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2.1 Hydrogen

H y d r o g e n  is  th e  m o s t  a b u n d a n t  e le m e n t  in  th e  u n iv e r s e  ( B e c k e r ,  2 0 0 1 ) .  I t is  
a n  id e a l  e n e r g y  c a r r ie r ,  w h ic h  h a s  b e e n  c o n s id e r e d  a s  a  c le a n  a n d  r e n e w a b le  fu e l. I t 
c a n  b e  p r o d u c e d  a r o u n d  th e  w o r ld  f r o m  p le n t i f u l  r e s o u r c e s  s u c h  a s  w a te r  
(h t tp : / /w w w .c e n - o n l in e .o r g ). N e i th e r  p o l lu ta n ts  n o r  g r e e n h o u s e  g a s e s  a r e  e m it te d , 
o n ly  w a te r  is  g e n e ra te d ,  w h e n  i t  r e a c ts  w i th  o x y g e n . I t  h a s  a  v e r y  h ig h  e n e r g y  c o n te n t  
b y  w e ig h t  ( a b o u t  th r e e  t im e s  m o r e  th a n  g a s o lin e ) . ' O n  th e  o th e r  h a n d ,  i t  h a s  a  v e r y  
lo w  e n e rg y  c o n te n t  b y  v o lu m e  ( a b o u t  f o u r  t im e s  le s s  t h a n  g a s o l in e )  (h t tp : / /w w w .c e n -  
o n l in e .o r g ). M o r e o v e r ,  i t  h a s  v e r y  l ig h t  w e ig h t .  T h e s e  c h a r a c te r i s t ic s  le a d  to  
c h a l le n g e s  in  s to r in g  h y d r o g e n  in  a  m e d ia .  T o  r e a c h  th e  h y d r o g e n  e c o n o m y , 
h y d r o g e n  s to ra g e  m u s t  to  b e  a c h ie v e d .

2.2 Hydrogen Storage

H y d r o g e n  c a n  b e  s to re d  in  m a n y  w a y s . H y d r o g e n  s to ra g e  d e s c r ib e s  th e  
m e th o d o lo g ie s  f o r  s to r in g  h y d r o g e n  fo r  s u b s e q u e n t  u s e s .  I t  is  a  m a te r ia l - s c ie n c e  
c h a l le n g e  a c c o r d in g  to  r e q u i r e m e n t  o f  e i th e r  s t r o n g  in te r a c t io n  b e tw e e n  m a te r ia ls  a n d  
h y d r o g e n  o r  w i th o u t  a n y  r e a c t io n .  A n  o p t im u m  h y d r o g e n - s to r a g e  m a te r ia l  is  r e q u i r e d  
to  h a v e  th e  f o l lo w in g  p r o p e r t ie s :  h ig h  h y d r o g e n  c a p a c i ty  p e r  u n i t  m a s s  a n d  u n i t  
v o lu m e ,  w h ic h  d e te r m in e s  th e  a m o u n t  o f  a v a i la b le  e n e r g y , lo w  d i s s o c ia t io n  
te m p e r a tu r e ,  m o d e r a te  d i s s o c ia t io n  p r e s s u r e ,  lo w  h e a t  o f  f o r m a t io n  in  o r d e r  to  
m in im iz e  th e  e n e r g y  n e c e s s a r y  fo r  h y d r o g e n  r e le a s e ,  lo w  h e a t  d i s s ip a t io n  d u r in g  th e  
e x o th e r m ic  h y d r id e  f o rm a t io n ,  r e v e r s ib i l i ty ,  l im i te d  e n e r g y  lo s s  d u r in g  c h a r g e  a n d  
d is c h a r g e  o f  h y d r o g e n ,  f a s t  k in e t ic s ,  h ig h  s ta b i l i ty  a g a in s t  <ว2 a n d  m o i s tu r e  f o r  lo n g  
c y c le  l i fe ,  c y c l ib i l i ty ,  lo w  c o s t  o f  r e c y c l in g  a n d  c h a r g in g  in f r a s t r u c tu r e s ,  a n d  s a fe ty  
( S a k in tu n a  e t a h , 2 0 0 7 ) .  M o s t  r e s e a r c h  in  h y d r o g e n  s to ra g e  is  f o c u s e d  o n  s to r in g  
h y d r o g e n  in  a  l ig h tw e ig h t  a n d  c o m p a c t  p a c k a g e  w i th  c o s t  e f f e c t iv e  a n d  s a fe  f o r  
m o b i le  a p p l ic a t io n s .
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2 .2 .1  C o m p r e s s e d  H y d r o g e n  G a s
S to ra g e  o f  g a s e o u s  h y d r o g e n  in  ta n k s  is  th e  m o s t  m a tu r e  s to ra g e  

m e th o d  a t  p re s e n t .  T h e  c o m p r e s s e d  g a s  s to ra g e  ta n k s  a r e  a v a i la b le  a t  5 ,0 0 0 —1 0 ,0 0 0  
p s i . N e w  l ig h t  w e ig h t  t a n k  m a te r ia ls  s u c h  a s  c a r b o n - f ib e r - r e in f o r c e d  c o m p o s i t e s  a re  
u s e d  f o r  th e s e  h ig h -p re s s u r e  ta n k s .  T h e  m a jo r  d r a w b a c k  o f  g a s e o u s  s to r a g e  f o r  
t r a n s p o r ta t io n  a p p l ic a t io n s  a re  th e  s m a ll  a m o u n t  o f  h y d r o g e n  th a t  c a n  b e  s to r e d  in  a  
r e a s o n a b le  v o lu m e  a n d  th e  e n e rg y  c o n te n t  is  s ig n i f ic a n t ly  le s s  th a n  th a t  f o r  th e  s a m e  
v o lu m e  o f  g a s o lin e  (h t tp : / /w w w .s c .d o e .g o v /b e s /h y d r o g e n ).

2 .2 .2  L iq u id  H y d r o g e n  S to ra g e
L iq u id  h y d r o g e n  is  s to re d  in  c r y o g e n ic  ta n k s ,  w h ic h  r e q u i r e  in s u la t io n  

to  p r e v e n t  h y d r o g e n  lo s s ,  a t  -253°c (2 1 .2  K )  a n d  a m b ie n t  p r e s s u r e .  L iq u e f ie d  
h y d r o g e n  is  d e n s e r  a n d  h a s  h ig h e r  e n e r g y  c o n te n t  th a n  g a s e o u s  h y d r o g e n  in  a  g iv e n  
v o lu m e ,  th u s  l iq u id  h y d r o g e n  ta n k s  c a n  s to re  m o r e  h y d r o g e n  th a n  c o m p r e s s e d  g a s  
ta n k s .  N e v e r th e le s s ,  th e  d i s a d v a n ta g e s  o f  l iq u id  h y d r o g e n  ta n k s  a r e  h y d r o g e n  b o il  
o f f , th e  h ig h  e n e rg y  r e q u i r e d  fo r  h y d r o g e n  l iq u e fa c t io n ,  v o lu m e ,  w e ig h t ,  t a n k  c o s t ,  
a n d  r e d u c e d  s y s te m  g r a v im e tr ic  a n d  v o lu m e t r i c  c a p a c i ty  b y  in s u la t io n  (h t tp : / / w w w . 
e e r e . e n e r g y . g o  v /h y d r o g e n n a n d f u e lc e l  1 ร/s to r a g e ) .

2 .2 .3  S o l id - s ta te  S to ra g e
T h e  s o l id - s ta te  h y d r o g e n  s to ra g e  r e f e r s  to  th e  s to r a g e  o f  

h y d r o g e n  in  m e ta l  h y d r id e s ,  in  c h e m ic a l  s to ra g e  m a te r ia ls ,  a n d  n a n o s t r u c tu r e d  
m a te r ia ls  (h t tp : / /w w w .s c .d o e .g o v /b e s /h y d r o g e n ) . T h e r e  a r e  p r e s e n t ly  th r e e  .g e n e r ic  
m e c h a n is m s  k n o w n  f o r  s to r in g  h y d r o g e n  in  m a te r ia ls :  a b s o r p t io n ,  a d s o r p t io n ,  a n d  
c h e m ic a l  r e a c t io n  (h t tp : / /w w w .e o e a r th .o r g /a r t i c le /H y d r o g e n _ s to r a g e ).

A b so rp tio n .  In  a b s o r p t iv e  h y d r o g e n  s to ra g e ,  h y d r o g e n  i s  a b s o r b e d  
d i r e c t ly  in to  th e  b u lk  o f  th e  m a te r ia l .  In  s im p le  c r y s ta l l in e  m e ta l  h y d r id e s ,  th is  
a b s o r p t io n  o c c u rs  b y  th e  in c o r p o r a t io n  o f  a to m ic  h y d r o g e n  in to  in te r s t i t ia l  s i t e s  in  th e  
c r y s ta l lo g ra p h ic  la t t ic e  s t r u c tu r e  (h t tp : / /w w w .e o e a r th .o r g /a r t i c le /H y d r o g e n _ s to r a g e ).

A d so rp tio n . A d s o r p t io n  m a y  b e  s u b d iv id e d  in to  p h y s i s o r p t io n  a n d  
c h e m is o r p t io n ,  b a s e d  o n  th e  e n e r g e t ic  o f  th e  a d s o r p t io n  m e c h a n is m .  P h y s is o r b e d
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h y d r o g e n  is  m o r e  w e a k ly  e n e r g e t ic a l ly  b o u n d  to  th e  m a te r ia l  th a n  is  c h e m is o r b e d  
h y d r o g e n .  A d s o r p t io n  p r o c e s s e s  ty p ic a l ly  r e q u i r e  h ig h ly  p o r o u s  m a te r ia l s  to  
m a x im iz e  th e  s u r f a c e  a r e a  a v a i la b le  fo r  h y d r o g e n  s o r p t io n  to  o c c u r ,  a n d  to  a l lo w  fo r  
e a s y  u p ta k e  a n d  r e le a s e  o f  h y d r o g e n  f ro m  th e  m a te r ia l  (h t tp : / /w w w .e o e a r th .o r g /a r t i  
c le /H y d r o g e n _ s to r a g e ) .

C h em ica l rea c tio n . T h e  c h e m ic a l  r e a c t io n  r o u te  f o r  h y d r o g e n  s to ra g e  
in v o lv e s  d i s p la c e d  c h e m ic a l  r e a c t io n s  f o r  b o th  h y d r o g e n  g e n e r a t io n  a n d  h y d r o g e n  
s to ra g e . H y d r o g e n  c a n  b e  g e n e ra te d  b y  r e a c t in g  m e ta l s  a n d  c h e m ic a l  c o m p o u n d s  
w i th  w a te r .  In  m a n y  c a s e s ,  th e  h y d r o g e n  g e n e ra t io n  r e a c t io n  is  n o t  r e v e r s ib le  u n d e r  
m o d e s t  te m p e r a tu r e /p r e s s u r e  c h a n g e s . A l th o u g h  h y d r o g e n  c a n  b e  g e n e ra te d  o n - b o a r d  
th e  v e h ic le ,  g e t t in g  h y d r o g e n  b a c k  in to  th e  s ta r t in g  m a te r ia l  m u s t  b e  d o n e  o f f - b o a r d  
(h t tp : / /w w w .e o e a r th .o r g /a r t i c le /H y d r o g e n _ s to r a g e ).
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Figure 2.1 H y d r o g e n  s o r p t io n  o n  th e  s u r f a c e  o f  th e  s o l id  
(h t tp : / /w w w l .e e r e .e n e r g y .g o v /h y d r o g e n a n d f u e lc e l l s / s to r a g e /b a s ic s .h tm l ).

H y d r o g e n  c a n  b e  s to re d  o n  th e  s u r f a c e s  o f  th e  s o l id s  b y  a b s o r p t io n .  
F ig u r e  2 .1 ,  in  a d s o r p t io n  (a ) , h y d r o g e n  a t ta c h e s  to  th e  s u r f a c e  o f  a  m a te r ia l  e i t h e r  a s  
h y d r o g e n  m o le c u le s  ( H 2) o r  h y d r o g e n  a to m s  (H ) . In  a b s o r p t io n  (b ) , h y d r o g e n  
m o le c u le s  d i s s o c ia te  in to  h y d r o g e n  a to m s  th a t  a re  in c o r p o r a te d  in to  th e  s o l id  la t t ic e  
f ra m e w o rk .  T h is  m e th o d  m a y  m a k e  i t  p o s s ib le  to  s to re  la r g e r  q u a n t i t i e s  o f  h y d r o g e n  
in  s m a l le r  v o lu m e s  a t  lo w  p r e s s u r e  a n d  te m p e r a tu r e s  c lo s e  to  r o o m  te m p e ra tu re .  
F in a l ly ,  h y d r o g e n  c a n  b e  s t r o n g ly  b o u n d  w i th in  m o le c u la r  s t r u c tu r e s ,  a s  c h e m ic a l
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c o m p o u n d s  c o n ta in in g  h y d r o g e n  a to m s  ( c )  (h t tp : / /w w w l .e e r e .e n e r g y .g o v /h y d r o g e n  
a n d f u e lc e l l s / s to r a g e /b a s ic s .h tm l) .

In  s o l id - s ta te  m a te r ia ls ,  h y d r o g e n  c a n  b e  s to r e d  b o th  r e v e r s ib ly  a n d  
i r r e v e r s ib ly .  R e v e r s ib le  s to ra g e  m e a n s  th a t  h y d r o g e n  is  r e le a s e d  b y  r a is in g  th e  
te m p e r a tu r e .  I d e a l ly ,  s to ra g e  a n d  r e le a s e  o f  h y d r o g e n  s h o u ld  ta k e  p la c e  a t 
t e m p e r a tu r e s  b e tw e e n  0 a n d  100°c a n d  p r e s s u r e s  o f  1-10 b a r  a n d  o n  t im e  s c a le s  
s u i ta b le  f o r  t r a n s p o r ta t io n  a p p l ic a t io n s  (h t tp : / /w w w .s c .d o e .g o v /b e s /h y d r o g e n ).

2 .2 .3 .1  M e ta l H yd rid es  a n d  C om plex  H yd r id e s  -
H y d r o g e n  f o rm s  m e ta l  h y d r id e s  w i th  s o m e  m e ta ls  a n d  a l lo y s  

le a d in g  to  s o l id  s ta te - s to r a g e  u n d e r  m o d e ra te  te m p e r a tu r e  a n d  p r e s s u r e  th a t  g iv e s  
th e m  th e  im p o r ta n t  s a fe ty  a d v a n ta g e  o v e r  th e  g a s  a n d  l iq u id  s to ra g e . In  a d d i t io n ,  
m e ta l  h y d r id e s  h a v e  h ig h e r  h y d r o g e n - s to r a g e  d e n s i ty  th a n  h y d r o g e n  g a s  o r  l iq u id  h y ­
d r o g e n . T h u s , m e ta l  h y d r id e  s to ra g e  is  a  s a fe  a n d  v o lu m e - e f f ic i e n t  s to ra g e  m e th o d  
f o r  r e v e r s ib le  o n - b o a r d  h y d r o g e n  ( S a k in tu n a  e t a l., 2 0 0 7 ) .

C o m p le x  m e ta l  h y d r id e s ,  w h ic h  h a v e  lo w  w e ig h t ,  s u c h  a s  a la n a te s  
(A 1H 4), a m id e s  ( N H 2), im id e s ,  a n d  b o r o h y d r id e s  (B H 4), h a v e  th e  p o te n t ia l  f o r  h ig h e r  
g r a v im e tr ic  h y d r o g e n .  I s s u e s  w i th  c o m p le x  m e ta l  h y d r id e s  in c lu d e  lo w  h y d r o g e n  
c a p a c i ty ,  s lo w  u p ta k e  a n d  r e le a s e  k in e t ic s ,  a n d  c o s t  (h t tp : / /w w w .e e r e .e n e r g y .g o v /h y -  
d r o g e n a n d f u e lc e l l s / s to r a g e ).

2 .2 .3 .2  C h em ica l H yd ro g en  S to ra g e
C h e m ic a l  h y d r o g e n  s to ra g e  is  th e  s to ra g e  t e c h n o lo g ie s ,  in  

w h ic h  h y d r o g e n  is  g e n e ra te d  v ia  a  c h e m ic a l  r e a c t io n . R e g u la r  r e a c t io n s  in v o lv e  
c h e m ic a l  h y d r id e s  w i th  w a te r  o r  a lc o h o ls .  T y p ic a l ly ,  th e s e  r e a c t io n s  a re  n o t  e a s i ly  
r e v e r s ib le  f o r  o n - b o a r d  a  v e h ic le .  H e n c e , th e  " s p e n t  fu e l"  a n d /o r  b y p r o d u c ts  m u s t  b e  
r e m o v e d  f ro m  th e  v e h ic le  a n d  r e g e n e r a te d  o f f - b o a r d  (h t tp : / /w w w .e e r e .e n e r g y .g o v /  
h y d r o g e n a n d f u e lc e l l s / s to r a g e ) .

2 .2 .3 .3  N a n o stru c tu red  M a te r ia ls
T h e s e  ty p e s  o f  m a te r ia ls  in c lu d e  b o th  c a r b o n - b a s e d  m a te r ia ls  

s u c h  a s  n a n o tu b e s  a n d  n a n o f ib e r s  a n d  n o n - c a r b o n - b a s e d  m a te r ia ls  m a d e  o f  o th e r  
a to m s  in c lu d in g  n a n o s c a le  v e r s io n  o f  th e  h y d r id e s  m a te r ia ls .  T h e  h y d r o g e n - s to r a g e  
c a p a c i ty  fo r  c a r b o n  m a te r ia ls  w a s  r e p o r te d  b e tw e e n  0 .2  a n d  10  w t%  ( S a k in tu n a  et a l ,
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2 0 0 7 ) .  T h e  s m a ll  s iz e  o f  n a n o s t ru c tu r e d  m a te r ia ls  s t r o n g ly  in f lu e n c e s  th e  
th e r m o d y n a m ic s  a n d  k in e t ic s  o f  h y d r o g e n  a d s o r p t io n  a n d  d i s s o c ia t io n  b y  in c r e a s in g  
th e  d i f f u s io n  r a te , a s  w e l l  a s  b y  d e c r e a s in g  th e  r e q u i r e d  d i f f u s io n  le n g th  (h t tp : / / w w w . 
s c . d o e . g o  v /b e s /h y  d r o g e n ) .

2 .2 .3 .4  H igh  Surface A re a  S o rb en ts
O n e  n e w  a r e a  th a t  m a y  b e  p r o m is in g  is  h ig h - s u r f a c e  h y d r o g e n  

s o r b e n ts  b a s e d  o n  m ic r o p o ro u s  m e ta l - o r g a n ic  f r a m e w o r k s  ( M O F s ) .  S u c h  m a te r ia ls  
a re  s y n th e t ic ,  c r y s ta l l in e ,  a n d  m ic r o p o ro u s .  T h e y  a re  a ls o  c o m p o s e d  o f  m e ta l /o x id e  

•g ro u p s  l in k e d  to g e th e r  b y  o r g a n ic  s tru ts . H y d r o g e n  s to r a g e  c a p a c i ty  a t  7 8  K  
(^ 1 9 5 ° C )  h a s  b e e n  r e p o r te d  a s  h ig h  a s  4  w t%  v ia  a n  a d s o r p t iv e  m e c h a n is m ,  w i th  a  
ro o m  te m p e r a tu r e  c a p a c i ty  o f  a p p ro x im a te ly  1 w t% . H o w e v e r ,  d u e  to  th e i r  h ig h  
p o r o u s  n a tu r e  o f  th e s e  m a te r ia ls ,  v o lu m e t r ic  c a p a c i ty  m a y  s t i l l  b e  a  s ig n i f ic a n t  is s u e  
(h t tp : / /w w w .e o e a r th .o r g /a r t ic le /H y d r o g e n _ s to r a g e ).

2.4 Metal Hydrides and Complex Hydrides Materials

H y d r o g e n  r e a c ts  a t e le v a te d  te m p e r a tu r e s  w i th  m a n y  t r a n s i t io n  m e ta l s  a n d  
th e ir  a l lo y s  to  f o rm  h y d r id e s .  H y d r o g e n  a to m s  f i t  in to  o c ta h e d r a l  o r  te t r a h e d r a l  h o le s  
in  th e  m e ta l  la t t ic e .  A to m ic  h y d r o g e n  s to re d  in  th e s e  in te r s t i t ia l  s i te s  r e c o m b in e s  a t  
p a r t i c le  s u r f a c e s  to  fo rm  m o le c u la r  h y d r o g e n  u p o n  re le a s e .

T h e re  a r e  tw o  p o s s ib le  w a y s  o f  h y d r id in g  a  m e ta l ,  d i r e c t  d i s s o c ia t iv e  
c h e m is o r p t io n s  a n d  e le c t ro c h e m ic a l  s p l i t t in g  o f  w a te r .
T h e s e  r e a c t io n  a re :

M  +  | h 2 < -> M H x +  h e a t (2. 1)

M + - ^ H 20  +  ^ - e -  <-> M H  1, + ^ O H ‘ (2.2)

w h e re  M  r e p r e s e n ts  th e  m e ta l e le m e n ts ,  a n d  X r e p r e s e n ts  th e  n u m b e r  o f  d e s o r b e d  a n d  
a b s o r b e d  h y d r o g e n .  W h e th e r  h y d r o g e n  is  r e le a s e d  o r  a b s o r b e d  d e p e n d s  o n  th e  v a lu e  
o f  th e  G ib b s  e n e r g y  a t  th e  r e a c t io n  c o n d i t io n s .

http://www
http://www.eoearth.org/article/Hydrogen_storage
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A G  =  A H - T A S (2 .3 )

w h e re ,

A G  =  G ib b s  F r e e  E n e r g y ,  k J  

A H  =  e n th a lp y  c h a n g e ,  k J  

T  ■ = t e m p e r a tu r e ,  K  

A S =  e n t ro p y  c h a n g e ,  k J  K '1

H y d r o g e n  is  a b s o r b e d  i f  A G  is  le s s  th a n  z e ro  a n d  d e s o r b e d  i f  A G  is  g r e a te r  th a n  
z e ro . A b s o r p t io n  a n d  d e s o r p t io n  a re  tw o  s te p s  in v o lv e d  to  s to re  h y d r o g e n  in  m e ta l  
h y d r id e s .  E n e r g y  is  n e e d e d  f o r  th e  o p e ra t io n .  T h e  to ta l  e n e r g y  r e q u i r e d  to  o p e ra te  a  
m e ta l  h y d r id e  s to ra g e  s y s te m  is  a b o u t  1 2 .5 %  o f  th e  lo w  h e a t in g  v a lu e  o f  h y d r o g e n  
a n d  it is  th e  lo w e s t  o p e r a t in g  e n e rg y  ( H e u n g ,  2 0 0 3 ) .

M e ta l  h y d r o g e n  s y s te m  c o n s is t s  o f  H 2 g a s , in te r f a c e  r e g io n  a n d  s o l id  m e ta l  a s  
s h o w n  in  F ig u re  2 .2 . A t  th e  in te r fa c e , th e  m o le c u le  is  d i s s o c ia te d  a n d  d is s o lv e s  in to  
th e  m e ta l  p h a s e .  T h e  m e ta l  p h a s e  is  k n o w n  a s  a  p h a s e ,  a t  w h ic h  s o m e  h y d r o g e n  is  
a b s o rb e d .  T h e  fu l ly  f o r m e d  h y d r id e  is  k n o w n  a s  p  p h a s e .  F ig u r e  2 .3  s h o w s  th e  
a b s o r p t io n /d e s o r p t io n  s y s te m  o f  m e ta l  h y d r id e s .  M e ta l  a b s o rb s  h y d r o g e n  to  f o rm  
h y d r id e s  a n d  r e le a s e s  h e a t . O n  th e  o th e r  h a n d ,  a s  th e  te m p e r a tu r e  in c re a s e s ,  th e  m e ta l  
h y d r id e  d e s o r b s  h y d ro g e n .

T h e  r e a c t io n  o f  h y d r o g e n  g a s  w i th  a  m e ta l  is  c a l le d  th e  a b s o r p t io n  p r o c e s s  
a n d  c a n  b e  d e s c r ib e d  in  t e r m s  o f  a  s im p l i f ie d  o n e - d im e n s io n a l  p o te n t ia l  e n e rg y  c u r v e  
( F ig u re  2 .4 ) . T h e  h y d r o g e n  m o le c u le  a p p r o a c h e s  to  th e  m e ta l  a to m  b y  V a n  d e r  W a a ls  
fo rc e s  a n d  f o rm s  a p h y s i s o r b e d  s ta te . B e fo re  d i f f u s io n  in to  th e  m e ta l ,  th e  h y d r o g e n  
m o le c u le  h a s  to  o v e r c o m e  th e  a c t iv a t io n  b a r r ie r  a n d  d i s s o c ia te s  to  f o rm  a 
c h e m is o r b e d  s ta te  (Z i i t te l ,  2 0 0 3 b ) .
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Figure 2.2 M o d e l  o f  th e  m e ta l  h y d r id e s  in te r a c t io n  
(h t tp : / /w w w .o v o n ic - h y d r o g e n .c o m /s o lu t io n s / t e c h n o lo g y l .h tm ).

Figure 2.3 A b s o r p t io n  a n d  d e s o r p t io n  o f  m e ta l  h y d r id e s  
( h t tp : / /w w w .h y d r o g e n c o m p o n e n ts .c o m /h y d r id e .h tm l).

T h e  h y d r o g e n  a to m s  c o n t r ib u te  th e i r  e le c t ro n  to  th e  b a n d  s t r u c tu r e  o f  th e  
m e ta l .  A t a  s m a ll  h y d r o g e n  to  m e ta l  r a t io  ( H /M  <  0 .1 ) ,  th e  h y d r o g e n  is

http://www.ovonic-hydrogen.com/solutions/technologyl.htm
http://www.hydrogencomponents.com/hydride.html


10

e x o th e r m ic a l ly  d i s s o lv e d  in  th e  m e ta l  ( s o l id - s o lu t io n ,  GE-phase). F a r  f ro m  th e  m e ta l  
s u r fa c e , th e  p o te n t ia l  o f  a  h y d r o g e n  m o le c u le  a n d  o f  tw o  h y d r o g e n  a to m s  a re  
s e p a r a te d  b y  th e  d i s s o c ia t io n  e n e rg y . T h e  f ir s t  a t t r a c t iv e  in te r a c t io n  o f  th e  h y d r o g e n  
m o le c u le  a p p ro a c h in g  th e  m e ta l  s u r fa c e  is  th e  V a n  d e r  W a a ls  fo rc e  l e a d in g  to  th e  
p h y s i s o r b e d  s ta te  a p p r o x im a te ly  o n e  h y d ro g e n  m o le c u le  f ro m  th e  m e ta l  s u r fa c e . 
C lo s e r  to  th e  s u r f a c e ,  th e  h y d r o g e n  h a s  to  o v e rc o m e  a n  a c t iv a t io n  b a r r ie r  fo r  
d i s s o c ia t io n  a n d  f o rm a t io n  o f  th e  h y d ro g e n  m e ta l  b o n d . T h e  h e ig h t  o f  th e  a c t iv a t io n  
b a r r ie r  d e p e n d s  o n  th e  s u r fa c e  e le m e n ts  in v o lv e d . H y d r o g e n  a to m s  s h a r e  th e i r  
e le c t ro n  w i th  th e  m e ta l  a to m s  a t  th e  s u r fa c e  a r e  th e n  in  th e  c h e m is o r b e d  s ta te . T h e  
c h e m is o r b e d  h y d r o g e n  a to m s  m a y  h a v e  a  h ig h  s u r f a c e  m o b i l i ty ,  in te r a c t  w i th  e a c h  
o th e r ,  a n d  fo rm  s u r f a c e  p h a s e s  a t  s u f f ic ie n t ly  h ig h  c o v e ra g e . In  th e  n e x t  s te p , th e  
c h e m is o r b e d  h y d r o g e n  a to m  c a n  ju m p  in  th e  s u b s u r f a c e  la y e r  a n d  f in a l ly  d i f f u s e  o n  
th e  in te r s t i t ia l  s i te s  th ro u g h  th e  h o s t  m e ta l  la t t ic e  (Z i i t te l ,  2 0 0 3 b ) .

Figure 2.4 P o te n t ia l  e n e r g y  o f  a  h y d r o g e n  m o le c u le  a n d  o f  tw o  h y d r o g e n  a to m s  
(Z i it te l ,  2 0 0 3 b ) .
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A t  g r e a te r  h y d r o g e n  c o n c e n t r a t io n s  in  th e  h o s t  m e ta l  ( H /M  >  0 .1 ) ,  a  s t r o n g  
h y d r o g e n - h y d ro g e n  in te r a c t io n  b e c o m e s  im p o r ta n t  b e c a u s e  o f  th e  la t t ic e  e x p a n s io n ,  
a n d  th e  h y d r id e  p h a s e  (P - p h a s e )  n u c le a te s  a n d  g r o w s .  T h e  h y d r o g e n  c o n c e n t r a t io n  in  
th e  h y d r id e  p h a s e  is  o f te n  f o u n d  to  b e  H / M = l .  T h e  v o lu m e  e x p a n s io n  b e tw e e n  th e  
c o e x is t in g  a -  a n d  p - p h a s e s  c o r r e s p o n d s ,  in  m a n y  c a s e s ,  to  1 0 —2 0 %  o f  th e  m e ta l  
la t t ic e .  A t  th e  p h a s e  b o u n d a r y ,  th e r e f o r e ,  a  la rg e  s t r e s s  b u i ld s  u p  a n d  o f te n  le a d s  to  a  
d e c r e p i ta t in g  o f  b r i t t l e  h o s t  m e ta ls  s u c h  a s  in te r m e ta l l i c  c o m p o u n d s .  T h e  f in a l  
h y d r id e  is  a  p o w d e r  w i th  a  ty p ic a l  p a r t i c le  s iz e  o f  1 0 - 1 0 0  p m  ( Z i i t te l ,  2 0 0 3 b ) .

S o m e  h y d r o g e n  is  d i s s o lv e d  in  th e  h o s t  m e ta l  a s  a  s o l id  s o lu t io n .  T h e  
h y d r o g e n  p r e s s u r e  in c re a s e s  p r o p o r t io n a l  to  th e  h y d r o g e n  c o n c e n t r a t io n  a n d  th e  
h y d r id e  p h a s e  o c c u r s .  In  b o th  o f  th e  s o l id  s o lu t io n  a n d  h y d r id e  p h a s e  r e g io n  
( a  +  p  p h a s e ) ,  th e  p re s s u re , c h a n g e  is  s m a ll  a n d  s iz e  o f  th e  r e g io n  d e p e n d s  o n  th e  
h y d r o g e n  a b s o rb e d .  I n c r e a s in g  h y d r o g e n  c o n c e n t r a t io n  u n t i l  th e  p h a s e  c o m p le te ly  
c h a n g e s  to  th e  p u r e  h y d r id e  p h a s e ,  th e  h y d r o g e n  p r e s s u r e  in c r e a s e s  r a p id ly  a g a in  
( S c h la p b a c h  a n d  Z i i t te l ,  2 0 0 1 ) .  T h e  h y d r o g e n  a b s o r p t io n  o n  m e ta l  is  r e p r e s e n te d  b y  a  
P C T  d ia g r a m  a s  s h o w n  in  F ig u r e  2 .5 .

Figure 2.5 P r e s s u r e - c o n c e n t r a t io n - te m p e r a tu r e  c u r v e  ( P C T  d ia g r a m )  a n d  V a n ’t  H o f f  
p lo t  ( L o g a r i th m  o f  th e  e q u i l ib r iu m  a g a in s t  th e  r e c ip r o c a l  t e m p e r a tu r e )  
(h t tp : / /w w w .o v o n ic - h y d r o g e n .c o m /s o lu t io n s / t e c h n o lo g y l  .h tm ) .

T h e  h y d r o g e n  p r e s s u r e  th a t  is  in  e q u i l ib r iu m  d e p e n d s  o n  te m p e r a tu r e  a n d  it  
is  d e f in e d  b y  th e  V a n ’t  H o f f  e q u a tio n :

http://www.ovonic-hydrogen.com/solutions/technologyl
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l n P  =  ^ T ‘ T T  (2 .4 )R T  R

w h e r e  A H  a n d  A S a re  th e  e n th a lp y  a n d  th e  e n t ro p y  o f  th e  r e a c t io n ,  r e s p e c t iv e ly ,  R  
is  th e  g a s  c o n s ta n t  a n d  T  is  th e  a b s o lu te  te m p e r a tu r e .  T h e  lo g a r i th m  o f  p r e s s u r e  a n d  
o n e  o v e r  te m p e r a tu r e  ( In P  v s  1 /T  ) a re  p lo t te d ,  c a l le d  V a n ’t  H o f f  p lo t ,  F ig u r e  2 .5 . T h e  
s lo p e  o f  th e  p lo t  is  r e la te d  to  th e  e n th a lp y  o f  f o r m a t io n  a n d  th e  in te r c e p t  is  r e la te d  to  
th e  e n t ro p y  o f  f o rm a t io n .  T h e  e n th a lp y  te r m  g iv e s  th e  in f o r m a t io n  a b o u t  th e  s ta b i l i ty  
o f  th e  m e ta l  h y d r o g e n  b o n d  a n d  th e  e n t ro p y  te r m  g iv e s  th e  in f o r m a t io n  a b o u t  h y d r o ­
g e n  g a s  m o le c u le  to  d i s s o lv e d  s o l id  h y d r o g e n  ( S c h la p b a c h  a n d  Z ii t te l ,  2 0 0 1 ) .

M e ta l  h y d r id e s  c a n  b e  d iv id e d  in to  tw o  ty p e s ,  a lk a l i  a n d  in te r -m e ta l l ic .
a )  A lk a l i  M e ta l  H y d r id e s

T h e  l ig h t  m e ta ls  s u c h  a s  L i, B e , N a ,  M g , B  a n d  A l , f o r m  a  la r g e  v a r ie ty  
o f  m e ta l - h y d r o g e n  c o m p o u n d s .  T h e y  a re  e s p e c ia l ly  in te r e s t in g  d u e  to  th e i r  l ig h t  
w e ig h t  a n d  th e  n u m b e r  o f  h y d r o g e n  a to m s  p e r  m e ta l  a to m , w h ic h  is  in  m a n y  c a s e s  a t  
th e  o r d e r  o f  H /M  =  2  ( S a k in tu n a  e t a l., 2 0 0 7 ) ;  s u c h  a s  a la n a te s  ( a lu m in o h y d r id e s ) ,  
b o r o h y d r id e s ,  a n d  im id e s ,  in  w h ic h  th e  m e ta l  a to m  is  s u r r o u n d e d  b y  f o u r  to  s ix  
h y d r o g e n  a to m s  f o r m in g  a  c o m p le x  n e g a t iv e ly  c h a r g e d  a n io n ,  m im ic  th e  s t r u c tu r e  o f  
m e th a n e .  T h u s ,  th e s e  c o m p le x  h y d r id e s  m a y  h a v e  th e  g r e a te s t  p o te n t ia l  to  p r o v id e  
b o th  a  h ig h  w t%  h y d r o g e n  a n d  d e s i r a b le  r e le a s e /a b s o r p t io n  k in e t ic s  (h t tp : / /w w w .s e . 
d o e .g o v /b e s /h y d r o g e n .p d f ) .  A s  s h o w n  in  T a b le  2 .1 , t h e i r  th e o r e t ic a l  to ta l  h y d r o g e n  
c a p a c i t i e s  a r e  h ig h  ( f r o m  ~ 7  to  18 w t% ).

b )  I n te r - M e ta l l ic  M e ta l  H y d r id e s
I n te r - m e ta l l i c  m e ta l  h y d r id e s  c a n  p e r f o r m  m a n y  f u n c t io n s :  (1 )  to  

e n h a n c e  th e  h y d r id in g - d e h y d r id in g  k in e t ic  c h a r a c te r i s t i c  b y  a c t in g  l ik e  a  c a ta ly s t ,  (2 )  
a l t e r in g  th e  e q u i l ib r iu m  p r e s s u r e  o f  th e  h y d r o g e n  a b s o r p t io n - d e s o r p t io n  p r o c e s s  to  a  
d e s i r e d  le v e l ,  a n d  (3 )  in c r e a s in g  th e  s ta b i l i ty  o f  th e  a l lo y  a n d  p r e v e n t in g  d i s s o lu t io n  
o r  f o r m a t io n  o f  a  c o m p a c t  o x id e  la y e r . T h e y  c o n s is t  o f  tw o  o r  m o r e  m e ta ls ,  w h ic h  a re  
a l lo y e d  to g e th e r  to  f o rm  n e w  c h e m ic a l  c o m p o u n d s .  T h e  c o m p o u n d s  a re  a  
c o m b in a t io n  o f  e le m e n t  A , w i th  a  h ig h  a b i l i ty  to  a b s o r b  h y d r o g e n ,  a n d  e le m e n t  B , 
w i th  a  lo w  a b i l i t y  to  a b s o r b  h y d r o g e n . T h e  d i f f e r e n t  f a m i l ie s  o f  in te r m e ta l l i c  
c o m p o u n d s  a re  c la s s i f ie d  o n  th e  b a s is  o f  t h e i r  c ry s ta l  s t r u c tu r e s ,  s u c h  a s  A B 2  ty p e

http://www.se
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(Laves phase), AB5 type phases and Ti-based body centered cubic, BCC. Alloys are 
well known as hydrogen-storage materials.

Intermetallic compounds are often obtained by combining an element 
forming a stable hydride with an element forming a nonstable hydride. As for the 
metallic hydrides, the dissociative chemisorption of hydrogen is followed by 
hydrogen diffusion into the interstitial sites (Sakintuna et al., 2007). Some families of 
inter-metallic compounds are listed in Table 2.2.

Their low energy density per unit weight is an important critical 
disadvantage. Among the AB5 type alloys, due to their low working temperature and 
pressure, metal alloys containing high amounts of LaNi5 have been studied as 
hydrogen-storage materials by various research groups around the world. Some of 
the studies were carried, with pure compounds, while others studied blending of the 
material with various. metals through melting or mechanical alloying techniques 
(Sakintuna et al., 2007).

Table 2.1 Theoretical hydrogen capacities of metal hydrides and complex hydrides

Hydrides Hydrogen, wt% Reversibility
MgH2' 7.7 Yes (good)
LiH2 12.7 N/A
NaAlH4' 5.6 Yes(good)
LiAlH43 10.5 No
Mg(AlH4)24 9.3 No
NaBH44 10.7 No
LiBLL,5 18.5 Yes
Mg(BH4)24 14.9 No
LiNH26 6.5 N/A
Li3N6

I c i .  - . :—r  - .n n -7
10.4

2t 1 ■1 :-- r
Yes

TTTi 7— ; ไ—r  -TATtT'Sakintuna et al., 2007; 2Ichikawa et al., 2005; ^Blanchard et al., 2004; 
4Sandrock, 1999; 5Jin et al., 2008; 6Isobe et al., 2005.
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Table 2.2 Examples of inter-metallic compounds

Maximum Hydrogen Capacity

Type Intermetallic H/Ma wt% Temperature (°C) for 
1 atm Pdesorption

A2B Mg2Ni 1.33 3.6 255
AB TiFe 0.975 1 .8 6 - 1 0
AB ZrNi 1.4 1.85 292
a b 2 ZrMn2 1 .2 1.77 167
a b 5 LaNis 1.08 1.49 1 2

a b 2 TiVo.62Mni 5 1.14 2.15 - 6
aH/M is the hydrogen-to-metal atomic ratio in the compound (Sandrock, 1999).

2.5 Dopants

The enhancement of kinetics at low temperatures and the requirement for 
high hydrogen storage capacity (>6.0 wt%) of hydrogen storage materials could be 
made possible by catalytic doping (Niemann et al., 2008). For example, the addition 
of Ti-based compounds (such as TiCE or Ti[OBu]4 to NaAlFB) was found to lower 
the first decomposition temperature of the hydride, so that 3.7 wt% is released at 
80°c, but at the expense of lowering the hydrogen content from 5.5 wt% in the 
hydride without a catalyst (http://www.sc.doe.gov/bes/hydrogen.pdf).

If nanostructured materials with high surface area are used as the catalytic 
dopants, they may offer several advantages for the physicochemical reactions, such 
as surface interactions, adsorption in addition to bulk absorption, rapid kinetics, 
low-temperature sorption, hydrogen atom dissociation, and molecular diffusion via 
the surface catalyst. The intrinsically large surface areas and unique adsorbing 
properties of nanophase catalysts can assist the dissociation of gaseous hydrogen and 
the small volume of individual nanoparticles can produce short diffusion paths to the 
materials’ interiors. The use of nanosized dopants enables a higher dispersion of the

http://www.sc.doe.gov/bes/hydrogen.pdf
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catalytically active species and thus facilitates higher mass transfer reactions (Nie­
mann et al., 2008).

Niemann et al. (2008) reported that introducing nano-Ni (particle size of 3 - 
10 nm) with concentrations of 1, 2, 3, and 4 mol% in the new complex borohydride, 
LiBH4 +1/2 ZnCh, helped to lower the temperature of decomposition from 120°c 
down to 100°c. And a concentration of 3 mol% nano-Ni was found to be optimum 
for the gravimetric weight loss due to thermal decomposition at low temperature.

It was also confirmed from gravimetric analysis that nanocatalyst doping 
enhances the hydrogen storage characteristics such as reaction kinetics at low- 
decomposition temperature (Niemann et al., 2008).

2.6 Comparison of Material’s Hydrogen Storage Densities

Figure 2.6 Comparison of metal hydrides, carbon nanotubes, and other hydrocar­
bons (Storing in hydrogen per mass and per volume) (Schlapbach and Zuttel, 2001).

Candidate materials for hydrogen storage will need to have high hydrogen 
packing density, as well as low weight. This sidebar compares these two properties,
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the mass density and volume density of hydrogen—for a number of different 
hydrogen-containing materials. The hydrogen density in the materials is simply 
proportional to the material density through the mass fraction. Three straightline 
plots are shown in Figure 2.6 for 5, 1, and 0.5 g cm’3. The best materials for 
hydrogen storage applications should be in the upper-right quadrant of the figure. 
Inter-metallic hydrides, such as LaNisHô, have high volumetric densities, but 
generally are heavy—with specific gravities in the range of 5-10 g cm’3. They tend 
to populate the left-hand portion of Figure 2.6. Lighter compounds, with specific 
gravities of ~1 g cm'3, need to have high hydrogen-to-metal ratios to achieve high 
volumetric density. Some examples with high hydrogen contents are shown in the 
chart. Note that the hydrogen densities in solids tend to be comparable to the 
densities of hydrogen in hydrocarbon fuels, alcohols, and ammonia (http://www.se. 
doe.gov/bes/hydrogen.pdf).

2.7 L i-A l-H  System

Lithium alanate or lithium aluminum hydride (LiAlFL) has high hydrogen 
capacity for complete decomposition (10.5 wt%). It has multiple steps for 
decomposition:

3LiAlH4 -> Li3AlH6 +2A1 + 3H2 (2.5)

Li3AlH5 -> 3LiH + Al + | H 2 (2.6)

3LiH + 3A1 —» 3LiAl + | H 2 . (2.7)

The first step, reaction (2.5), takes place at 150-175°c, and releases 5.3 wt% 
hydrogen. The second step, reaction (2.6), releases 2.6 wt% hydrogen and occurs at 
about 180-220°c. The last decomposition step occurs at high temperature, about 
400°c (Blanchard et al., 2004).

Blanchard et al. (2004) studied desorption of LiAlFL} with Ti- and V-based 
additives. They found that ball-milling of LiAlD4 in presence of VCI3 or

http://www.se
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TiCl3*l/3(AlCl3) could reduce its thermal decomposition temperatures by 60°c and 
50°c, respectively.

Easton et al. (2005) studied factors which affect hydrogen released from 
LiAlEL). They concluded that the mechanical milling of LiAlEL) with TiCb reduced 
the temperature for the thermal decomposition of LiAlELt and IÜ3AIH6.

Suttisawat et al. (2007) investigated the effects of two transition metals, Zr 
and Hf, on the desorption/absorption of UAIH4 with various amounts of doping from 
0 to 9 mol% using thermovolumetric apparatus. It was reported that both ZrCfi and 
HfCfi enhanced the desorption kinetics and decreased the desorption temperature. 
ZrCfi was more effective in improvement kinetics, while HfCl4 was more effective in 
decreasing the desorption temperature. However, no hydrogen absorption was 
observed for the undoped or doped LiAlH4 at 125°c under 11 MPa of hydrogen 
pressure for 12 h. Moreover, XRD pattern indicated that both the as-milled sample 
and desorbed sample composed of Al, LiCl, and LiH. They concluded that LiAlH4 
was unstable and decomposed during the milling process.

Zheng and Liu (2009) studied the hydrogen-storage properties of UAIH4 
both undoped and doped with 5 mol% catalysts such as, Ti, Ni, Ce(SC>4), and LaCl3 
by pressure-composition-temperature (PCT) experiment. They found that doping 
significantly decreased the amount of hydrogen release in the first and second steps, 
especially in the first step, except doping with Ce(S04) that had no significantly 
difference on the amount of hydrogen released. LiAlH4 began to decompose at 
148°c and continued up to 176°c. Hydrogen was released from LiAlH4 about 4.0 
and 2.0 wt% in the first and second steps, respectively. Effect on decomposition 
temperature of adding additives exhibited significantly difference— doping with Ti 
and Ce(SC>4) obviously decreased the first-step desorption temperature, by 13°c and 
38°c, respectively. Rehydrogenation was performed at 180°c and under ~8 MPa for 
2 h—Ti-doped sample gave the most amount of absorbed hydrogen as 0.83 wt%, 
followed by LaCfi and Ce(SC>4) which were observed as 0.62 and 0.12 wt% of 
absorbed hydrogen, respectively. The X-ray diffraction measurement exhibited two 
major phases of decomposed sample of 5 mol% Ti-doped LiAlH4 as Al and LiH. It 
was proved that LÎ3A1H6 was reversible according to the following reaction:
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3LiH + Al + | H 2 -» Li3AlH (2 .8)

Liu et al. (2009) investigated the effect of TiF3 on the hydrogen storage 
properties of LiAlEL with various milling times from 0.5 h to 18 h using 
thermogravimetric analysis (TGA). They reported that the crystallite size of LiAlFL 
got smaller (from 69 nm to 43 nm) and the desorption temperature became lower 
(from 80°c to 60°C) with the increase in the milling time. After 18 h ball milling, 4 
mol% TiF3 doped-LiAIR} released hydrogen about 5.0 wt% in the temperature range 
of 60-145°c. No hydrogen absorption was revealed under 9.5 MPa of hydrogen 
pressure. In addition, XRD pattern exhibited that LiAlFL decomposed during the ball 
milling and TiF3 probably reacted with LiAlFLt to form TiAb, which acted as an 
catalyst.

2.8 L i-B-H  System

LiBFL) has a very high theoretical hydrogen capacity, 18.5 wt%, and even its 
reversible storage capacity is 13.9 wt%.

Unfortunately, LiBFLt is quite stable thermodynamically and its decomposi­
tion temperature under 1 bar of hydrogen is calculated to be above 407°c, which is 
above its melting point. Even worse is that it does not seem to become hydrogenated 
below 600°c under a hydrogen pressure of under 350 bar, which is not practical for 
automobile applications (Orimo et al., 2005).

Züttel et al. (2003a) studied the structure and the thermal hydrogen 
desorption process of LiBfL. The desorption experiments were carried out in a 
stainless steel cylinder and the desorbed gas was measured by means of a gas flow 
controller. For pure LiBH4, the thermal desorption spectra showed a small amount of 
released hydrogen between 100-200°c of 0.3-1.5 mass%. The fusion was observed

(2.9)
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around 270°c. The first step desorption started at 320°c and released hydrogen 1 
mass% while the second step started at 400°c and amount o f desorbed hydrogen 
reached up to 9 mass% at 600°c. A total of 4.5 mass% of the hydrogen remained as 
LiH in the decomposition product. The thermal desorption spectra of mixed LiBFLt 
and S i02-powder (25:75mass%) exhibited that the first hydrogen desorption started 
at 200°c, the amount of released hydrogen reached up to 9 mass% below 400°c, and 
the second desorption was observed at 453°c, as described in the following 
schematics:

1. Structeral transition at 108°c

LiBH4 -> LiBH 4.e + ^ {ร)น2 (2.10)

2. First hydrogen desorption started at 200°c
LiBH4̂  -> "LiBH2" + | ( l -e )U 2 (2.11)

3. Second hydrogen desorption started at 453๐c

"LiBH2"-> LiH + B + ^ H 2 (2.12)

2.9 Li-AI-B-H System

Jin et al. (2008) investigated the LiBH4/Al system. Composite powder, a 
mixture of LiBH4 and LiAlFLt together with 3 mol% TiF3, was prepared by ball 
milling. LiAlH4, instead of A1 powder, was mixed with LiBH4 in order to produce 
fine and surface oxide-free A1 by an in situ decomposition of LiAlH4 during milling 
or dehydrogenation processes. The powder started to decompose between 177°c and 
247°c and the weight loss reached up to 7.2 wt% at 387°c. The formation of A1B2 
was clearly observed after desorption at 400°c for 4 h. It was also confirmed that de-



hydrogenated product can be hydrogenated to about 5.1 wt% H 2 at 350°c for 6 h un­
der 70 bar of hydrogen. They clearly confirmed that the following reaction:

2LiBH4 + Al —>2LiH + A1B2 + 3H2 (2.13)

was reversible at moderate temperature and pressure conditions, although the 
reaction kinetics seems to be rather slow. Besides, it was confirmed that the use of 
transition metal halide as a catalyst precursor enhanced the dehydrogenation reaction 
kinetics significantly.

Mao et al. (2009) investigated the hydrogen storage properties of the 
LiAlH4-LiBH4, both undoped and doped with TiF3 and T i0 2 as catalysts. The 
samples were mixed by ball milling. The systems exhibited 2 steps of hydrogen 
release—the first step started at about 118°c whereas the second step started at about 
300°c. LiAlH4 + 2LiBH4 doped with 5 mol% TiF3 showed the best hydrogen 
storage properties, the onset temperature of the first and second dehydrogenation 
steps were decreased by 64 and 150°c, respectively. Moreover, it could absorb 3.76 
wt% and 4.78 wt% in 1 h and 14 h, respectively, at 600°c and under 4 MPa of 
hydrogen, while doping with 5 mol% T i0 2 decreased the temperature of the first and 
second decomposition steps by 27 and 50°c, respectively. Furthermore, it was 
observed from X-ray diffraction analysis that after heating to 150°c, Li3AlH6, Al, 
and LiH were formed, no LiAlTfi was presented but LiBFfi. After heating to 
300°c, Al, LiH, A1B2, and some LiBH4, were observed. After heating to 600°c, no 
LiBH4 was found but LiAl.
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