH,, Li;AlHe NaAlHy, LiBHs+Al, LiBHy+#MH(MH = CaH, YH; CeHs+x), Ca(BHy)

=
Q

2

54 % 7

d, g2l

1

%

el

=

=
=

b ol

metal alanates 2! borohydrides$]

J

=

B

&l 7Y

<

A 224 A% A

o

X0

X
A

oo
o}J

)

ak R I > 7 e

ATE

&t



A 118 FEFL0ES 088 IF FLUINE AT 2 A% 92 BATE L

(1) Ti-based BCC 144 &&

o
Al
X

227 FFNE ABs ABy AB S9 FHURAT oYlE nEAE FASHE FFol
slovi, ole ¥ £AAFEFL BT WEH ¥FLE BCCA §FE T & Utk BCC
39 SHe YuEoz 4% st oldn Fas B3EEI} eln, BRIy J1e
A7 Aste, ge A4 Wi FE9 2B oyt Ty AenEAT FASE BT
e Wugel g4 STEAE 2Y FF Bl g 9 4AL AN oS
golg 542 7Ax otk Akiba 52 TiV based BCC 184 $3el4 718 Qa9 37}
of elal ¢ ol $5% GOl ALY sb54el g AAstAth Lynchs A 3¢l

e, olu A 3 ke wRPe

=5 Hastgon, old Y42 Fe,
Mn, Co, Cu, Ni Fo] St} ®3 59 48 2 e 3E5E 93] ABs, ABA &3,
e ol= U4E H7F T arc melting = ball millg 3 7144 $F37F d7HA
Park T2 TiosnCrossVors el LmNiyjiAlosMnesCoues &5 #US H7F 8] ball
milling & Ni-Mh # 2 S A Z&9ch ball milling 29 TionCrosVos TF BT A
Dk 4kg gjute] o9& 7b o5 9 HA Gl YehR dkey, ABs e T
ball millings] )] Ax] Gso] UBlE AL HuaATh o)k bee FF BB v

3

T fad

& ABs #Fel F4 ofF B2 AL el bee FF9 F43E B4 sl B Ao
=

& =
A~
Fa T

~
o
ol
Mo
&)
=l
59
-y
o)
o
“
o
=2
1o
Ol
Ll
£
o
)
c
5
2
é.
d
5.
e
s
iy
>
—vL'
2
o
2
o
tg{y
&
X
2
o, M
oo
o
L
o|N
N
>

Hd fae westel £a RFEL AT o FF W &
= 4] o]
- O AA

t}. Nomura®} Nakamuraol] <3}



Gl Tibased BCC #olA Yy 2ol gAely 2a548gee BED 49¥
SUE A W Bl BRl web 0 R D) G S AT Al

! 2
el 7y Fofa z7vp & £AE A Hrk BCC AApo) M= octahedral®) tetrahedral
sitee] MBS AAETD %{’?_%‘Ri ElEfF ol Hf“/}%(v)ﬂg BCC ﬂﬂ =
mono-hydride(MH) 2} di-hydride(MH
UERE ez dedd slch B AY
MH #2318 el ofgh 4 FFola, & 9o 2T
s sloz wolth MH 443 % Ao th3k &£ octahedral siteo] 4
b A& tetrahedral sited] Fa27F AGEct dHA
saE BEAY HOgrEol UE W) wRd oiE 4
He hE-z4 £ THIME BEHA Ybch MH, £
A T

Ao ol FaE Fav AL tdHez wEHD o WEEe

2
ay
J}-\
r>
_&9;
El
cﬁé
oX,
_%
o -‘51
o
[
=
L
ol
X\[L
©
JE
s
aq
2
romo

flo 1o

[g

‘H o
o
S
<
.
Z 0
o]
<
" g

wnoop b

S
(Ti1oViiMngo)D2o9ll 41 pseudo-cubic NaCl +%(Fig. 3)& 2z o, & ==

o) octahedral sitee] £ At} oW BAFES L a-MT 9% Agow, F&E5 2
9] 7:3,2»} %Zi Algqig}xﬁ BCC =x=+= BCT )\ %E} alok alm

ol 7z, 427b k3ol octahedral siteo] B5 ¢1x|stx] £& FHolth. Nomura
7F oS %<& (TiioViiMnoy)Ds4 @"—loﬂfﬂ Azl +z2e CaF, F+Z(Fig. 3)oltta &
CaF, FZNAME a-=3 c-&9 AxA 7 Z2gpo, oy =4+ tetrahedral siteof ¢
o}, oA 7lel A TipViaMnooZa ¢ BCC F2MAM (TieViaMnos)Dss 5 9] FCCE ] WHEj&
& 9ol Sate] WashA @ oF WA o5 Yojdth TH I Adbe] o] P

|

o] FojZIchH - w2 A Wej7} o] Fojd 5 .

e
bl
R

r
4
I
W
£
Jr
lo
5
b

olt ol
y
)
n

ol Ho

SU =)

k>

o H

101,

ot s

N

o 32
ol ¥ - b

i

ol
-

3 TigCrisVie &0l BCC-BCT-FCC ®Hejoh el e z 4o H&S =
AT e -2 B2 FAA AR A%Eel 8&5-28E0Y WHE Folle a% B
dol FEd Fa FRrt wobdFF Aol Frtste S sk



At constant temperature

II.'(._,'
I4
s
{
P ;
4
7
i
e
Po . absorption, " ¢
........ s ~
B, A uesmomon

MH MHz

[ \ \

H-concentration in metal (H/M) =)
Fig. 2. Typical PCT curve of the BCC alloys.

,_10_



(A) mono-hydride (B)di-hydride

Fig. 3. Crystal structure of the mono-hydride and di-hydride.
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Fig. 15. X-ray diffraction patterns of the Tio3CrosxVoasFex (0<X<0.10) alloys.
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Fig. 16. Relation between the lattice parameters and the Fe contents in Tig3Croas.xVoasFex
(0<X<0.10) alloys.
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Fig. 17. Relation between the lattice parameters and the Fe contents in Tio3CrossxVoasFex
(0=<X=0.10) alloys.
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Fig. 18. X-ray diffraction patterns of the Tip3CrossxVoasFex (0<X<0.10) alloys without heat

treatment.
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Fig. 19. SEM micrographs and EDS mapping of the three different alloys. (a)-(c) SEM

images, (d)-(f) EDS mapping of Ti ingredient.
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Fig. 20. DSC patterns of the Tip3:Cros3xVoasFex (0<X<0.10) alloys

obtained after the P-C isotherm measurements.
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Fig. 21. Change in the hydrogen storage capacity of the Tio3CrossVoasFeges alloy with

increasing number of cycles
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Fig. 22. Hydrogen desorption property of the Tig3CrossVoasFepes alloy at 305 K.
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Fig. 23. P-C isotherms of the Tip3:CrossvVoasMny (0<Y<0.10) alloys at 293K.
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Fig. 25. Desorption isotherms of the Tio3CrosxyVozsFexMny (0<X<0.08, 0<Y <0.08) alloys
at 293K.
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Fig. 26. Relation between the plateau pressure and the Fe content in the
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Fig. 28. X-ray diffraction patterns of the Tig3CrosxyVozsFexMny (0<X<0.08, 0<Y <0.08)
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Fig. 29. Relation between the lattice parameter and the Fe content in the
Ti032Crp43-x-y VozsFexMny (0§X§0.08, 0£Y§008) alloys.
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Fig. 34. X-ray diffraction patterns of the TigsCrossxVoasAlx (0<X<0.08) alloys.
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Fig. 47. SEM micrograph and EDS maps of the TipsCro2Vo1sBo1 alloy. (a) SEM image; (b),
(c), (d) EDS images of Ti, Cr and V ingredients.



Fig. 48. SEM micrograph and EDS maps of the Tio29Cro3eVo22Bo1 alloy. (a) SEM image;
(c), (d) EDS images of Ti, Cr and V ingredients.
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Fig. 53. Result of the Plasma arc melting of Tio32Cro3sVoasFeoos alloy.
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Flg 54, T1'.0_32C1‘(),35V0,25F60_05 alloy prepared
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Fig. 57. Photograph of the Tio32CrossVoasFeoos alloy powder obtained after heat treatment.
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Fig. 65. TEM photo of nano-TiN powder synthesized from TiCls+Li;N micture.
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Fig. 71. 25 kg of catalyzed-NaAlH, with > 3.7wt% H2.
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background coming from nanocrystalline CaBe.
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Table 3. Specifications of metal hydride hydrogen storage tank test station.

¥ = A
A E o 0 ~ 100 bar
FEes 50 ~ 250 C
1 — = Heating: 20,000 kj/h
o 8k ek &
< nH8H Cooling: 25,000 kJ/h
AF3E=ZZ& 1,000 LPM
el 800 LPM (@50bar)
Adsasy i 100 LPM (@100bar)
o 1.77kg (@350bar)
o= aEl gk \
Adradaed Watervolume: 74L
R Kinetics/ Activation/ Cycling

AR AR F2ATH R Kineties B7H 918 PCT Fv1g =9 stdth #4248 2 0
F 42 0~ 200bar, A4 2 WE X 0~ 400 T 747 24 sbssich gd 74 2 A

%2 Fig, 82, Table. 4o Jehul<d

Table 4. Specifications of the PCT instrument.

g3 = A} ok
2594y 0.01~200bar
AT 0~400°C
Q)21 4 A Lowpressure:0~5bar

HighPressure:0~200bar

oFed A @A) +1% (readingvalue)
Gas manifold Temp controlled enclosure
Reservoir £ 1 5,12,160,1000,1200ml
Bl = PCT/Kinetics

Activation/ Cycling
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Fig. 83. Glove box for manufacturing the metal hydride hydrogen storage tank.
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Table 7. Final design of the metal hydride hydrogen storage tank.

2= 2 Ak Wi 0.1kg H2

) A} 7)) & BCC(Ti-Cr-V ) NaAlH

Agarel 5MPa 10MPa

ALEE 70C 150°C

o 3.3} 7] & e Tube(SUS)-fin(Al)
EEE B SUS
Bl =1 type Cylinder(gt2d & ¥.7)
A b Qme fin?zel wek AT Aol oWertE Ay A FHY AL 4

A E}OQC} Tube side @ Thermal fin SolidZ Metal Hydrides= Porous media® =7& 4%
sl af A EO}ML 1, Fig. 87914 &g 5 e AFY 2o Case 19 A7} €3 &

mr “’l

gol 7k 5L Aoz Yyt o] Fx2E Aol vt Alzkssinh
MHA 24 2 ROM];E‘Q% AA 42 @8, doj(thermal media)s WH, g7

27 FAYUT Fmey)E SUS Tube ¥ Al Fing Atgstfen £ $x0& A& findll &
o] |

S FEEle o] folslEE HASH T Fig 880 #HEF MAALE YeEl AT
Wms gue Al A @ Ajo] DAL AGEA KA U THE A Al AL
Alztslgon, Al W} SUS Tubezts] Wikg 27) 913 SUS Tube® & st S o f

Al ]
9. MH #2A @8 as SUS gtolvE Ay a1, U A5 Z3E dsfl 7H2 gtoly
1

AW E oolgdS AAEle] Type 3 €712 A2 sttt (Fig. 89)

MH 42474 #3E SUS gol|E Alztste] daud f3g Wil ¥71 A= &3 st A
zstact &4 %194% Sob A R wlgle AALE B3t A RS, goly o R
o B AeE B, ¥ ohdA FAL s W/ 71g/otg/erE A RS AAsklt
NE 23 2 AyE Table. 83 21, 4712 obdA Alge 2% B3 sgien, #d A9 2
= Fig. 900 JERRS

Table 8. Certification test results of the metal hydride hydrogen storage tank.

NEFE *] 4 Spec MY A

ek Al 10MPa x 15 (%) Pass

Z1d A d 10MPa x 1.25 (He) Pass

g A 10MPa x 235 (%) Pass
10MPa x 1.25

e A 112503] No leak Pass
450003] No burst
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Fig. 86. Structural analysis of MH hydrogen storage tank(box type).
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Fig. 87. Heat transfer analysis of MH hydrogen storage tank(cylinder type).



Fig. 88. Final 3D model of MH hydrogen storage tank.



Fig. 89. Manufacturing process of the MH tank and the heat exchanger.
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Fig. 90. Burst test results of the MH hydrogen storage tank.
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Fig. 91. MH tank and Test of the MH hydrogen storage tank.
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Fig. 92. Absorption data of the MH hydrogen storage tank.
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Fig. 93. Desorption data of the MH hydrogen storage tank.
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Table. 9. Technical targets of the MH hydrogen storage tank.
P o 2Ad e AP = Bl 2
Fa A g 84.4 200.0 137% %
e Agd e wt%% 2.1 2.0 -
A 2’ Al kg/L 11.59/4.15 23.8/8.47 -
R g wt% 0.67 0.84 25%3F
FAAAE = g/L 20.3 23.6 1696387
MH FaA 3428 20h 44 F 13 F24E 4A50h Table 109 sj4zH0% 7
= e s 23 ga dduFe Ho §42 8MPa, Mde 33o% B dAv
Ped pzolgen, Gudy] ¥ 9a YUY HY $HL 3M0MPaz FEo) WATE 4
o2 FHch
Table 10. Analysis conditions of the MH hydrogen storage tank
: _ .
- - 5 [
. 92 dwds] ful
BN oA A Tube Fin
Nl 5 3 0.9 0.25
A SUS316 SUS316 SUS316 AL i
Sl 8.4 14 25 | 15 |
* A F A0 Steady static, AFE9F: 5MPa
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Fig. 94. 3D model of the MH hydrogen storage tank.
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Table 11. Analysis conditions of the MH hydrogen storage tank.

25 A3 Hagd o wA#R=2  Fin 7w Stiffener
kg) A A A RA FA RA FA RA RA FA $A 2

VerlVer2 146 5 78 5 13 09 25 0% 15 3 14 - -

A A Ver.

Ver.3 124 38 59 5 1.3 - 09 25 025 0 15 3 11 3 20.08
Verd 14.3 2 7.8 5 13 09 25 025 15 3 11 3 E 0.08

113 008

NG
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o
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e
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Verd . 156 5 78 10 26 09

<34 Case>

* Verdl : 1& s w2y
Ver2 : 2z} &A1 mg
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Verd : 37} i =d (43
Ver5 : 32} 84 2d (e

o 3.8T, WkBw ST)
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o 5T, Wb® 3 107)

Table 12. Structural analysis results of the MH hydrogen storage tank.

T8 30 bar 40 bar 50 bar
HU 8" 118 ] 245 : 305 |
T T, R SR . '
e
orNE 1.6 1.2 0.95
250 83 114 147 185
Ver.3 o
X 2.5 1.8 1.5
o 8% 103 137 171
ver.4
oLxg 2.8 2.1 1.7
208 ] 122 153
Ver.5 - .
CHNZ 3.1 2.3 1.8




Fig. 95. 2nd modified 3D model of the MH hydrogen storage tank.
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Fig. 96. 3rd modified 3D model of the MH hydrogen storage tank.
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Fig. 97. Preparing the components of the MH hydrogen storage tank.
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Fig. 98. Manufacturing process of the MH hydrogen storage tank.
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Fig. 99. Section view of the MH hydrogen storage tank after brazing.
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Fig. 100. Burst and cycle tests of the MH hydrogen storage tank.
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Fig. 101. Loading the BCC alloy of the MH hydrogen storage tank.
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Fig. 102, Performance test of the MH hvdrogen storage tank.
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Fig. 103. Absorption data of the MH hydrogen storage tank.
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Fig. 104. Desorption data of the MH hydrogen storage tank.
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