
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Hydrogen Desorption of Mg(BH4 )2

4 .1 .1  S y n th e s is  o f  M g fB F U D
T o  sy n th e s iz e  M g(B l-L i) 2 , a m ix tu re  o f  L iB H 4  and M g C U  w a s  p repared  

w ith  a 2:1 m o la r  ratio b y  th e  b a ll-m illin g  te c h n iq u e  at 2  and 5 h. T h e  X R D  pattern s  
in  F igu re 4 .1  p r o v id e  the p h a se  o f  th e  L iB H 4 /M g C l 2  m ix tu re  m ille d  for  2  and 5 h and  
L iB fL ) m ille d  for  5 h. T h e X R D  pattern s o f  the L iB H 4 /M g C l 2  m ix tu re  m ille d  for 2  
and  5 h (F ig u re  4 .1 (b )  and 4 .1 (c ) )  c o n s is t  o f  L i 2 M g C l 4  and L iC l p ea k s  w h erea s  the  
p ea k s c o r r esp o n d in g  to LiBFL) (F igu re  4 .1 (a ) )  and M g C U  d isap p ea r . It can  b e  
d e d u c ed  that th e  ball m il lin g  p r o c e ss  in d u c e s  L iB H 4  to  react w ith  M g C l 2  throu gh  th e  

fo l lo w in g  r ea c tio n  (M a tsu n a g a  et a l,  2 0 0 8 ):

2 L iB H 4  +  M g C l 2  - >  M g (B H 4 ) 2  +  2 L iC l (4.1 )

Figure 4.1 X-ray diffraction patterns of LiBH4 milled for 5 h (a), the LiBH4/MgCl2

mixture milled for 2 h (b) and 5 h (c).
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C o m p a r iso n  b e tw e e n  th e X R D  p attern s o f  th e  L iB H 4 /M g C l 2  m ix tu re  
m ille d  for 2  and 5 h s h o w s  that th e  in ten sity  o f  th e  sa m p le  b all m il le d  for 5 h (F ig u re  
4 .1 (c ) )  is  lo w e r  than that b all m il le d  for 2  h (F ig u re  4 .1 (b ) ) . T h at is  b e lie v e d  to  b e  
con tr ib u ted  from  the partial d e c o m p o s it io n  o f  th e  L iB F U /M g C b  m ix tu re  to L iC l and  
H i d u rin g  the ball m il l in g  p r o c e ss . T h erefo re , the b all m il l in g  t im e  o f  2 h is e x p e c te d  
to be a d eq u ate  to sy n th e s iz e  M g (B H 4 ) 2 .

T h e rea so n  for th e  a b se n c e  o f  a d if fr a c tio n  pattern  o f  M g (B H 4 ) 2  m ay  
be that th e  c o m p o u n d  sy n th e s iz e d  b y  th e  ball m il l in g  m eth o d  is  n ot cry sta lliz e d  
su ff ic ie n t ly  (L i et a i ,  2 0 0 8 ) . F u rth erm ore, V a r in  et al. ( 2 0 1 0 )  rep orted  that 
ball m il l in g  o f  L iB H 4  w ith  M n C L  resu lted  in the fo rm a tio n  o f  a n e w  c o m p le x  m eta l 
b oro h yd r id e , and the X R D  pattern o f  the L iB H 4 /M n C l 2  m ix tu re  a fter  ball m illin g  
sh o w e d  th e  stron g d iffr a c tio n  p ea k s  o f  L iC l.

T h e D S C  p r o file s  o f  the L iB H 4 /M g C l 2  m ix tu re  a fter  b a ll m il l in g  for 
2 h are sh o w n  in F ig u re  4 .2 . P r o file s  o f  L iB H 4  and  M g C l 2  after b a ll m il lin g  for 2 h 
w ere  a ls o  in v e stig a te d  as re fe r e n c e s. For L iB H 4  (F ig u re  4 .2 (a ) ) , there are 
en d o th erm ic  p eak s at 11 4  ๐c  and  2 9 2  °c c o r r e sp o n d in g  to  th e  p h a se  tran sition  o f  
L iB H 4 , w h erea s  no p eak  is  o b se r v e d  for th e  L iB H 4 /M g C l 2  m ix tu re  in th is  
tem p era tu re range. For M g C h  (F ig u re  4 .2 (b ) ) ,  th e  D S C  p r o f ile  s h o w s  an  
en d o th e r m ic  p eak  at 3 0 0  °c and there is  n o p eak  o f  th e  L iB H 4 /M g C l 2  m ix tu re  in th is  
tem p era tu re range. T h is  resu lt im p lie s  that the rea c tio n  b e tw e e n  L iB H 4  and M g C b  
tak es p la c e  during th e  b all m il l in g  and  the e n d o th e r m ic  p eak s o f  th e  L iB IT j/M g C L  
m ix tu re  are sim ila r  to th e  d e c o m p o s it io n  tem p era tu re o f  M g (B H 4 ) 2  (M a tsu n a g a  et al., 
2 0 0 8  and  L i et a i ,  2 0 0 8 ) .  T h ere fo re , th e  D S C  r esu lts  su p p ort that M g (B H 4 ) 2  w a s  
sy n th e s iz e d  b y  the b all m illin g .
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Figure 4 .2  D iffe r e n tia l sc a n n in g  ca lo r im etry  p r o f ile s  o f  L iB H 4  (a ), M g C fi (b ), and  
the L iB f f i /M g C h  m ix tu re  (c )  m il le d  for 2  h.

4 .1 .2  H y d r o g e n  D e so r p tio n  o f  M g (B H 4)?
T h e  h yd ro g en  d eso r p tio n  p r o f ile s  o f  M g (B H 4 ) 2  at d ifferen t b a l l  

m ill in g  t im e s  are p resen ted  in  F ig u re  4 .3 . F or th e b all m il l in g  t im e  o f  2  h (F igu re  
4 .3 (a ) ) , M g (B H 4 ) 2  starts to  d e c o m p o s e  at 3 0  ๐c .  T h e first d e so r p tio n  step  o ccu rs  at 
2 1 4  ๐c  and r e le a se s  ab o u t 2 .4 3  พ t%  h yd ro g en . T h e  se c o n d  ste p  r e le a se s  2 .1 0  w t%  
h y d r o g e n  and ta k e s  p la c e  at 3 7 4  °c, w ith  th e  to ta l am o u n t o f  4 .7 8  w t%  h yd rogen . 
S im ila r  resu lts  w e r e  o b ta in ed  from  M g (B H 4 ) 2  b a ll m ille d  for  5 h (F igu re  4 .3 (b ) ) , it 

starts to  re lea se  h y d ro g en  at 61 °c, w h ile  th e  starts o f  the first and  se c o n d  d e so rp tio n  
are at 2 2 6  °c and 3 7 4  ๐c  w ith  th e  a c c u m u la ted  h y d ro g en  o f  1 .9 7  พ t%  and 2 .5 6  w t 0 /n, 
r e sp e c tiv e ly . T h e to ta l am o u n t o f  d eso rb ed  h y d ro g en  is a b o u t 4 .7 6  w t%  h yd rogen , 
T h e se  resu lts  in d ica te  th e  h y d ro g en  d eso rb s  in  th e  fo l lo w in g  tw o  s te p s  (M a tsu n a g a  
et a l ,  2 0 0 8 ):

M g (B H  4  ) 2  —> M g H  2  +  2 B  +  3H  2  ( 1 st s tep ) (4 .2 )

M g H  2  - >  M g  +  H 2 ( 2 nd step ) (4 .3 )
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M o r e o v e r , th e  r esu lts  in d ica te  that the m ix in g  b e tw e e n  UBH4 and  
M g C h  to  sy n th e s iz e  MgBFL} resu lts  in the d ecrea se  in  th e  d eso r p tio n  tem peratu re  
co m p a r e d  to UBH4 that sh o w s  th e  starting d eso rp tio n  tem p era tu re  at 3 0 0  ๐c  and the  
first d e so rp tio n  step  at 3 8 0  ๐c  (F igu re  4 .3 (c ) ) .  H o w e v e r , UBH4 s h o w s  h igh er  
h y d r o g e n  ca p a c ity , ab o u t 6 .5 5  w t%  h yd ro gen .

0  100  2 0 0  3 0 0  4 0 0  5 0 0
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Figure 4.3 H y d r o g e n  d eso r p tio n  p r o f ile s  o f  th e  L iB H 4 /M g C l 2  m ix tu re  m ille d  for 2 h 
(a ) and  5 h (b ) and U B H 4  m ille d  for 5 h (c).

T h e  D S C  p r o f ile s  in F igu re 4 .4  sh o w  th e  p h a se  tran sfo rm ation  
tem p era tu re  o f  th e  L iB H 4 /M g C l 2  m ix tu re  m il le d  for  2 and 5 h. T h e  D S C  p r o file  o f  
th e  L iB H 4 /M g C l 2  m ix tu re  m il le d  for 2  h (F ig u re  4 .4 (a ) )  s h o w s  th e first step  o f  
h y d r o g e n  d eso r p tio n  tem p era tu re at 2 1 2  ๐c  and th e se c o n d  step  at 3 7 7  ๐c .  For the  
m ix tu re  b all m il le d  for 5 h (F ig u re  4 .4 (b ) ) , th e  resu lt s h o w s  h y d ro g en  d eso rp tio n  
tem p era tu re  o f  th e  first and se c o n d  s te p s  at 2 4 4  ๐c  and 3 8 0  °c, r e sp e c tiv e ly .
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Figure 4.4 D iffe r e n tia l sc a n n in g  ca lo r im etry  p r o f ile s  o f  th e  L iB H /t/M g C fi m ix tu re  
m ille d  for 2 h (a ) and 5 h (b ).

T h e  resu lts  from  F ig u res 4 .3  and  4 .4  e x h ib it  that u s in g  d ifferen t b all 
m illin g  t im e s  resu lts  in  s im ila r  h y d ro g en  d e so rp tio n  b e h a v io r  and  d eso rp tio n  
tem p era tu re. H o w e v e r , th e  L iB H V M g C b  m ix tu re  m il le d  for  2  h s h o w s  a litt le  h ig h er  
h y d r o g e n  ca p a c ity  than  that m il le d  for 5 h. M o r e o v e r , for th e  d eh y d r o g e n a tio n  rate, 
th e  L iB H V M g C b  m ix tu re  m il le d  for 2 h a lso  s h o w s  a h ig h e r  d eso r p tio n  rate. It can  
b e  se e n  that the in itia l h y d ro g en  d e so rp tio n  o f  th e  L iB H V M g C li m ix tu re  m ille d  for  
2  h is  h ig h er  than  th e m ix tu re  m ille d  for 5 h  (F ig u re  4 .5 ) .
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Figure 4.5 H y d r o g e n  d eso r p tio n  p r o fd e s  a s  a fu n c tio n  o f  t im e  o f  th e  L iB H T M g C 'k  
m ix tu re  after b a ll m il lin g  for  2 h  (a ), 5 h  (b ) , and (c )  tem peratu re.

4.2 Hydrogen Desorption of Catalyzed Mg(BH4)2

4 .2 .1  E ffe c ts  o f  T iO ? and Nb?Q=i
It is  w e l l  k n o w n  that c a ta ly s ts  are an im p ortan t fa c to r  that a ffe c ts  the  

d eso r p tio n  tem p era tu re  o f  m eta l h y d r id es and  c o m p le x  m eta l h y d r id es  (S a k in tu n a  
et a l . , 2 0 0 7 ) . T h ere  are m a n y  ty p e s  o f  ca ta ly s ts , e a c h  o f  w h ic h  p r o v id e s  d ifferen t  
e f fe c t s  o n  th e  h y d ro g en  d e so rp tio n  p ro p erties  o f  th e  h yd rid e. T h is  w ork  further  
su b sta n tia tes  th e  e f fe c ts  o f  a ca ta ly st o n  th e d e so rp tio n  b e h a v io r s  o f  M g (B H 4 T  
w ith  16 w t%  o f T i 0 2  and N b 2 0 5 .



43

2 0  3 0  4 0  5 0  6 0  7 0
Angle (20)

Figure 4.6 X -ra y  d iffra c tio n  p attern s o f  16 w t%  T iC V L iB fL t/M g C h  (a ) and 16 w t%  
N b 2 0 5 -L iB H 4 /M g C l 2  (b ) m ille d  for  2  h and X -ra y  d iffr a c tio n  pattern s o f  t h e  
L iB H 4 /M g C l 2  m ix tu re  m ille d  for 2  h (c ) .

T h e  X R D  patterns o f  th e  m ix tu re  a fter ball m il l in g  are sh o w n  i n  
F igu re 4 .6 . It can  be s e e n  that the p ea k  in te n sitie s  o f  all d o p e d  sa m p le s  (F ig u re  4 .6 (a )  
and 4 .6 (b ) )  are w ea k er  and b oard er than  the u n d o p ed  o n e  (F ig u re  4 .6 (c ) ) ,  t h i s  
im p lie s  that N b 2 Û 5  and  TiC > 2  can  red u ce  the cry sta llite  s iz e  (S r id ech p ra sa t, 2 0 1 1 ) .  
F or TiC>2 -L iB H 4 /M g C l 2  (F igu re  4 .6 (a ) ) ,  the p eak  o f  TiC > 2  is  a b se n c e  that m a y  b e  
resu lted  fro m  th e c r y s ta lliz e d  stru ctu re o f  TiC > 2  is  d estro y ed  d u rin g  the ball m il l in g  
p ro cess . In a d d itio n , th e  X R D  p attern s after ball m il l in g  rev ea l that the u n d o p ed  
sa m p le  (F ig u r e  4 .6 (c ) )  and the sa m p le  d o p ed  w ith  N b 2 0 s (F ig u re  4 .6 (a ) )  and  1 1 0 2  

(F igu re  4 .6 (b ) )  form  th e  L i 2 M g C l 4  p h a se , w h ic h  is  an in term ed ia te  co m p o u n d  from  
th e  rea c tio n  b e tw e e n  L iB H 4  and M g C B .

TiC > 2  is  o n e  o f  the t ita n iu m  ca ta ly sts  that ca n  im p r o v e  th e p er fo rm a n ce  
o f  m eta l h yd r id e , and F ig u re  4 .7  s h o w s  th e h yd ro g en  d eso r p tio n  p r o f ile s  o f  16 w t%  
T i 0 2 -L iB H 4 /M g C l 2  w ith  2  and 5 h b a ll m il l in g  t im e s . H y d r o g e n  d e so r b s  in tw o  s te p s  
sa m e  as th e  u n ca ta ly zed  sa m p le . 16 w t%  TiC>2 -L iB H 4 /M g C l 2  b a ll m ille d  for  2 h 
(F igu re  4 .7 (a ) )  starts to  d e c o m p o s e  at 41 °c, and th e  first d e so r p tio n  step  o c c u r s  at
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2 4 6  ° c  and r e le a se s  ab o u t 3 .2 5  w t%  h yd ro gen . T h e  se c o n d  step  r e le a se s  1 .7 4  พ t%  
h y d ro g en  at 3 0 3  ๐c  w ith  th e  to ta l h y d ro g en  o f  5 .2 7  w t% . 16 w t%  T iO r  
L iB H 4 /M g C l 2  b a ll m il le d  for 5 h  (F ig u re  4 .7 (b ) )  s h o w s  s im ila r  h y d ro g en  d eso r p tio n  
p r o file  to  th e  o n e  b a ll m ille d  for  2  h. It starts to  d eso rb  at 41°c and th e  first  
d eso r p tio n  step  ap p ear at 2 4 9  ๐c  w ith  3 .1 0  w t%  h y d ro g en . T h e  se c o n d  step  r e le a se s  
1.75 w t%  h yd ro g en  at 3 0 7  °c and p ro v id es  the to ta l h y d ro g en  ca p a c ity  o f  5 .0 3  wt% . 
T h e resu lts  in d ica te  that TiC > 2  im p r o v e s  the d eso r p tio n  b e h a v io r s  o f  M g (B H 4 ) 2  that is  
to d e c r e a se  the d eso r p tio n  tem p era tu re at th e  s e c o n d  step  ab o u t 71 ° c  and 6 7  ๐c  
for th e  sa m p le s  b all m il le d  for 2  h and  5 h, r e sp e c tiv e ly .

Figure 4.7 H y d ro g en  d e so rp tio n  p r o f ile s  o f  16w t%  TiC>2 -L iB H 4 /M g C l 2  m il le d  for  
2 h  (a ) and  5 h (b ) and  h y d ro g en  d e so rp tio n  p r o f ile s  o f  th e  L iB H 4 /M g C l 2  m ix tu re  
m ille d  for  2  h (c )  and  5 h (d).

For th e d e so rp tio n  rate, it can  b e  s e e n  that TiC > 2  d o p e d  sa m p le s  sh o w  
a h ig h er  am o u n t o f  h y d ro g en  th an  th e u n d o p ed  sa m p le s  (F ig u re  4 .8 ) . In a d d itio n , 
16w t%  T i 0 2 -L iB H 4 /M g C l 2  m ille d  for  2 h s h o w s  h ig h er  in itia l d eso r p tio n  rate than  
5 h a c c o r d in g  to  th e  h y d ro g en  d e so r p tio n  p r o f ile s  a s  a fu n c tio n  o f  t im e  (F ig u re  4 .8 (a )
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and 4 .8 (b ) ) .  T h is  resu lt a lso  su p p o rts  that the b a ll m il lin g  t im e  for  2 h is  su ff ic ie n t  to  
p repare M g (B H 4 ) 2  an d  d o p e d -M g (B H 4 ) 2 -

Figure 4.8 H y d r o g e n  d eso r p tio n  p r o f ile s  as a fu n ctio n  o f  t im e  o f  16w t%  T i(> 2 - 
L iB H 4 /M g C l 2  m il le d  for 2  h (a ) an d  5 h (b ) an d  h yd ro g en  d e so r p tio n  p r o f ile s  o f  the  
L iB H 4 /M g C l 2  m ix tu re  m ille d  for  2  h  (c )  and 5 h (d )  and tem p era tu re  (e ).

T h e  h y d ro g en  d e so r p tio n  p r o f ile s  o f  16 w t%  N b 2 0 5 -L iB H 4 /M g C l 2  

w ith  2  and  5 h b a ll m il l in g  t im e s  are p resen ted  in  F igu re 4 .9 . T h e  sa m p le s  r e lea se  
h y d ro g en  in  tw o  s te p s  as th e  u n c a ta ly z e d  sa m p le . For 16 w t%  N b 2 0 5 -L iB H 4 /M g C l 2  

b all m il le d  for 2 h (F igu re  4 .9 (a ) ) ,  it starts to  d e c o m p o s e  at 31 ° c .  T h e  first step  
d eso r p tio n  r e le a se s  3 .2 0  w t%  h y d r o g e n  and ta k es  p la c e  at 2 3 6  ๐c ,  w h ile  th e  start o f  
th e  s e c o n d  d eso r p tio n  is  at 3 0 8  ° c  w ith  1 .40  w t%  h y d ro g en , and  th e to ta l a m o u n t o f  
d e so r b e d  h y d ro g en  is  ab ou t 4 .8 6  w t% . 16 w t%  N b 2 0 5 -L iB H 4 /M g C l 2  b a ll m il le d  for  
5 h  (F ig u re  4 .9 (b ) )  s h o w s  the first d eso rp tio n  step  at 24 1  ° c  an d  r e le a se s  2 .7 9  w t%  
h y d ro g en , w h erea s  th e  se c o n d  ste p  o ccu rs  at 3 0 7  ° c  w ith  1 .4 9  w t%  h y d ro g en  
and th e  tota l d e so r b e d  h y d ro g en  o f  4 .7 3  w t% . T h e  resu lts  su g g e s t  that N b 2 0 5  

im p r o v e s  th e  d eso r p tio n  b e h a v io r s  o f  M g (B H 4 ) 2 , w h ic h  is  to  d e c r e a se  the  
d eso r p tio n  tem p era tu re at the s e c o n d  step  from  3 7 4  ๐c  (u n c a ta ly z e d ) to  3 0 8  ° c  and



46

3 0 7  ° c  for 16 w t%  N b iO s-L iB H V M g C h  b all m ille d  for  2  and 5 h , r e sp e c tiv e ly . 
T h e s e  resu lt a lso  su p p o rts that th e  b all m il lin g  t im e  o f  2  h is  s u ff ic ie n t  to  prepare  
M g (B H 4 ) 2  w ith  the u sed  a m o u n ts  o f  N b 2 0 s. T h ere fo re , the a d d it io n  o f  N b 2 Û 5  

c o n tr ib u tes  to  fa st h y d ro g en  d eso rp tio n  w ith  a s ig n if ic a n t  d ecrea se  o f  d eso rp tio n  
tem p era tu re  a b o u t 65  ° c ,  w h ic h  is in  ag reem en t w ith  that reported  b y  F ried rich s et 
al. (2 0 0 6 ) .

0 100  2 0 0  3 0 0  4 0 0  5 0 0
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Figure 4.9 H y d ro g en  d e so r p tio n  p r o file s  o f  16w t%  N b 2 Û 5 - L iB K fM g C H  m ille d  for  
2  h  (a ) and 5 h  (b ) and h y d r o g e n  d e so rp tio n  p r o file s  o f  th e  L iB H 4 /M g C l 2  m ix tu re  
m ille d  for 2  h (c )  and  5 h (d ).

F or the d eh y d r o g e n a tio n  rate, 16 w t%  N b 2 0 s -L iB H 4 /M g C l 2  m ille d  for  
2  h a ls o  s h o w s  a h ig h er  d e so r p tio n  rate than  5 h  (F ig u re  4 .1 0 (a )  and 4 .1 0 (b ) ) .  It can  
b e  se e n  that th e  d eso r p tio n  k in e tic s  at th e  in itia l p er io d  o f  16 w t%  N b 2 0 5- 
L iB H 4 /M g C l 2  b a ll m illin g  fo r  2  h  is h ig h er  than  5 h. M o r e o v e r , sa m p le s  d o p ed  w ith  
N b 2 0 5  in crea se  th e  d eso r p tio n  k in e t ic s  o f  b o th  u n d o p ed  sa m p le s , 2 an d  5 h  (F igu re  
4 .1 0 ) .
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Figure 4.10 H y d ro g en  d eso r p tio n  p r o f ile s  as a fu n c tio n  o f  t im e  o f  16w t%  N tb C V  
L iB H V M g C la  m il le d  for 2 h  (a ) and 5 h (b )  and  h y d ro g en  d eso r p tio n  p r o f ile s  o f  the  
L iB H 4 /M g C l 2  m ix tu re  m ille d  for 2 h (c )  and  5 h (d ) and tem p era tu re (e ) .

T h e  c o m p a r iso n  o f  h y d ro g en  d eso r p tio n  p r o f ile s  b e tw e e n  the  
u n d o p ed , N b 2 0 5, and TiC > 2  d o p e d  sa m p le s  m il le d  for 2 h are sh o w n  in  F ig u res 4.1 ! 
4 .1 2 . It can  b e s e e n  from  th e  fig u res  that TiC > 2  d o p ed  sa m p le s  s h o w  th e  b est  b eh av ior , 
w h ic h  n ot o n ly  d e c r e a se s  th e  d eso rp tio n  tem p era tu re but a lso  im p r o v e s  th e  h yd ro gen  
d eso r p tio n  ca p a c ity .
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Figure 4.11 H y d ro g en  d eso r p tio n  p r o f ile s  o f  16w t%  T i 0 2 -L iB H 4 /M g C l 2  (a ), and  
16 w t%  N b 2 0 5 -L iB H 4 /M g C l 2  m ille d  for 2  (b ) and h y d ro g en  d eso r p tio n  p ro file s  o f  
th e  L iB H 4 /M g C l 2  m ix tu re  m il le d  for 2  h (c ).



49

Time (h)

Figure 4.12 H y d ro g en  d eso rp tio n  p r o f ile s  as a fu n c tio n  o f  t im e  o f  16w t%  T iC V  
L iB H z t/M g C f (a), and 16 w t%  N b 2 0 5 -L iB H 4 /M g C l 2  m il le d  for 2 (b ) and h y d ro g en  
d e so rp tio n  p r o f ile s  o f  th e  L iB H ^ M g C B  m ix tu re  m ille d  for  2  h (c )  and  
tem p era tu re (d).

F rom  T a b le  4 .1 , th e  u n d o p ed , 1 % 2 0 ร, and TiC > 2  d o p e d  sa m p le s  b a l l  
m ille d  for  2  h d eso rb  4 .7 8 , 4 .8 6 , and  5 .2 7  w t%  h y d ro g en , r e sp e c tiv e ly . T h e  
u n d o p ed , N b 2 Û 5 , and TiC > 2  d o p ed  sa m p le s  b all m il le d  for 5 h d e so r b  4 .7 6 , 4 .7 3 ,  
and  5 .0 3  w t%  h y d ro g en , r e sp e c tiv e ly . From  th e se  re su lts , it w a s  fo u n d  that th e  
sa m p le  w ith  16 w t%  TiC > 2  r e le a se s  h ig h er  am o u n ts  o f  h y d ro g en  than  the u n d o p ed  
and  16 w t%  N b 2 Û 5  d o p e d  sa m p le s  and a lso  d e c r e a se s  the h y d r o g e n  d eso rp tio n  
tem p era tu re o f  th e  h yd rid e  in  the s e c o n d  step  d e c o m p o s it io n . A c c o r d in g  to a stu d y  
b y  Ju n g et al. (2 0 0 7 ) ,  th e  u se  o f  n a n o s iz e d  ru tile  TiC > 2  in  M g H 2  crea tes  a greater  
r ea c tiv e  su rfa ce  w ith  h y d ro g en , and th e  ca p a c ity  w a s  in crea sed  b y  fo rm in g  an ultra- 
f in e  n a n o c o m p o s ite  o f  M g H 2 -ru tile  TiC>2 . F u rth erm ore, th e  r e d u ctio n  o f  th e  T i 4  

io n s  in  TiC > 2  to  m e ta llic  T i°  ap p ears to  resu lt in  th e  fo rm a tio n  o f  a c tiv e  s p e c ie s  
r e sp o n s ib le  fo r  c a ta ly z in g  th e  M g H 2  d eh y d r o g e n a tio n  rea c tio n  (C r o s to n  et al., 2 0 1 0 ) .
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Table 4.1 H yd ro g en  d eso rp tio n  tem p era tu re and  to ta l a m o u n t o f  d e so rp tio n  
h yd ro g en  o f  the L iB H 4 /M g C l 2  m ix tu re  and  th e m ix tu re  d o p ed  w ith  d ifferen t ca ta ly sts  
(1 6  w t%  N b 2 0 5  and 16 w t% T i 0 2 ) a fter ball m il l in g  for  2  and 5 h

L iB H 4 /M g C l 2 D e so r p tio n  tem p era tu re, ° c H y d r o g e n  c a p a c ity , w t%
m ix tu re U n d o p e d N b 2 0 5 T i 0 2 U n d o p e d N b 2O s T i 0 2

B a ll m il le d  2h
S tep  1 2 1 4 2 3 6 2 4 6 2 .4 3 3 .2 0 3 .2 5
S tep  2 3 7 4 3 0 8 30 3 2 . 1 0 1 .4 0 1 .7 4
T otal H 2  (w t %) 4 .7 8 4 .8 6 5 .2 7

B a ll m il le d 5  h
S tep  1 2 2 6 241 2 4 9 1 .97 2 .7 9 3 .1 0
S tep  2 3 7 4 3 0 7 3 0 7 2 .5 6 1 .4 9 1.75
T otal H 2  (w t %) 4 .7 6 4 .7 3 5 .0 3

T h e  X R D  patterns o f  th e  m ix tu re  a fter th e  h y d r o g e n  d eso rp tio n  at 
4 5 0  ° c  are sh o w n  in  F ig u re  4 .1 3 . T h e  X R D  patterns a fter d e so r p tio n  are s im ila r  to 
th e  o n e  o b ta in ed  after b a ll m illin g , w h ic h  is in a g reem en t w ith  that rep orted  by V arin  
and Z b ro n iec  (2 0 1 0 ) , w h o  rep orted  th e  h y d ro g en  d e so r p tio n  from  th e  L iB H 4 /M n C l 2  

m ix tu re . H o w e v e r , it ca n  b e  se e n  from  the figu re  that a ll sa m p le s  h a v e  the sa m e  
p h a se  o f  L iC l, and th e L i 2 M g C l 4  p h a se  that appear in  th e  X R D  p attern s a fter b all 
m illin g  d isap p ea rs a fter th e  d e so rp tio n  p r o c e ss . T h e  a b se n c e  o f  L i 2 M g C l 4  in d ic a te s  
that h eat fro m  th e  d eso r p tio n  p r o c e ss  m a y  d e c o m p o s e  th is  c o m p o u n d  resu ltin g  in  
th e  L iC l p h a se . T h e p r e se n c e  o f  L iC l(H 2 0 )  and  L iO  p h a se s  (F ig u re  4 .1 3 ( c ) )  m a y  b e  
from  im p u r itie s  and m o is tu r e  durin g th e sa m p le  p rep aration . F rom  F ig u re  4 .1 3 (b ) ,  
th e  p r e se n c e  o f  N b O  is  resu lted  from  th e  red u ctio n  o f  N b 2O s d u r in g  th e  d eso r p tio n  
p r o c e ss . N b O  is  b e lie v e d  to  im p ro v e  th e d e h y d r o g e n a tio n  k in e t ic s  o f  M g (B H 4 ) 2  by  
a fo rm a tio n  p a th w ay s o f  n io b iu m  o x id e  s p e c ie s  w ith  lo w e r  o x id a t io n  sta te, w h ic h  
fa c ilita te s  th e  h y d ro g en  transport from  th e sa m p le  (F a n  et al., 2 0 0 8 ) .  For the X R D
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pattern of 16 wt% T i02-LiBH4/MgCl2 (Figure 4.13(a)), the peak of Ti is not present
as it may be in the amorphous form.

20 30 40 50 60 70
Angle (20)

Figure 4.13 X -ra y  d iffr a c tio n  p attern s o f  th e  16 w t%  T i 0 2 -L iB H 4 /M g C l 2  (a )  and  
16 w t%  N b 2 0 5 -L iB H 4 /M g C l 2  (b ) after th e  h y d ro g en  d e so rp tio n  at 450 °c  and  X -ray  
d iffra ctio n  patterns o f  th e  L iB H 4 /M g C l 2  m ix tu re  a fter  th e  h y d ro g en  d eso rp tio n  (c ).

4 .2 .2  E ffe c ts  o f  T i-b a se d  C a ta ly sts
T h e  d e so r p tio n  b eh a v io r  o f  16 w t%  T i 0 2 -L iB H 4 /M g C l 2  b a ll m il le d  for  

2  h sh o w s  that th e  a d d it iv e  T i 0 2  n o t o n ly  d e c r e a se s  th e  d e so r p tio n  tem peratu re but 
a lso  resu lts  in the h ig h  d eso rp tio n  c a p a c ity . T h ere fo re , o th er T i-b a se d  ca ta ly sts  are 
p o ten tia l c a n d id a tes  to  red u ce  th e o n se t  tem p era tu res o f  d e h y d r o g e n a tio n  and  
in crea se  h y d r o g e n a tio n  an d  d eh y d r o g e n a tio n  rates. T h is  part o f  s tu d y  is  to  in v e stig a te  
th e  e f fe c t s  o f  T i and  T iC ft ca ta ly s ts  in c lu d in g  T i 0 2  ca ta ly s t  o n  th e h y d ro g en  
d e so rp tio n  o f  L iB H 4 /M g C l2.
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Figure 4.14 X -ra y  d iffra ctio n  p attern s o f  16 พ t% T iC l 3 -L iB H 4 /M g C l 2  (a ), 16 w t%  
T i 0 2 -L iB H 4 /M g C l 2  (b ), and 16 w t%  T i-L iB H 4 /M g C l 2  ( c )  m il le d  for 2  h and  
X -ra y  d iffra c tio n  p attern s o f  the L iB H 4 /M g C l 2  m ix tu re  m il le d  for  2  h (d).

A c c o r d in g  to th e  X R D  pattern s o f  the L iB H 4 /M g C l 2  m ix tu re  and  all 
d o p e d  sa m p le s  w ith  th e  T i-b a se d  ca ta ly sts  a fter b a ll-m illin g  for  2  h (F ig u re  4 .1 4 ) ,  
th ey  s h o w  the sa m e  L i 2 M g C l 4  p ea k , w h ic h  is  an in term ed ia te  c o m p o u n d  fro m  the 
rea c tio n  b e tw e e n  L iB H 4  and M g C h - It can  b e se e n  that th e  p eak  in te n sitie s  o f  all 
d o p ed  sa m p le s  (F ig u re  4 .1 4 (a ) - ( c ) )  are b oard er than  th e  u n d o p ed  o n e  (F igu re  
4 .1 4 (a ) ) . T h is  im p lie s  that th e  tita n iu m  ca ta ly s ts  can  red u ce  th e  c r y s ta lliz e  s iz e  o f  the  
L iB H 4 /M g C l 2  m ix tu re . F igu re 4 .1 4 ( c )  sh o w s  th e T i p h a se  co r r e sp o n d in g  to  the  
a d d itio n  o f  16 w t%  T i. A  p o s s ib le  rea so n  m ay  b e  b e c a u se  a m o n g  th e d o p ed  sa m p le s ,  
the o n e  w ith  T i h as th e  largest cry sta llite  s iz e  and  th e h a rd n ess  o f  T i p a r tic le s , w h ic h  
is  h ig h er  than  that o f  TiC > 2  and T iC F  p a rtic le s  (S r id ech p ra sa t, 2 0 1 1 ) .

H y d r o g e n  d eso r p tio n  p r o f ile s  o f  th e  L iB H 4 /M g C l 2  m ix tu re  and  the  
m ix tu re  d o p ed  w ith  16 w t%  o f  T i, TiC>2 , and T iC F  are sh o w n  in  F ig u re  4 .1 5 .
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Figure 4.15 H y d ro g en  d eso r p tio n  p r o file s  o f  16w t%  T i-L iB H 4 /M g C l 2  (a ), T iC lv- 
L iB H 4 /M g C l 2  (b ) , and T i 0 2 -L iB H 4 /M g C l 2  (c )  m ille d  fo r  2  h and  h yd ro g en  
d eso r p tio n  p r o f ile s  o f  the L iB H 4 /M g C l 2  m ix tu re  m ille d  for  2  h  (d).

In the d eso rp tio n  p r o c e ss , th e  L iB H 4 /M g C l 2  (F ig u re  4 .1 5 (d )) , 16 w t%  
T i-L iB H 4 /M g C l 2  (F ig u re  4 .1 5 (a ) ) , 16 w t%  T iC l 3 -L iB H 4 /M g C l 2  (F igu re  4 .1 5 (b ) ) ,  and 
16 w t%  T i 0 2 -L iB H 4 /M g C l 2  (F ig u re  4 .1 5 (c ) )  m ix tu res  m il le d  for 2  h d e c o m p o s e  in  
tw o  s te p s  w ith  d ifferen t d eso rp tio n  tem p era tu res. F or the d e so r p tio n  tem p era tu re, all 
d o p e d  sa m p le s  start to  re le a se  h y d ro g en  at a litt le  h ig h e r  tem p era tu re than  the  
u n d o p e d  sa m p le . F or the a m o u n t o f  d eso rb ed  h y d ro g en , it w a s  fou n d  that, w ith  
TiC>2 , the sa m p le  r e le a se s  th e  h ig h e s t  am o u n t o f  h y d ro g en  w h erea s  T i and  T iC F  
d o p e d  sa m p le s  r e le a se  lo w e r  a m o u n ts  o f  h y d ro g en  than th e  u n d o p ed  sa m p le . F rom  
T a b le  4 .2 , the am o u n t o f  d e so rb ed  h yd ro g en  in  the first s te p  is  2 .4 3  w t%  for the  
u n d o p ed  sa m p le , 1.91 w t%  for th e  T i d o p ed  sa m p le , 3 .0 3  w t%  for T iC l 3  d o p ed  
sa m p le , and 3 .2 5  w t%  for TiC > 2  d o p ed  sa m p le . T h e  c a ta ly tic  a c t iv ity  o f  T iC l 3  and  
TiC > 2  s h o w s  s im ila r  e f fe c ts  o n  th e  L iB H 4 /M g C l 2  m ix tu re  as that on  th e L iB H 4  and  
M g H 2  m ix tu re  (S r id ech p ra sa t, 2 0 1 1 ) .  In th e  c a se  o f  T i, th e  X R D  pattern  a fter ball
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m illin g  p r o c e ss  s t i ll  s h o w s  th e  p ea k  o f  T i p h ase  that m a y  n ot in teract w ith  the  
L iB H 4 /M g C l 2  m ix tu re  resu ltin g  in  th e  lo w e r  am ou nt o f  h yd ro g en  d eso r p tio n  and  
d o e s  n ot a ffe c t  th e  d e so rp tio n  tem p era tu re. R eg ard in g  th e fast h y d r o g e n  sorp tion  
k in e t ic s  o f  n a n o c ry sta llin e  M g  u s in g  m eta l o x id e  as ca ta ly st. B arkhordarian  et al. 
( 2 0 0 3 )  sh o w e d  that o x id e s  and c h lo r id e s  o f  m eta ls  w ith  m u lt ip le  v a le n c e  sta tes  h av e  
larger ca ta ly tic  e f fe c t s  than th e m eta l ca ta ly st.

16 w t%  T i-L iB H 4 /M g C l 2  b a ll m ille d  for 2  h  (F igu re  4 .1 5 (a ) )  starts to  
d e c o m p o s e  at 31 ๐c ,  and th e fir st d eso r p tio n  step  o ccu rs  at 2 7 2  ° c  and r e le a se s  about 
1 .9 2  w t%  h y d ro g en . For T i C f ,  it starts to  d eso rb  at 5 2 ° c  and  th e first d e so rp tio n  step  
ap p ears at 2 4 9  ๐c  w ith  3 .0 2  w t%  h y d ro g en  (F ig u re  4 .1 5 (b )) . D o p in g  T iC l 3  and T iO .  
c a ta ly s ts  d ecr e a se  th e  h yd ro g en  d eso r p tio n  tem peratu re o f  th e  h yd rid e  in  th e  se c o n d  
step  d e c o m p o s it io n  ab ou t 7 0  ๐c .  T h e  d o p e d  T iC b  and TiC > 2  sa m p le s  liberate  
h y d ro g en  in  th is  s tep  at 3 0 4  ๐c  and  3 0 3  ° c ,  r e sp e c tiv e ly  (F ig u re  4 .1 5 (b )  and 4 .1 5 (c ) ) ,  
w h ic h  is  lo w e r  than  that d o p e d  w ith  T i and th e u n d o p ed  o n e , 3 7 2  ° c  and 3 7 4  °c, 
r e sp e c tiv e ly . It ca n  b e seen  that T i C f  and TiC > 2  ca ta ly sts  p la y  an 'im p ortan t ro le  in the  
red u ctio n  o f  th e  h y d ro g en  d eso r p tio n  tem p era tu re. H o w e v e r , th e  c u m u la t iv e  am o u n ts  
o f  d eso rb ed  h y d ro g en  in  th is  s tep  o f  T i, and  T iC b  d o p ed  sa m p le s  are lo w e r  than the  
u n d o p ed  o n e . T h e  T i and T iC h  d o p ed  sa m p le s  d esorb  2 .0 6 , and  1 .08  w t%  h yd ro gen , 
r e sp e c tiv e ly , w h i le  the u n d o p ed  sa m p le  r e le a se s  2 .5 6  w t%  h y d ro g en  (T a b le  4 .2 ) . 
T h e se  resu lts  w e r e  sim ila r  to  th e  report o f  S u ttisa w a t et al. (2 0 1 0 )  that T iO 2  cata lyst  
sh o w e d  better re -a b so rp tio n  rate than  T iC b  ca ta ly st. T h is  is  d u e  to  th e  su r fa ce  area o f  
th e  d eso rb ed  sa m p le  o f  T i 0 2 -N a A lH 4  is  h ig h er  than T iC l 3 -N a A lH 4, w h ic h  in d ica tes  
that T iÛ 2  fa c il ita te s  the h y d ro g en  d if fu s io n  in  the d e so rb ed  sa m p le  b e c a u se  its  
p o r o s ity  and su r fa ce  area in crea se  the su rfa ce  area o f  the h y d r id e  sa m p le . 
F u rth erm ore, th e  o n e  d o p ed  w ith  T i ca ta ly s t  g iv e s  th e  lo w e s t  to ta l am o u n t o f  
d e so r b e d  h y d r o g e n  (4 .0 2  w t% ). A  p o s s ib le  rea so n  m ay  b e  b e c a u se  th e  T i°  d e fe c t  s ite s  
m a y  further fo rm  a  m icro stru ctu re  c o m p o s ite  w ith  the h o s t  m eta l la tt ic e  fram ew o rk  
a n d /o r  tran sform  to  th e  tita n iu m  h yd rid e  p h a se  o f  T iH x < 2  that m a y  in h ib it  th e  a c tiv ity  
o f  T i ca ta ly st r e su lt in g  in the lo w e r  am o u n t o f  h y d ro g en  d eso r p tio n  (S r id ech p ra sa t, 
2 0 1 1 ).

H y d r o g e n  d eso r p tio n  p r o f ile s  a s  a  fu n c tio n  o f  tim e  o f  th e  T i-b a sed  
ca ta ly st are sh o w n  in  F ig u re  4 .1 4 . It can  b e  s e e n  that th e  sa m p le  d o p e d  w ith  T iC b
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and  T i 0 2  (F ig u r e  4 .1 6 (b ) - (c ) )  s h o w  faster  h yd ro gen  d eso r p tio n  rate than the sa m p le  
d o p ed  w ith  T i (F igu re  4 .1 6 (a ) )  and th e u n d o p ed  o n e  (F ig u re  4 .1 6 (d )) .

Figure 4.16 H yd rog en  d e so rp tio n  p r o f ile s  as a fu n c t io n  o f  t im e  o f  16w t%  T i-  
L iB H 4 /M g C l 2  (a ) , T iC l3- L iB H 4 /M g C l 2  (b ), and T i 0 2- L iB H 4 /M g C l 2  ( c )  m il le d  for 2  

h and h y d ro g en  d eso rp tio n  p r o f ile s  o f  th e  L iB H 4 /M g C l 2  m ix tu re  m il le d  for 2  h  ( d )  
and  tem p era tu re  (e ).

F or the tota l a m o u n t o f  d eso rb ed  h y d ro g en , th e  d o p e d  sa m p le s  r e le a se  
lo w e r  a m o u n ts  o f  h yd ro gen  th an  th e  u n d o p ed  o n e  e x c e p t  T i 0 2. F rom  T a b le  4 .2 , the  
u n d o p ed , T i, T i 0 2  and T iC h  d o p e d  sa m p le s  d esorb  4 .7 8 ,  4 .0 2 , 5 .2 7 , and 4 .2 7  w t%  
h y d ro g en , r e sp e c tiv e ly . It ca n  b e d e d u c ed  that u s in g  T i 0 2  n o t o n ly  resu lts  in th e  lo w  
d eso rp tio n  tem p era tu re but a lso  h ig h  h yd ro g en  c a p a c ity , w h ile  u s in g  T i d o e s  n ot 
a ffe c t  th e  d eso r p tio n  tem p era tu re o f  o n  th e L iB H 4 /M g C l 2  m ix tu re.
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Table 4.2 H y d ro g en  d e so r p tio n  tem p era tu re and  to ta l am o u n t o f  d eso r p tio n  
h y d ro g en  o f  th e  L iB H 4 /M g C l 2  m ix tu re  and  the m ix tu re  d o p e d  w ith  d ifferen t tita n iu m  
ca ta ly sts  a fter  b all m il l in g  for  2  h

LiBH 4 /M gC l 2

mixture
D e so r p tio n  tem p era tu re , ° c H y d r o g e n  c a p a c ity , w t%

Undoped Ti T iC l 3 T i 0 2 Undoped Ti T iC l 3 T iO ? ;

S tep  1 2 1 4 2 3 4 2 4 9 2 4 6 2 .4 3 1 .92 3 .0 2 3 .2 5
S tep  2 3 7 4 3 7 2 3 0 4 30 3 2 . 1 0 2 .0 6 1 .08 1 .74
Total H 2  (wt%) 4 .7 8 4 .0 2 4 .2 7 5 .2 7  ^

T h e  X R D  pattern s o f  th e  m ix tu res  a fter  the h y d ro g en  d eso r p tio n  at 
4 5 0  ° c  are sh o w n  in F ig u re  4 .1 7 . T h e  X R D  pattern s a fter  the d e so r p tio n  are s im ila r  
to  th e  o n e  o b ta in ed  after b a ll m il lin g  (F ig u re  4 .1 4 ) ,  and  all sa m p le s  h a v e  the sa m e  
p h ase  o f  L iC l w h erea s  the L i 2 M g C l 4  p h a se  that ap p ear in  th e  X R D  p attern s after ball 
m illin g  d isa p p ea rs after th e  d e so rp tio n  p r o c e ss . In a d d itio n , the X R D  pattern s o f  
16 w t%  T iC l 3 -L iB H 4 /M g C l 2  (F igu re  4 .1 7 (a ) )  s h o w  th e  p h a se  o f  M g O , w h ic h  is an  
o x id e  layer  from  the rea c tio n  b e tw e e n  M g  and im p u r itie s  (S r id ech p ra sa t, 2 0 1 1 ) .  
T h e  T i p h a se , w h ic h  is  in  th e  T i d o p e d  sa m p le  a fter b a ll m il lin g  (F ig u r e  4 .1 4 (c ) ) ,  is  
a lso  in th e  sa m p le  after h y d ro g en  d eso r p tio n  p r o c e ss  (F ig u re  4 .1 7 ( c ) )  in d ic a tin g  that 
so m e  part o f  T i ca ta ly st d o e s  n ot in teract w ith  th e L iB H 4 /M g C l 2  m ix tu re . T h ere fo re , 
th is  resu lt su p p o rts that T i d o e s  n ot s h o w  an y  e f fe c t  o n  th e d eso r p tio n  tem p era tu re  
and  th e h y d ro g en  ca p a c ity  w h erea s  th e  o th er ca ta ly s ts  can  d e c r e a se  th e  d eso rp tio n  
tem p era tu re at th e  se c o n d  step .
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F ig u r e  4 .1 7  X -ra y  d iffr a c tio n  p attern s o f  16 w t%  T iC l 3 -L iB I-L t/M gC l2  (a ), 16 wt%  
T i 0 2 -L iB H 4 /M g C l 2  (b ), and 16 w t%  T i-L iB F ft/M g C ft (c )  an d  X -ray  d iffra c tio n  
patterns o f  the L iB H 4 /M g C l 2  m ix tu re  a fter the h y d ro g en  d e so rp tio n  (d ).

4 .2 .3  E ffe c t  o f  N b -b a se d  C a ta ly sts
It is  w e l l  k n o w n  that tran sition  m eta l c h lo r id e s  and  m eta l o x id e s  sh o w  

ca ta ly tic  a c t iv ity  for c o m p le x  h y d r id es (B ard aji et a i ,  2 0 1 1 ) .  K im  et al. ( 2 0 0 8 )  
reported  th e e f fe c ts  o f  N b -c a ta ly s ts  (N b F s and  N b C ft)  on  th e  r e v e r s ib ility  o f  
C a (B H 4 ) 2  that the N b -c a ta ly s ts  d e c r e a se  th e  h y d ro g en  d e so r p tio n  tem peratu re  
M o r e o v e r , th e  d eso r p tio n  p r o file  o f  16 w t%  N b 2 0 5 -L iB H 4 /M g C l 2  b a ll m ille d  for 2 h 
sh o w s  th e lo w e r  d eso r p tio n  tem p era tu re than th e u n d o p ed  o n e  at the se c o n d  step . 
T h ere fo re , e f fe c t s  o f  N b -b a se d  c a ta ly s ts  o n  the h y d ro g en  d eso r p tio n  tem p era tu re and  
the d e so r p tio n  k in e t ic s  to  th e  L iB H 4 /M g C l 2  m ix tu re  w a s  in v e stig a te d .

T h e  X R D  pattern s o f  th e  m ix tu res  a fter b all m il l in g  are s h o w n  in  
F igu re 4 .1 8 . It can  b e s e e n  that th e  p eak  in te n s it ie s  o f  a ll d o p e d  sa m p le s  (F igu re  
4 .1 8 (a )  and  4 .1 8 (b ))  are w ea k er  and  boarder than  th e u n d o p ed  o n e  (F igu re  4 .1 8 (c ) )  
sim ila r  to th e  X R D  p attern s o f  that d o p e d  w ith  th e  T i-b a se d  c a ta ly s ts  (F igu re  4 .1 4 ) . 
For N b C l 5 -L iB H 4 /M g C l 2  (F igu re  4 .1 8 (a ) ) ,  the p ea k  o f  N b C ft is  a b se n c e  that m ay  be 
du e to th e  c r y s ta lliz e d  structure o f  N b C ft  is  d estr o y e d  du rin g th e b all m il lin g  p r o cess .
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N b 2 0 s -L iB H 4 /M g C l 2  sh o w s  the p eak  o f  N b 2 O s, w h ic h  in d ic a te s  that ball m il lin g  
p r o c e ss  d o e s  n o t d estro y  th e cry sta llin e  structure o f  N b 2 0 s. In a d d it io n , th e  L i 2 M g C l 4  

p eak  is  sh o w n  in a ll sa m p le s .

F ig u r e  4 .1 8  X -ray  d iffra c tio n  pattern s o f  16 w t%  N b C ls -L iB H 4 /M g C l 2  (a ) and  
16 w t%  N b 2 0 5 -L iB H 4 /M g C l 2  (b ) m ille d  for 2  h  and  X -ra y  d iffr a c tio n  p attern s o f  the  
L iB H 4 /M g C l 2  m ix tu re  m ille d  for 2 h (c ).

H y d ro g en  d eso r p tio n  p r o file s  o f  th e  L iB H 4 /M g C l 2  m ix tu re  and  the  
m ix tu re  d o p e d  w ith  16 w t%  o f  N b C ls , and N b 2 0 s are sh o w n  in  F ig u re  4 .1 9 . 16 w t%  
o f  N b C l 5 -L iB H 4 /M g C l 2  starts to  d eso rb  h yd ro g en  at 4 8  ° c ,  w h ic h  is  a litt le  h ig h er  
than th e  startin g  d eso r p tio n  tem p era tu re o f  16  w t%  N b 2 0 s -L iB H 4 /M g C l 2  and  
u n d o p ed  sa m p le . It ca n  b e se e n  that the h y d ro g en  d eso rp tio n  p r o f ile  o f  N b C ls  d o p ed  
sa m p le  (F ig u re  4 .1 9 (b ) )  d o e s  n o t c lea r ly  s h o w  c u rv e  o f  th e  first d e so rp tio n  step , 
w h e r e a s  th e  se c o n d  d eso r p tio n  step  o ccu rs  at 3 2 9  ๐c .  H o w e v e r , b o th  d o p ed  sa m p le s  
e x h ib it  th e  h yd ro gen  d eso r p tio n  o f  th e  se c o n d  step  at th e  lo w e r  tem p era tu re th an  that 
o f  th e  u n d o p ed  o n e . N b C ls  and  N b 2 0 s ca ta ly s ts  can  d e c r e a se  the d e so rp tio n  
tem p era tu re  at th e  s e c o n d  d eso r p tio n  step  ab out 4 0  ๐c  and 7 0  ๐c ,  r e sp e c tiv e ly .
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0  10 0  2 0 0  3 0 0  4 0 0  5 0 0
T e m p e r a tu r e  ( °C )

F ig u r e  4 .1 9  H y d ro g en  d e so rp tio n  p r o f ile s  o f  16 w t%  N b C l 5 -L iB H 4 /M g C l 2  m ix tu re  
(a ), and  16 w t%  N l^ O s -L iB H ^ M g C h  m ix tu re  (b ) m ille d  for  2  h an d  h yd ro gen  
d e so r p tio n  p r o f ile s  o f  th e  L iB H ^ M g C B  m ix tu re  m ille d  for 2  h (c ).

T h e  h yd ro g en  d e so rp tio n  o f  N b -b a se d  ca ta ly s ts  as a fu n c tio n  o f  tim e  
are s h o w n  in F ig u re  4 .2 0 . B o th  d op ed  sa m p le s  (F igu re  4 .2 0 (a ) - (b ) )  sh o w  h igh er  
d eso r p tio n  rate than  th e  u n d o p ed  o n e  (F igu re  4 .2 0 ( c ) )  at the first and se c o n d  step  o f  
th e  d e c o m p o s it io n . H o w e v e r , 16 w t%  N b C ls -L iB H V M g C ^  h as a lo w e r  h yd ro gen  
c a p a c ity  than th e  u n d o p ed  sa m p le  w h erea s  16 w t%  N b 2 0 5 -L iB H 4 /M g C l 2  s h o w s  the  
h y d r o g e n  ca p a c ity  c lo s e  to th e  u n d o p ed  sa m p le . F rom  T a b le  4 .3 , th e  u n d o p ed , 
N b C lj , and N b 2 Ü 5  d o p ed  sa m p le s  d esorb  4 .7 8 ,  4 .8 6 , an d  4 .3 0  w t%  h yd ro gen , 
r e sp e c tiv e ly .



60

3 4
T im e  (h )

5 0 0

4 0 0

บ
3 0 0  ไ โ

2 0 0  I  
£

1 0 0

F ig u r e  4 .2 0  H y d r o g e n  d e so rp tio n  p r o f ile s  as a fu n c tio n  o f  tim e  o f  16w t%  N b C ft-  
L iB H 4 /M g C l 2  (a ) , and N b 2 0 5 -L iB H 4 /M g C l 2  (b ) m il le d  for 2 h and  h yd ro gen  
d eso r p tio n  p r o f ile s  o f  the L iB H 4 /M g C l 2  m ix tu re m il le d  for 2 h (c )  and  
tem p era tu re  (d ).

T a b le  4 .3  H y d r o g e n  d eso rp tio n  tem p era tu re and to ta l am o u n t o f  d e so rp tio n  
h y d ro g en  o f  th e  L iB H 4 /M g C l 2  m ix tu re  and th e  m ix tu re  d o p e d  w ith  d ifferen t n io b iu m  
c a ta ly s ts  after b a ll m il l in g  for 2  h

L iB H 4 /M g C l 2

m ixtu re
D e so r p tio n  tem p era tu re, °c H y d r o g e n  c a p a c ity , wt%

_ J
U n d o p e d N b 2 0 5 N b C ls U n d o p e d N b 2 0 5 N b C ls

S tep  1 2 1 4 2 3 6 231 2 .4 3 3 .2 0 2 .6 0
S te p  2 3 7 4 3 0 8 3 2 9 2 . 1 0 1 .4 0 1 .59
T ota l H 2  (w t % ) 4 .7 8 4 .8 6 4 .3 0
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T h e p h a se  id e n tific a tio n  o f  the sa m p le s  a fter th e  h y d ro g en  
d eso rp tio n  is  sh o w n  in  F igu re 4 .2 1 . It can  be se e n  from  that a ll sa m p le s  h a v e  th e  
sa m e  d o m in a n t p h ase  o f  L iC l. T h e  u n c lea r  d e so rp tio n  p r o f ile  o f  16w t%  N b C fs-  
L iB F L j/M gC B  m a y  b e from  th e  e x c e s s  C l e lem en t. T h e  M g O  p h a se  (F ig u re  4 .2 1 (a ) )  
is  th e  o x id e  layer  from  th e  reac tio n  b e tw e e n  M g  and im p u r itie s  s im ila r  to th e  X R D  
resu lt  o f  16 w t%  T iC l 3 -L iB H 4 /M g C l 2  (F ig u re  4 .1 7 (a ) ) .

2 0  3 0  4 0  5 0  6 0  7 0
A n g le  ( 2 0 )

F ig u r e  4 .2 1  X -ra y  d iffra c tio n  pattern s o f  16 w t%  N b C ft-L iB H U /M g C B  (a ), 16 w t%  
N b 2 C>5 -L iB F l 4 /M g C l 2  (b ), and  X -ra y  d iffra c tio n  p attern s o f  th e  L iB F B /M g C f  
m ix tu re  after th e  h y d ro g en  d eso rp tio n  (c ) .

4 .2 .4  E ffe c ts  o f  T iO ? A m o u n t
T h e  h y d ro g en  d e so rp tio n  o f  T i 0 2 -L iB H 4 /M g C l 2  w a s  in v e s t ig a te d  at 

th e  d eso r p tio n  tem p era tu re o f  4 5 0  ° c  to  id e n tify  th e  o p tim u m  am o u n t o f  T i 0 2.
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0  10 0  2 0 0  3 0 0  4 0 0  5 0 0
T e m p e r a tu r e  ( ๐C )

F ig u r e  4 .2 2  H y d ro g en  d e so rp tio n  p r o f ile s  o f  T i 0 2 -L iB H 4 /M g C l 2  m ix tu re  w ith  
d ifferen t a m o u n ts  o f  TiC>2 : (a ) 1 0  w t% , (b )  16 w t% , (c )  2 0  w t%  and th e  L iB H 4 /M g C l 2  

m ix tu re  m il le d  for 2  h  (d ).

T h e  d e so rp tio n  p r o f ile s  o f  d ifferen t a m o u n ts  o f  TiC > 2  ca ta ly s t  for 10, 
16, and 2 0  w t%  are sh o w n  in F igu re 4 .2 2 . A ll d o p ed  sa m p le s  r e le a se  h y d ro g en  1 1 1  

tw o  step s c o r r esp o n d in g  w ith  th e  h y d ro g en  d eso rp tio n  o f  th e  L iB H 4 /M g C l 2  m ix tu re  
T h e  startin g  h y d ro g en  d e so r p tio n  tem p era tu re o f  a ll d o p e d  sa m p le s  are re se m b le  
T h e y  re le a se  h y d ro g en  arou n d  2 5 0  ° c  fo r  th e  first step . F or th e s e c o n d  h yd ro g en  
d eso r p tio n  s tep , 16 w t%  TiC>2 -L iB H 4 /M g C l 2  m ix tu re  s h o w s  the lo w e s t  d e so rp tio n  
tem p era tu re an d  10 w t%  TiC>2 -L iB H 4 /M g C l 2  m ix tu re  s h o w s  th e h ig h e s t  d e so rp tio n  
tem p era tu re.
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0  1 2  3 4  5 6  7
T im e  (h )

5 0 0

4 0 0

น
3 0 0  ° I
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F ig u r e  4 .2 3  H y d ro g en  d eso rp tio n  p r o file s  a s  a fu n c tio n  o f  tim e  o f  TiO;>- 
L iB H 4 /M g C l 2  m ix tu re  w ith  d ifferen t a m o u n ts  o f  TiC>2 : (a ) 10 w t% , (b ) 16 w t% , (c )  
2 0  w t%  and  the L iB H 4 /M g C l 2  m ix tu re  m il le d  for 2  h (d )  and tem p era tu re  (e).

F rom  F ig u re  4 .2 3 , it is  o b v io u s  that th e  am o u n t o f  TiC > 2  a ffe c ts  the  
k in e t ic s  o f  th e  L iB H 4 /M g C l 2  d e so rp tio n . A m o n g  th e te sted  a m o u n ts  o f  TiC>2 , u s in g  
16 w t%  resu lts  in th e  h ig h e st  in itia l h yd ro g en  d e so r p tio n  rate and  the h yd ro g en  
ca p a c ity . W ith  2 0  w t%  TiC > 2  ca ta ly st, its  d e so rp tio n  p r o file  s e e m s  to  b e  c lo s e  to  that 
w ith  16 w t%  TiC>2 . H o w e v e r , th e  d eso rb ed  h y d ro g en  is  s l ig h t ly  lo w e r  than  
that w ith  16 w t%  TiC > 2  w h erea s  that w ith  1 0  w t%  TiC > 2  s h o w s  th e  h y d ro g en  ca p a c ity  
s im ila r  to th e  u n d o p ed  sa m p le .

T h e  resu lts  o f  h y d ro g en  d eso r p tio n  w ith  d ifferen t a m o u n ts  o f  TiC > 2  are 
sh o w n  in  T a b le  4 .4 . It is  w orth  n o t in g  that h ig h  ca ta ly st c o n te n ts  a lso  h av e  
a  s ig n if ic a n t  e f fe c t  o n  k in e t ic s  o f  h y d ro g en  d e so r p tio n , e .g . 16 and  2 0  w t%  TiC > 2  

s h o w  b etter resu lts  than 10 w t%  TiC > 2  ca ta ly st. H o w e v e r , S rid ech p rasa t ( 2 0 1 1 )  
rep orted  that in term s o f  h yd ro g en  d eso r p tio n  c a p a c ity , th e  h ig h er  am o u n t o f  
a ca ta ly st, th e  lo w e r  th e h y d ro g en  d e so r p tio n  cap a c ity .
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Table 4.4 H y d ro g en  d eso rp tio n  tem peratu re and tota l a m o u n t o f  d e so rp tio n  
h y d ro g en  o f  th e  L iB H 4 /M g C l 2  m ix tu re  and th e m ix tu re  d o p e d  w ith  d ifferen t  
am o u n ts  o f  TiC > 2  ca ta ly sts  after b a ll m il lin g  for  2  h

L iB H 4 /M g C l 2

m ix tu re

D e so rp tio n  tem p era tu re, ° c H y d r o g e n  c a p a c ity , w t%

U ndoped
1 0

w t%
16

w t%
2 0

w t%
U ndoped

1 0

w t%
16

w t%
2 0

w t%

S tep  1 2 1 4 251 2 4 6 2 4 8 2 .4 3 2 .4 5 3 .2 5 3 .1 7
S tep  2 3 7 4 3 3 4 30 3 3 1 7 2 . 1 0 2 .1 7 1 .74 1 .74
Total H 2  (wt%) 4 .7 8 4 .8 4 5 .2 7 5.2.6

4 .2 .5  E ffe c ts  o f  N b^O j A m o u n t
T h e  in f lu e n c e  o f  N b 2 0 5  a m o u n ts o n  the h y d r o g e n  d e so rp tio n  k in e tic s  

o f  M g (B H 4 ) 2  w a s  a lso  in v e s tig a te d  at the d eso rp tio n  tem p era tu re o f  4 5 0  ° c .  In 
g en era l, an in crea se  in the N b 2 0 5  a m o u n ts h as a p o s it iv e  e f fe c t  o n  the d eso rp tio n  
k in e tic s . F or e x a m p le , it w a s  rep orted  that the fa ste st  k in e t ic s  o f  the m a g n e s iu m  
h y d ro g en  so rp tio n  are ob ta in ed  u s in g  0 .5  m o le%  N b 2 Û 5 , (B ark h ord arian  et a i ,  
2 0 0 3 ) .

T h e  h yd ro gen  d eso r p tio n  p r o f ile s  o f  N b 2 0 5 -L iB H 4 /M g C l 2  m ix tu re  
w ith  d ifferen t a m o u n ts  o f  N b 2 0 5  are sh o w n  in  F ig u re  4 .2 4 . T h e  d eso rp tio n  p r o file s  
o f  1 0  and  2 0  w t%  N b 2 C>5 -L iB H 4 /M g C l 2  m ix tu re  s h o w  that it is  d if f ic u lt  to  id en tify  
th e  d eso r p tio n  tem p era tu re in ea c h  step . T h e rea so n  m ay  b e  th e  rea c tio n  b e tw e e n  
L iB H 4  and  M g C h  d o e s  n ot c o m p le te  d u rin g  th e b all m il l in g  p r o c e ss . H yd ro g en  
e v o lv e d  from  th e d e c o m p o s it io n  o f  10 , 16 , and  2 0  w t%  N b 2 0 s in  th e  L iB H 4 /M g C l 2  

m ix tu re  are 4 .5 8 , 4 .8 6 ,  and 4 .71  w t% , r e sp e c tiv e ly .
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Figure 4.24 H y d ro g en  d e so r p tio n  p r o f ile s  o f  N b 2 0 5 -L iB H 4 /M g C l 2  m ix tu re  with 
d ifferen t a m o u n ts  o f  N b 2 0 s: (a ) 1 0  w t% , (b ) 16 w t% , (c )  2 0  w t%  and the  
L iB H 4 /M g C l 2  m ix tu re  m ille d  fo r  2  h (d).

T h e  d e so rp tio n  rates o f  th e  N b 2 0 5 -L iB H 4 /M g C l 2  m ix tu re  w ith  
d ifferen t a m o u n ts  o f  N b 2 Û 5  are sh o w n  as h y d ro g en  d e so r p tio n  p r o f ile s  in  F igure  
4 .2 5 . In th e  in itia l p eriod  o f  th e  d eso rp tio n  p r o c e ss , th e  a d d it io n  o f  10 and  2 0  w t%  o f  
N b 2 0 5  (F igu re  4 .2 5 (a ) , (c ))  lo w e r s  the d eso r p tio n  for th e  u n d o p ed  sa m p le , w h erea s  
16 w t%  o f  N b 2 Û 5  (F igu re  4 .2 5 (b ) )  sh o w s  th e  b est p er fo rm a n ce  for the L iB H 4 /M g C l 2  

m ix tu re  d e so rp tio n . A s  m e n tio n e d  b e fo re , an in crea se  in  the N b 2 Û 5  am o u n t has  
a p o s it iv e  e f fe c t  on  the d eso r p tio n  k in e tic s  (B ark h ord arian  et a i ,  2 0 0 3 ) .  H o w e v e r , 
th e  resu lts  d em o n stra te  that further for th e  in crea se  in th e  am o u n t o f  N b 2O s ca ta ly st  
resu lts  in  an a d v ersed  e f fe c t  o n  th e  rea c tio n  k in e t ic s . T h e  p o s s ib le  rea so n  c o u ld  be  
a sa tu ration  lim it  is  reach ed  for  16 w t%  o f  N b 2 Û 5  and  k in e t ic s  ca n n o t b e  acce lera ted  
furth er w ith  th e  further in crea se  in  the ca ta ly st am o u n t. T h is  is  a lso  c o n s is te n t  w ith  
a report b y B arkhordarian  et al. (2 0 0 3 ) .
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Figure 4.25 H y d ro g en  d eso rp tio n  p r o f ile s  as a fu n c tio n  o f  t im e  o f  N b 2 0 5- 
L iB H ^ M g C L  m ix tu re  w ith  d ifferen t a m o u n ts  o f  (a ) 10 w t% , (b )  16 w t% , (c )
2 0  w t%  and  th e  L iB H ^ M g C L  m ix tu re  m il le d  for 2  h (d ) and tem p era tu re  (e).

4.3 Hydrogen Absorption of Mg(BH4 )2

T h e  ab so rp tio n  rea c tio n  o f  th e  d eh yd r id ed  L iB H V M g C f  m ix tu re  w as  
c o n d u c te d  w ith  th e th e r m o -v o lu m e tr ic  ap p aratu s at 3 5 0  ๐c  under 9 .5  M P a  h yd ro gen  
p ressu re  for 12 h. A ll sa m p le s  sh o w  s im ila r  resu lts . T h at is , a fter  th e  ab sorp tion  
p r o c e ss , h y d ro g en  p ressu re is  the sa m e  as b e fo re  the reh yd rid in g  r ea c tio n  and the  
d e so rb ed  q u an tity  o f  h y d ro g en  is  m in isc u le . T h erefo re , th e  d eh yd r id ed  L iB H ^ M g C f  
m ix tu re  m ille d  for 2  and  5 h and th e d eh y d r id ed  L iB H ^ M g C B  sa m p le s  m ix e d  w ith  
T i-  and  N b -b a se d  ca ta ly sts  ca n n o t ab sorb  h y d ro g en . T h e  resu lts  are s im ila r  to V arin  
and  Z b ro n iec  (2 0 1 0 ) ,  w h o  in v e s tig a te d  th e  re -a b so rp tio n  o f  L iB H ^ M n C ft  under  
p ressu re  o f  10 M P a  h y d ro g en  for 12 h, and  sh o w e d  that th e  sy s te m  w a s  m o st  lik e ly  
irrev ersib le . H o w e v e r , a  p r e v io u s  report L i et al. ( 2 0 0 8 )  sh o w s  th e R a m a n  sp ectra  o f  
d eh y d r id ed  M g(B H /t ) 2  that r e v e a le d  th e v ib ra tin g  m o d e s  o f  th e  B -H  b o n d in g . T h is
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su g g e s ts  that the fo rm a tio n  o f  a n e w  M g -B -H  c o m p o u n d  a lo n g  w ith  th e p rog ress  o f  
th e  reh yd rid in g  reaction .

F urtherm ore, s o m e  in fo rm a tio n  in  the literature o n  th e  p rop erties o f  
M g (B H 4 ) 2  w er e  rep orted  b y  in frared  sp e c tr o sc o p y  (F T IR ). T y p ic a l featu res o f  the  
BFI4  grou p  can  be o b se r v e d  in  the IR  sp ectra , i.e . th e  stre tch in g  an d  d e fo rm a tio n  o f  
B -H  b o n d s in  the r e g io n s  b e tw e e n  2 1 5 0  and 2 4 0 0  c m ' 1 and 1 1 0 0  and  13 0 0  c m  \  
r e sp e c t iv e ly  (C h lo p e k  et al., 2 0 0 7 ) . F ig u re  4 .2 6  s h o w s  th e F T IR  sp ectra  o f  th e  
L iB H 4 /M g C l 2  m ix tu re  a fter  d eso r p tio n  and  re-a b so rp tio n . T h e y  s h o w  s im ila r  
tr a n sm iss io n  b an d s. For th e d eso rb ed  L iB H 4 /M g C l 2  m ix tu re , th e  p resen ce  o f  
tr a n sm iss io n  b an d s arou n d  2 4 4 1  and 1 5 5 8  c m ' 1 that are b e y o n d  th e  reg io n s  o f  B -H  
b on d s. T h erefo re , after th e  d e so rp tio n  p r o c e ss , the B -H  b on d  is  d estro y ed .

4 0 0 0  3 5 0 0  3 0 0 0  2 5 0 0  2 0 0 0  1 5 0 0  1 0 0 0  5 0 0
Wavenumber (cm 1)

Figure 4.26 F T IR  sp ectra  o f  th e  L iB H 4 /M g C l 2  m ix tu re  m il le d  for 2 h a fter  
d eso rp tio n  at 4 5 0  ๐c  (a ), and  after re -a b so rp tio n  at 3 5 0  °c for 12 h (b ).

It is  w e ll-k n o w n  that the r e v e r s ib le  reac tio n  o f  m eta l h y d r id es  is im p ro v ed  
w h e n  a ca ta ly st su ch  a s  T i-a n d  N b -b a se d  ca ta ly sts  is  a p p lied  (S r id ech p ra sa t, 2 0 1 1  
and Fan et al., 2 0 0 8 ) . H o w e v e r , re su lts  from  th e F T IR  sp ectra  (F ig u r e s  4 .2 6  and  
4 .2 7 )  s h o w  that there are n o  tr a n sm iss io n  b an d s in  th e  ran ge o f  th e  B -H  b on d s. TiC>2 -
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LiBH4/MgCl2 mixture after re-absorption (Figure 4.26(a)) shows the transmission
band around 2433 and 1616 cm'1, respectively.

W a v e n u m b e r  ( c m 1)

F ig u r e  4 .2 7  F T IR  sp ectra  o f  T i 0 2 -L iB H 4 /M g C l 2  m ix tu re  m il le d  for 2 h after  
d e so rp tio n  at 4 5 0  °c (a ), and after re -a b so rp tio n  at 3 5 0  °c for 12 h (b).

In ad d itio n , th e  F T IR  sp ectra  o f  N b 2 0 5 -L iB H 4 /M g C l 2  m ix tu re  a lso  sh o w  
s im ila r  tra n sm iss io n  b an d s to the u n d o p ed  s a m p le  and  the o n e  d o p e d  w ith  T i ( ) 2. It 
can  b e  s e e n  in F ig u re  4 .2 7 (b )  that th e  tr a n sm iss io n  b an d s o f  N b 2O s d o p ed  sa m p le  
after th e  re -a b so rp tio n  appear at 2 4 3 5  and 1 6 0 0  c m '1. T h e  tr a n sm iss io n  b an d s o f  
b oth  sa m p le s  (F ig u re  4 .2 7 )  s h o w  s im ila r  resu lts  and  are n ot in  th e  re g io n s  o f  B-FI 
b o n d s. T h erefore , T i 0 2  and N b 2Os ca ta ly s ts  ca n n o t im p ro v e  th e  re v e r s ib le  r ea c tio n  o f  
the L iB H 4 /M g C l 2  m ix tu re .
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W a v e n u m b e r  ( c m 1)

F ig u r e  4 .2 8  F T IR  sp ectra  o f  N b 2 0 5 -L iB H 4 /M g C l 2  m ix tu re  m ille d  for 2  h  after  
d e so rp tio n  at 4 5 0  ° c  (a ), and after re -a b so rp tio n  at 3 5 0  ° c  for 12 h (b).
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