
CHAPTER II 
LITERATURE REVIEW

2.1 Hydrogen Storage Target

Hydrogen storage is an important topic to the hydrogen economy, 
particularly, storing hydrogen for vehicular applications or the fuel cell driven cars. 
The requirement of a hydrogen storage system for practical applications in both 
economic and environmental reasons including (Grochala and Edwards, 2004);

1) High storage capacity in both gravimetric and volumetric density.
2) Operating temperature in the range of 60-100 °c, suitable for PEM 

(proton exchange membrane) fuel cell applications
3) Quick charging and recharging hydrogen
4) Low cost
5) Safe and reasonable cost
The hydrogen storage targets, which are fixed by the บ.ร. department of 

energy (DOE) for driving a car more than 500 km, are shown in Table 2.1.

Table 2.1 Targets of the บ.ร. DOE hydrogen storage system targets (Satyapal et a i5 
2007)

Storage parameter Units 2010 2015
System gravimetric capacity 
(Specific energy) H2/kg system 0.060 0.090

System volumetric capacity 
(Energy density) H2/L system 0.045 0.081

Storage System cost $/l h 2 133 67
Life time charge-recharge cycle Cycles 1000 1500
Operating temperature °c -40/85 -40/85
Refueling rate kg H2/min 1.5 2.0



4

The DOE on-board hydrogen storage system performance targets were 
developed through Freedom CAR, a partnership between DOE and the บ.ร. Council 
for Automotive Research. The performance targets developed are system and 
application driven, based on achieving similar performance and cost levels as current 
gasoline fuel storage systems for light-duty vehicles. The storage system includes the 
tank, valves, regulators, piping, mounting brackets, insulation, added cooling 
capacity, thermal management, and any other balance-of-plant components in 
addition to the first charge of hydrogen and any storage media such as solid 
adsorbent or liquid used to store the hydrogen (Satyapal et al., 2007).

The technical challenge in identifying an ideal hydrogen storage system is to 
meet simultaneously all the targets for practical on-board vehicular applications are 
shown in Figure 2.1.

These targets or required properties are closely associated with three sets of 
parameters: structure (crystalline form, specific surface area or particle size, and 
structural defects), chemistry (components, composition, phases, catalysts, and 
impurities), and reaction or diffusion path (elementary reactions, transient species, 
etc.). These are interacting, and the critical issues differ for different types of 
hydrogen storage materials (Guo et ai, 2008).
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Figure 2.1 Practical targets for on-board hydrogen storage in relation to key 
materials parameters (Guo et ai, 2008).
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2 .2  P r o p e r t ie s  o f  M a te r ia l -b a s e d  H y d r o g e n  S to r a g e  M e d ia

H y d ro g en  s to ra g e  m e d ia  can  b e su b d iv id e d  in to  fou r d is t in c t  ca teg o r ie s:  (1 )  
h igh  p ressu re  sto rag e , (2 )  m eta l h yd rid es, (3 )  a d so rp tio n  o f  h y d ro g en , and (4 )  
c h e m ic a l h y d ro g en  sto rag e . T h e  s c o p e  o f  the p rop erties  o f  sto ra g e  m e d ia  ap p ears to  
b e re lev a n t for n ear-term  P E M  fu e l c e ll  and n o n -a u to m o tiv e  fu e l c e ll  m ark ets  
in c lu d in g  th e  im p o rta n ce  o f  re lia b le  m ateria l p rop erty  m e a su rem en t tech n iq u e s  to  
fa c ilita te  th e  d e v e lo p m e n t o f  h y d ro g en  sto rag e  m ater ia ls . T h e  h y d ro g en  storage  
p rop erties o f  a m ateria l can  b e s ig n if ic a n tly  in f lu e n c e d  b y  n ot o n ly  in d iv id u a l sa m p le  
ch ara c ter is tic s  in c lu d in g  c h e m ic a l c o m p o s it io n  and  d istr ib u tio n , m ic r o -  and m a c r o ­
sc o p ic  m ater ia l structure, and  e tc ., but a lso  p ressu re , tem p era tu re, and sa m p le  s iz e .

T h e  fo l lo w in g  in fo rm a tio n  p ro v id es  a g en era l d e sc r ip tio n  o f  the m a ter ia ls  
p rop erties  a lo n g  w ith  sev era l e x a m p le s  o f  recen t a d v a n c e m e n ts  in  h y d ro g en  sto ra g e  
m ateria ls  that w ill c le a r ly  im p a ct sy s te m  d e s ig n  for  n ear-term  fu e l c e ll  m ark ets  
(M cW h o rter  et a i ,  2 0 1 1 ) .

2 .2 .1  C a p acity
For h y d ro g en  sto rag e  m ater ia ls , c a p a c ity  is d e fin e d  as th e  am o u n t ot 

h y d ro g en  sto red  per u n it w e ig h t  (g ra v im etr ic  c a p a c ity )  or v o lu m e  (v o lu m e tr ic  
ca p a c ity ) , w h ic h  is  o fte n  e x p r e sse d  in term s o f  th e  c h e m ic a l e n e r g y  o f  sto red  
h yd ro gen . C a p a c ity  is  c o m m o n ly  rep resen ted  as a m a ter ia ls -  or sy s te m -b a se d  v a lu e , 
w h ere  it is  ch a ra cter ized  as the ratio o f  h yd ro g en  m a ss  stored  to  th e  m a ss  or v o lu m e  
o f  tota l m ater ia l or m ateria l p lu s the b a la n ce  o f  p lan t (B O P  sy s te m ) c o m p o n e n ts . T h e  
m ain  d if fe r e n c e  in  th e  tw o  v a lu e s  lie s  in  th e  fact that th e  sy s te m -b a se d  c a p a c ity  is  an  
upper lim it  to  the am o u n t o f  u se a b le  h yd ro g en  and  th e  m a ter ia ls  b a se d  v a lu e  is a  
m ea su re  o f  th e  a b so lu te  ca p a c ity , n o t a c c o u n tin g  for  an y  a n c illa r y  fu e l sy s te m  
c o m p o n e n ts  su ch  as th e  m ateria l co n ta in m en t v e s s e l ,  p ip in g , and p ressu re  regu la tors.

A d so rb en t or sorb en t sy s te m s  h a v e  d em o n stra ted  h ig h  su rfa ce  area  
m ateria ls  c a p a b le  o f  a c h ie v in g  rea so n a b le  sto rag e  c a p a c it ie s . For e x a m p le , a m eta l 
org an ic  fra m ew o rk  m ateria l (M O F ) lik e  M O F -5  h as e x h ib ite d  h y d ro g en  ca p a c ity  
ab out 7.1  w t%  at -1 9 6  ๐c  and  4  M P a  (M cW h o rter  et a l ,  2 0 1 1 ) .
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2 .2 .2  T h erm o d y n a m ics
H y d ro g en  can  be stored  in m a ter ia ls  d o m in a ted  b y  sev era l d ifferen t  

b o n d in g  m e c h a n ism s  that req u ire a fu n d am en ta l u n d erstan d in g  o f  th e  th erm o d y n a m ic  
p rop erties o f  the h y d r o g e n -m a te r ia l in teraction . T h e  th erm o d y n a m ic  p rop erties  
d eterm in e  th e eq u ilib r iu m  r e la tio n sh ip  b e tw e e n  th e o p era tin g  tem p era tu re and  
p ressu re , and th erefore  in f lu e n c e  sev era l p ractica l op era tion a l p aram eters o f  the  
h yd ro g en  sto rag e  sy s te m  su ch  as c h a rg e /d isch a rg e  h eat tran sfer req u irem en ts  and  
a v a ila b le  p ressu re  o f  d e so r b ed /d isch a rg ed  h yd ro gen .

F rom  a  th erm o d y n a m ics  p e r sp e c tiv e , an o p tim u m  m ateria l w o u ld  be  
re v e r s ib le  and d eso rb  h yd ro g en  near roo m  tem p era tu re at a s u ff ic ie n t  rate to  p o w er  
the fu e l c e l l  sy s te m  w h ile  m a in ta in in g  an eq u ilib r iu m  h y d ro g en  p ressu re  o f  at lea st  
0.1 M P a . A ls o , the m ateria l w o u ld  h a v e  r e h y d ro g en a tio n /re fill k in e t ic s  to  a l lo w  
sy s te m  rech arg e  (M cW h o rter  et a l,  2 0 1 1 ) .

F or p ractica l a p p lic a tio n s , rapid h yd ro gen  d eso r p tio n  is requ ired  
around  1 0 0  ๐c  and o n e  a tm o sp h er ic  p ressu re , w h ic h  co rr esp o n d s to  an en th a lp y  o f  
fo rm a tio n  around 1 5 -2 5  k J /m ol H 2 . H en ce , an id ea l h yd ro g en  sto ra g e  sy s te m  IS 
lik e ly  to in v o lv e  hyb rid  sorp tion  m e c h a n ism s  an d /or  reactio n  p ath s that can  resu lt in 
an e f fe c t iv e  en th a lp y  ch a n g e  lo w e r  than that o f  s im p le  c h e m iso r p tio n  but m u ch  
h ig h er  than  that o f  p h y siso rp tio n . D e s ig n s  from  e le c tr o n ic  stru ctu res o ffe r  the  
p o s s ib ility  o f  id e n tify in g  so m e  p ro m is in g  can d id a tes .

M o st  c h e m ic a l h y d ro g en  storage  m a ter ia ls , b oth  w ith  e x o th e r m ic  and 

e n d o th e r m ic  h y d ro g en  re lea se  are n o t rea d ily  r e v e r s ib le  v ia  d irec t h y d ro g en a tio n  but 
th e  m ater ia l can  be regen era ted  w ith  o th er c h e m ic a l rea c tio n s  and can  b e  a c h ie v e d  by 
f o l lo w in g  m u lti-s te p /d iffe r e n t rea c tio n  p ath s in  th e  c a se  o f  r ea c tiv e  h yd ro gen  
so rp tio n  b e tw e e n  tw o  or m o re  s p e c ie s  (G u o  et al. , 2 0 0 8 ) .

2 .2 .3  R e v e r s ib ility
T h erm o d y n a m ic  rev e r s ib ility  is  an id ea l c o n c e p t, w h e r e  a p r o c e ss  is  

sa id  to  b e  “r e v e r s ib le ” i f  it can  b e  reversed  b y  in f in ite s im a l c h a n g e s  o f  a p roperty  
w ith o u t c a u s in g  an y  lo s s  or d is s ip a tio n  o f  e n erg y , i.e . the to ta l en tro p y  ch a n g e  is  
zero . In th eo ry , all p r o c e s se s  are rev e rsib le . In p ra ctice , g o o d  r e v e r s ib ility  is  on ly  
o b ta in ed  i f  co m p a ra b le  forw ard  and reverse  rea c tio n s  fa ll w e l l  w ith in  p ractica lly
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a c h ie v a b le  c o n d it io n s , e .g . tem p era tu re, p ressu re , and k in e t ic s . T h is  e f fe c t iv e ly  
m e a n s  that the ra te -co n tro llin g  en e r g y  barriers for  the forw ard  an d  rev e rse  p r o c e sse s  
(r e a c t io n s )  sh o u ld  b e r e la tiv e ly  sm a ll and o f  s im ila r  v a lu e s  (G u o  et a l ,  2 0 0 8 ) .

2 .2 .4  K in e tic s
U n d ersta n d in g  the k in e tic s  o f  h y d ro g en  sto ra g e  m a ter ia ls  in v o lv e s  

m e a su r in g  and u n d erstan d in g  the rate and m e c h a n ism (s )  in v o lv e d  in h yd ro gen  
u p tak e and  re lea se . T h e  m e c h a n ism s  are c o m p r ise d  o f  v a r io u s  d y n a m ic  p r o c e sse s , 
su ch  a s  su rfa ce  in tera ctio n s , m a ss  transport p h e n o m e n a , and n u c lé a t io n , an y  o f  w h ich  
c o u ld  act as the rate lim itin g  s te p (s )  or k in e tic  barrier(s). F rom  a p ractica l stan d p o im  
the fu e l sy s te m  k in e t ic s  d eterm in e  th e rate, at w h ic h  a m ateria l ca n  su p p ly  h yd ro gen  
to a fu e l c e l l  to  m a in ta in  a d es ired  p o w er  lo ad  or c o n v e r se ly , th e  rate, at w h ic h  a 

m ateria l can  be r e fu e led  (M cW h o rter  et a l,  2 0 1 1 ) .
H y d ro g en  d e so rp tio n  actu a lly  in v o lv e s  m u lt i-s te p s:  d e -b o n d in g  from  

h ost a to m s , d if fu s io n  in  a h o st structure, d if fu s io n  to /a lo n g  su r fa c e s , fo rm a tio n  o f  
h y d ro g en  m o le c u le s , and d is so c ia t io n  from  th e su rfa ce  o f  th e  m ateria l (th e  reverse  
o c c u r s  in  ab so rp tio n ). T h e  s lo w e s t  step  d e term in es  th e  o v e r a ll k in e t ic s  o f  so rp tio n  It 
is u su a lly  d if f ic u lt  but im p ortan t to p in  p o in t  w h ic h  step  is  rate c o n tr o llin g  in  
h y d ro g en  so rp tio n  (G u o  et a l ,  2 0 0 8 ) .

E ach  c la s s  o f  h y d ro g en  sto ra g e  m ateria l h as its  o w n  set o f  u n i q u e  

k in e tic  barriers, w h ic h  can  b e a s ig n ific a n t fac to r  w h en  s e le c t in g  th e se  m ater ia ls  for  
h y d ro g en  storage . A lth o u g h  k in e tic  barriers e x is t  a m o n g  a ll s to ra g e  m a ter ia ls , there  
are s o m e  m ater ia ls  that c o u ld  m eet the k in e tic  req u irem en ts  for o p era tio n  o f  a P E M  
fu e l c e ll .  F u rth erm ore, recen t d is c o v e r ie s  in n a n o c o n fin e m e n t o f  h yd rid e m ater ia ls  
c o u ld  p ro v e  e f fe c t iv e  in red u c in g  k in etic  barriers for se v e r a l o th er c la s s e s  o f  
m a ter ia ls  (M cW h o rter  et a l,  2 0 1 1 ) .

2 .2 .5  T h erm al C o n d u ctiv ity
For h y d ro g en  sto rag e , the d e so r p tio n  rea c tio n  is  u su a lly  en d o th erm ic  

and ab so rp tio n  e x o th e r m ic . T h is  m ea n s that c o n s id e r a b le  a m o u n t o f  rea c tio n  heat 
n e e d s  to  b e  d iss ip a te d  du rin g h y d ro g en  ch a rg in g  (a b so rp tio n ) an d  h ea tin g  is  n eed ed



8

for  h yd ro gen  d e so rp tio n . H ig h ly  c o n d u c tiv e  c o o lin g /h e a t in g  stru ctu res are n ecessa ry  
in  th e  d e s ig n  o f  a h y d ro g en  sto ra g e  sy stem  (G u o  et a l., 2 0 0 8 ) .

2 .2 .6  O th er C o n tr ib u tin g  Factors
M a n y  o th er fa c to rs  w ill p la y  a cr itica l ro le  in  d e te r m in in g  th e  v ia b ility  

o f  m a ter ia ls -b a sed  sto rag e  in  n ear-term  m ark ets  in c lu d in g  c o s t , c y c le  life /d u rab ilit>  , 
r e a c tiv ity , and e f f lu e n t  purity. C o st  is  an is s u e  a m o n g  a ll t e c h n o lo g ie s . F or m ater ia ls-  
b a sed  h yd ro gen  sto ra g e  to b e  a p ractica l a ltern a tiv e  for n ear-term  m ark ets, th e  c o s t  o f  
th e  m ater ia ls  m u st  b e  c o m p e t it iv e  w ith  that o f  storage  in  h ig h  p ressu re  cy lin d ers . In 
a d d itio n , the h y d ro g en  fu el c e ll  sy stem  m u st  b e  c o m p e t it iv e  w ith  o th er  form s OÎ 
e n e r g y  su ch  as p e tro leu m  and d ie se l or b atter ies.

C o m p a red  to  h ig h  p ressu re  c y lin d ers , m a te r ia ls -b a se d  h yd ro gen  
sto ra g e  te c h n o lo g ie s  h av e  an  in h eren t a d v a n ta g e  s in c e  th e se  m a ter ia ls  can  store- 
h y d ro g en  u nder m od era te  tem peratu re and p ressu re .

In ad d itio n , sp e c if ie d  im p u r itie s  h av e  b e e n  id e n tif ie d  to  ca u se  
s ig n if ic a n t  red u ction  in  fu e l c e ll p er fo rm a n ce  su ch  as ca ta ly s t  d e a c t iv a t io n  and  
d egra d ation  in  m em b ran e  io n o m e r  c o n d u c tiv ity  u lt im a te ly  r e d u c in g  th e  life t im e  o f  
th e  fu e l c e ll (M cW h o rter  et a l ,  2 0 1 1 ) .

2 .3  H y d r o g e n  S to r a g e  M e th o d

T h e  h y d ro g en  m o le c u le  (H 2 ) ca n  b e  fou n d  in  v a r io u s  fo rm s d e p e n d in g  
o n  th e  tem p era tu re and th e  p ressu re. A t lo w  tem p era tu re h y d r o g e n  is  s o l id  w ith  a 
d e n s ity  o f  7 0 .6  k g /m 3  at -2 6 2  °c and is  a g a s  at h ig h er  tem p era tu re  w ith  d e n s ity  o f  
0 .0 8 9 8 8 6  k g /m 3  at 0  °c and a p ressu re o f  1 bar and is  a liq u id  h y d r o g e n  at -2 5 3  ๐c  
w ith  a d en s ity  o f  7 0 .8  k g /m 3. A t  am b ien t tem p era tu re  (2 5  ๐C ), h y d r o g e n  is  a ga s and  
can  b e d e scr ib ed  b y  th e V a n  der W aa ls eq u ation :

P(V) = nRT ท2 
V-nb a V2

(2 .1 )
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w h e r e  p  is  th e  g a s  p ressu re , V  the v o lu m e , T  the a b so lu te  tem p era tu re, ท the n u m b er  
o f  m o le s , R  th e  g a s  co n sta n t ( R  -  8 .3 1 4  J /m o l'K ), a  is  th e  d ip o le  in teraction  or  
r ep u ls io n  co n sta n t (a = 2 .4 7 6 x 1  O' 2  m 6  P a /m o l2), and b is  the v o lu m e  o c c u p ie d  b y the  
h y d ro g en  m o le c u le s  (b =  2 .6 6 1 x 1  O' 5  m 3 /m o l) . H yd rog en  sto ra g e  b a s ic a lly  im p lie s  the  
red u ctio n  o f  th e  e n o rm o u s v o lu m e  o f  h y d ro g en  gas; 1  k g  o f  h y d r o g e n  at am b ien t  
tem p era tu re and  a tm o sp h er ic  p ressu re  ta k e s  a v o lu m e  o f  11 m 3. In ord er to in crea se  
th e  h yd ro g en  d e n s ity  in  a sto ra g e  sy s te m , w o rk  m u st e ith er  b e a p p lied  to c o m p r e ss  
h y d ro g en , or th e  tem p era tu re h as to b e  d e c r e a se d  b e lo w  th e cr itica l tem p eratu re, or 
f in a lly , th e  re p u ls io n  h as to  b e  red u ced  b y  th e in tera ctio n  o f  h y d r o g e n  w ith  an oth er  
m ateria l. T h e  se c o n d  im p ortan t cr iter io n  for h yd ro g en  sto ra g e  sy s te m  is the 
rev e r s ib ility  o f  the h yd ro g en  u p take and  re lea se . T h ere  are b a s ic a lly  p o ss ib le  
m e th o d s  that can  b e u sed  in order to  r ev e rsib ly  sto re  h y d ro g en  w ith  a h ig h  
v o lu m e tr ic  d e n s ity  and are sh o w n  in T a b le  2 .2  (Z iitte l, 2 0 0 4 ) .

T a b le  2 .2  B a s ic  h yd ro gen  sto ra g e  m e th o d s  and p h en o m en a . T h e  g ra v im etr ic  d en s ity  
p m, th e  v o lu m e tr ic  d en s ity  p v the w o r k in g  tem p era tu re T  and p ressu re  p  are listed . R T  
sta n d s  for ro o m  tem peratu re (2 5  °C ) (Z iitte l, 2 0 0 4 )

S t o r a g e
m e t h o d

pm
( m a s s  % )

Pv
( k g H 2/ m 3)

T
(°C )

p
( b a r )

P h e n o m e n a  a n d  r e m a r k s

H igh-pressure  
gas cylinders

13 <40 RT 800

C om pressed gas (m olecular H i) 
in lightw eight com posite  
cylinder (ten sile  strength o f  the 
material is 2 ,0 0 0  MPa)

Liquid 
hydrogen in 
cryogen ic tank

Size
dependent

70.8 -252 1

Liquid hydrogen (m olecular H>), ! 
continuous loss o f  a few  % per 
day o f  hydrogen at RT

Adsorbed
hydrogen

~  2 2 0 -80 1 0 0
Physisorption on materials with  
a large surface sp ecific  area

C om plex
com pound

<18 150 > 1 0 0 1

C om p lex  hydrides, desorption at 
elevated  temperature, adsorption 
at high pressures
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2 .3 .1  H ig h  P ressu re  G as C y lin d er
T h e  m o st  c o m m o n  sto ra g e  sy stem  is  h ig h -p ressu re  g a s  cy lin d e r s  w ith  

a m a x im u m  p ressu re  o f  2 0  M P a. N e w  lig h tw e ig h t  c o m p o s ite  c y lin d e r s  h a v e  b een  
d e v e lo p e d , w h ic h  are ab le  to  w ith sta n d  a  p ressu re up  to  8 0  M P a  and  so  the h yd ro gen  
can  reach  a v o lu m e tr ic  d en sity  o f  3 6  k g /m 3. T h e  v o lu m e  d e n s ity  o f  h yd ro g en  
in crea ses  w ith  p ressu re  and  rea c h es  a m a x im u m  a b o v e  100  M P a , d ep en d in g  on  t h e  

te n s ile  stren g th  o f  th e  m ateria l. H o w e v e r , the gra v im etr ic  d e n s ity  d e c r e a se s  w ith  
in crea sin g  p ressu re and the m a x im u m  gra v im etr ic  d en s ity  is  fou n d  for zero  
ov erp ressu re . T h ere fo re , th e  in crea se  in  v o lu m etr ic  sto rag e  d e n s ity  is  sa c r ific e d  w ith  
the red u ctio n  o f  the g ra v im etr ic  d e n s ity  in p ressu r ized  g a s  sy s te m s  (Z titte l, 2 0 0 4 ) .

T h e  d raw b ack s o f  th is  m eth o d  are h ig h  v o lu m e , h ig h  p ressu re , lo w  
d en sity , an d  d if f ic u lt  to  con tro l p ressu re . N o v e l h ig h  p ressu re  tan k s m a d e  o f  carb on -  
f ib er-re in fo rced  c o m p o s ite  m ateria l are b e in g  d e v e lo p e d . M o r e o v e r , the c o s t  and  
sa fe ty  are s till the k ey  c h a lle n g e s  for c o m p r e sse d  h y d ro g en  g a s  tan k s (S a ty ap a l et a l., 
2 0 0 7 ).

2 .3 .2  L iq u id  H yd rog en
L iq u id  h y d ro g en  is  sto red  in c r y o g e n ic  tan k s at -2 5 1 .8  ๐c  at a m b ien t  

p ressu re. D u e  to  the lo w  critica l tem p era tu re o f  h y d r o g e n  ( -2 4 0  °C ), liq u id  h y d ro g en  
can  b e sto red  in  o p e n  sy s te m s , b e c a u se  there is n o  liq u id  p h a se  e x is t in g  a b o v e  the  
critica l tem p eratu re. T h e  p ressu re  in  a  c lo se d  s to ra g e  sy s te m  at ro o m  tem peratu re  
co u ld  in crea se  to a b o u t 10 4  bar. T h e  v o lu m e tr ic  d e n s ity  o f  liq u id  h yd ro gen  is  7 0 .8  
k g /m 3  and s lig h tly  h ig h er  than that o f  so lid  h y d ro g en  (7 0 .6  k g /m 3) (Z tittel, 2 0 0 4 ) .

H o w e v e r , th e  d raw b ack s are h ig h  c o s t  for the liq u e fa c tio n  p r o c e ss  
(c o n d e n sa tio n  tem p era tu re o f  h y d ro g en  at 0.1 M P a  and  -2 5 2  ๐C ) and  heat tran sfer  
throu gh  th e con ta in er  lea d s  to h y d ro g en  lo s s  (S a ty a p a l et a l ,  2 0 0 7 ) .

2 .3 .3  C h e m ic a l H yd ro g en  S to ra g e

2.3.3.1 H ydrogenation/'dehydrogenation Reaction
T h e h y d ro g en a tio n  and d e h y d r o g e n a tio n  o f  org an ic  liq u id s  

(c y c lic  h yd ro carb on s or h etero a ro m a tic  c o m p o u n d s)  o ffe r s  a p o te n tia l ad v a n ta g e  by



n ot req u ir in g  w a ter  on -b oard  as co -reactan t (S a ty ap a l et al., 2 0 0 7 ) . A ro m a tic  
c o m p o u n d s  su ch  as b e n z e n e , to lu e n e , and n ap h th a len e  can  b e e a s i ly  h y d ro g en a ted  by 
u sin g  ap p ropriate m eta l ca ta ly sts  under re la tiv e ly  m ild  c o n d it io n s , e .g . ab o u t 1 0 0  °c 
and 2 M P a. H o w e v e r , the d e h y d ro g en a tio n  o f  c y c l ic  h yd ro carb on s is  h ig h ly  
en d o th erm ic  and the reac tio n  is  favo red  o n ly  at h ig h  tem p era tu res. O n e  early  
e x a m p le  is the d ec a lin -to -n a p h th a le n e  reac tio n  w ith  p la tin u m -b a sed  or o th er  n o b le  
m eta l, w h ic h  can  re le a se  7 .3  w t%  h y d ro g en  at 2 1 0  °c.

T h e d raw b ack s o f  th is  m eth o d  are s t i ll req u ir in g  r e la tiv e ly  
h igh  tem p era tu res for v a p o r iza tio n  o f  the v o la t ile  c o m p o n e n ts  o f  th e  p r o c e ss  and an 
im p ortan t n eed  is  a lso  an e f fe c t iv e  sep ara tio n  o f  h yd ro g en  fro m  th e  m ix tu res  to get ) 
pure h y d ro g en  p rod u ct and to r eu se  th e  h y d ro g en  carrier m a ter ia ls  (Z h a o  et a l . 1 

2 0 1 0 ) .
2.3.3.2 H ydrolysis Reactions

H y d r o ly s is  rea c tio n s  in v o lv e  the r ea c tio n  o f  the c h e m ic a l  
h y d rid es w ith  w a ter  to p rod u ce  h yd ro gen . T h e  reactio n  o f  so d iu m  b oroh yd rid e  
so lu t io n s  h as b e e n  the m o st  s tu d ied  to d ate but b oro h yd rid e  p ro d u ctio n  from  borate  
req u ires m u lt i-s te p  c o n d it io n s  that are d if f ic u lt  o n -b oard  a v e h ic le  and  thus 
reg en era tio n  m u st tak e p la ce  o ff-b o a rd . A n o th er  h y d r o ly s is  r ea c tio n  that is  p resen tly  
b e in g  in v e stig a te d  is  the reac tio n  o f  M g H 2  w ith  w ater , to  form  M g (O H ) 2  and H 2 . 
H o w e v e r , w ater  m u st a lso  b e  carr ied  on -b oard  th e v e h ic le  in  a d d itio n  to th e  s lu m  
and th e M g (O H ) 2  m u st b e  regen era ted  o ff-b o a rd . In all th e se  c a s e s , it can n o t be 
a ssu m e d  that w a ter  is  a v a ila b le  from  the fu e l c e ll  su b sy s te m  at a ll op era tin g  
c o n d it io n s  o f  th e  v e h ic le  (S a ty ap a l et al., 2 0 0 7 ) .

2.3.3.3 Am m onia
A m m o n ia  (N H 3 ), w h ic h  h a s b o ilin g  p o in t  o f  -3 3 .5  ๐c ,  h as a 

h ig h  ca p a c ity  for h yd ro g en  sto ra g e , 1 7 .6  w t% . H o w e v e r , in ord er to  re lea se  h yd ro g en  
from  a m m o n ia  (an  en d o th erm ic  rea c tio n ), h ig h  fu e l p r o c e s s in g  tem p eratu re, and  
th erefore  large reactor m a ss  and v o lu m e  w o u ld  b e required . M o reo v er , th e  total 
sy ste m  p erfo rm a n ce  o f  on -b oard  a m m o n ia  reactors (w e ig h t , v o lu m e  start-up  tim e, 
and e tc .)  w o u ld  n o t m eet th e  req u irem en ts  for c o m m e r c ia l ly  v ia b le  h yd ro gen -  
p o w e r e d  fu e l c e ll  v e h ic le s  (S a ty a p a l et al., 2 0 0 7 ) .
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2 .3 .4  A d so rp tio n  o f  H yd ro g en
T h e  a d so rp tio n  o f  g a s  on  a su rfa ce  is  a c o n se q u e n c e  o f  th e  f ie ld  force  

at th e  su rfa ce  o f  the so lid , c a l le d  the ad so rb en t, w h ic h  attracts the m o le c u le s  o f  the  
g a s  or vap ou r, c a lle d  ad so rb a te . T h e o r ig in a l o f  th e  p h y s iso r p tio n  o f  the gas  
m o le c u le s  o n  th e  su rface  o f  a so lid  are reson a n t f lu c tu a tio n s  o f  th e  ch arge  
d istr ib u tio n s  and are th erefore  c a llin g  d isp e r s iv e  in tera ctio n s  or V a n  der W aa ls  
in tera ctio n s . In th e  p h y s iso rp tio n  p r o c e ss , a g a s  m o le c u le  in teracts w ith  se v era l a tom s  
at th e  su rface  o f  th e  so lid . T h e  in teraction  is  c o m p o se d  o f  tw o  term s: an  attractive  
term  and a r e p u ls iv e  term . D u e  to  the w e a k  in teraction , a s ig n ific a n t  p h y s iso r p tio n  is 
o n ly  o b se r v e d  at lo w  tem p era tu re (<  0  °C ). O n c e  a m o n o la y e r  o f  a d so rb a te  m o le c u le s  
is  fo rm ed , th e  g a se o u s  m o le c u le s  in teract w ith  the su r fa ce  o f  th e  liq u id  or so lid  
a d so rb en t. T h erefo re , th e  b in d in g  en erg y  o f  th e  se c o n d  la yer  o f  ad so rb a te  m o le c u le s  
is  s im ila r  to th e  la ten t h ea t o f  su b lim a tio n  or v a p o r iz a tio n  o f  th e  adsorbate, 
C o n se q u e n tly , th e  a d so rp tio n  o f  th e  ad sorb ate  at a tem p era tu re eq u a l to  or greater 
than  th e b o ilin g  p o in t at th e  g iv e n  p ressu re  lea d s to th e  ad so rp tio n  o f  o n e  s in g le  
m o n o m e r  (Z iitte l, 2 0 0 4 ) .

N a n ostru ctu re  m a ter ia ls  are a n e w  c la s s  o f  m ater ia ls  w ith  u n iq u e  
p ro p erties  that s tem  from  th eir  red u ced  len g th  sc a le  (1 <  d <  10 0  n m ). T h e  
n an ostru ctu red  m ater ia ls  c o n s id e r e d  for s to r in g  h y d ro g en  are, for e x a m p le , carb on  
n an ostru ctu re (carb on  n a n o tu b es , carb on  n a n o fib er , and  grap h ite  n a n o fib er ) , and  
m eta l org a n ic  fram ew o rk  (M O F ). H y d ro g en  can  b e  stored  b y  ad sorb in g  
(p h y siso r p tio n ) o n  th e su rfa ce  o f  th e se  m a ter ia ls  ( s c ie n c e .e n e r g y .g o v ) .

S in g le -w a lle d  carb o n  n a n o tu b es  ( ร พ N T ร), and  m u lt i-w a lle d  carbon  
n a n o tu b es  (M W N T s) , h a v e  b e e n  m ad e s in c e  D illo n  et al. (1 9 9 7 )  first reported  
s ig n if ic a n t  h yd ro g en  ad so rp tio n  o f  as prep ared  so o t  c o n ta in in g  0 .1 - 0 .2  w t%  at 140  
° c .  M o st  recen tly , a lk a li-d o p e d  C N T s w e r e  fo u n d  to  ad sorb  o n ly  2  w t%  dry  
h y d r o g e n  at ro o m  tem p era tu re (C h o  et a l,  2 0 0 7 ) .

M O F s are c r y s ta llin e  c o o r d in a tio n  p o ly m e r s , w h ic h  c o n ta in  m eta l io n s  
or c lu sters  c o n n e c te d  b y o rg a n ic  lin k ers. A  lo t  o f  research  a c t iv it ie s  w e r e  fo c u se d  on  
h y d ro g en  in M O F s w ith  m o s t  e x it in g  resu lts  rep orted  at c r y o g e n ic  tem perature  
( -1 9 6  °C ). For in sta n ce , w e l l-k n o w n  and o n e  o f  the m o st  s tu d ied  M O F -177 w a s  
rep orted  to  ad sorb  6 w t%  h y d ro g en  at -1 9 6  ° c  and 6 .6  M P a  h y d ro g en  pressu re. A t
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ro o m  tem p era tu re, th e  b in d in g  en erg y  b e tw e e n  h y d ro g en  and M O F s  is r e la tiv e ly  
w e a k  and h y d ro g en  u p take u su a lly  d o e s  n o t e x c e e d  1 w t%  (L u zan  et al., 2 0 0 9 ).

B e s id e s  th e  carb on  n an ostru ctu res, o th er  n a n o p o ro u s  m ater ia ls  h a v e  
b e e n  in v e s tig a te d  for h y d ro g en  ad so rp tio n . T h e h y d ro g en  a d so rp tio n  o f  z e o l ite s  o f  
d iffe r e n c e  p ore  arch itectu re  and c o m p o s it io n  e .g . A , X , and Y  w a s  a n a ly zed  in the  
tem p era tu re ran ge 2 0 -3 0 0  ๐c  and p ressu re  range 2 .5 -1 0  M P a. T h e  ad so rb ed  am ou n t  
o f  h yd ro g en  in crea sed  w ith  in crea sin g  tem p era tu re and in c r e a s in g  ad sorp tion  
p ressu re . T h e  ab so rb ed  am o u n t o f  d e so rb ed  h y d ro g en  w a s  fo u n d  to  b e  0 .0 8  m ass%  
for  sa m p le  lo a d e d  at a  tem p era tu re o f  3 0 0  °c and a p ressu re  o f  10 M P a. A t liq u id  
n itro g en  tem p era tu re ( -1 9 6  °C ), the z e o l it e s  p h y siso rb  h y d ro g en  p rop o rtio n a l to  the  
sp e c if ic  su rfa ce  area o f  th e  m ateria l. A  m a x im u m  o f  1.8 m a ss%  o f  a d so rb ed  
h y d ro g en  w a s  fou n d  for a z e o l ite  (N a Y )  (Z titte l, 2 0 0 4 ) .

T h e  m ajor d raw b ack  o f  n an ostru ctu re m ater ia ls  is  a v ery  w ea k  b on d  
b e tw e e n  h y d ro g en  and a d so rb en t so  h y d ro g en  a b so rp tio n  can  ta k e  p la c e  o n ly  in  a 
c r y o g e n ic  tem p eratu re. M o r e o v e r , a rea l v a lu e  o f  h yd ro g en  ca p a c ity  b y  th e se  
m a ter ia ls  is  s t i ll co n tra d ic ted , p articu larly  for  carb on  n a n o tu b es  ( s c ie n c e .e n e r g y .g o v ) .

H o w e v e r , co n d u c tin g  p o ly m e r  n an ostru ctu res c a n  c o m b in e  the  
a d v a n ta g es  o f  o rg a n ic  c o n d u cto rs  and lo w  d im e n s io n a l sy s te m s  h a v in g  in terestin g  
p h y s ic o c h e m ic a l p rop erties  and u se fu l a p p lic a tio n s  in c lu d in g  for  h y d ro g en  sto rag e  
and a m o n g  th e  c o n d u c tin g  p o ly m ers , p o ly a n ilin e  w a s  c o n s id e r e d  im p ortan t b e c a u se  
o f  its extraord in ary  p rop erties  o f  e le c tr ic a l and o p tica l b eh a v io r  (S r in iv a sa n  et a l , 
2 0 1 0 ) .

2 .3 .5  M eta l H y d rid es
M e ta ls , in term eta llic  c o m p o u n d , and  a llo y s  g e n e r a lly  react w ith  

h y d ro g en  and form  m a in ly  so l id  m e ta l-h y d ro g en  c o m p o u n d s . H y d r id es  e x is t  as io n ic ,  
p o ly m e r ic  c o v a le n t , and  m e ta ll ic  h yd r id es. M eta l h y d r id es  are a c h e m ic a l co m p o u n d  
o f  h yd ro g en  and  m eta l at e le v a te d  tem p era tu res (Z titte l, 2 0 0 4 ) .

M eta l h y d r id es  can  b e  d iv id e d  in to  tw o  typ es: tran sition  m eta l 
h yd rid es and  lig h t  w e ig h t  m eta l h yd rid es. L ig h t w e ig h t  m eta l h y d r id es or a lk a li m eta l 
h yd rid es are d iv id e d  in to  tw o  parts: s im p le  m eta l h y d r id es su ch  as N a H , C a fL , and
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L iH , and  c o m p le x  m eta l h yd rid es are grou p  I and II sa lts  o f  [a 1H4]“ , [n H 2 ] , and  

[B H 4 ]~ (a la n a tes , a m id e s , and b o ro h y d r id es) su ch  as N a A lH 4 , L iA lH 4 , and L iB H 4 

H y d ro g en  is  c o v a le n t ly  b on d ed  to th e  cen tra l a to m s in  c o m p le x  a n io n s  (in  con trast to  
in terstitia l h yd r id es) (S c h ü th  et al., 2 0 0 4 ) .

2.3.5.1 Im provem ent on Surface Properties a n d  M echanical B a ll-  
M illing
A  critica l fa c to r  for h y d ro g en  a b so rp tio n  b y  m eta ls  is  the 

m eta l su rfa ce , w h ic h  a c tiv a tes  d is s o c ia t io n  o f  h y d ro g en  m o le c u le s  and a l lo w s  ea sy  
d iffu s io n  o f  h y d ro g en  in to  the b u lk . D iffu s io n  is  n o t th e  lim it in g  step  in itia lly  
b e c a u se  n o  m ateria l h as b een  reacted  and  there are su ff ic ie n t  a c t iv e  s ite s  a v a ila b le ,  
but c h e m iso r p tio n  is  th e  s lo w e s t  step . A s  the rea c tio n  p r o g r e sse s , h y d ro g en  d if fu s io n  
tak es p la c e  and th e  h yd rid e  layer g r o w s , p ro d u c in g  a n early  im p erm ea b le  layer  
D iffu s io n  th rou gh  th is  h yd rid e layer  b e c o m e s  th e ra te - lim it in g  step  in  the h yd rid e  
fo rm a tio n  p ro cess .

T h e b a ll-m illin g  crea tin g  fresh  su rfa ces d u rin g  p r o c e ss in g  are 
an e c o n o m ic  p ro c e ss  that is  w id e ly  a p p lied  to  m eta l h yd rid es to  a c h ie v e  g o o d  su rfa ce  
p rop erties . T h e m a in  e f fe c t s  o f  b a ll-m ill in g  are in crea sed  su r fa ce  area, fo rm a tio n  o f  
m icro /n a n o stru ctu res an d  crea tio n  o f  d e fe c ts  on  th e su rfa ce  and  in  th e  in terior  o f  the  
m ateria l. T h e  in d u ced  la ttice  d e fe c ts  m a y  aid  th e  d if fu s io n  o f  h y d r o g e n  in  m a ter ia ls  
by p r o v id in g  m an y  s ite s  w ith  lo w  a c tiv a tio n  en e r g y  o f  d if fu s io n . T h e in d u c e d  
m icro stra in  a ss is ts  d if fu s io n  b y  r e d u c in g  the h y s te r e s is  o f  h y d r o g e n  a b so rp tio n  and  
d eso rp tio n . T h e in crea sed  su rface  c o n ta c t  w ith  ca ta ly st d u rin g  b a ll-m ill in g  le a d s  to 
fast k in e t ic s  o f  h y d ro g en  tran sfo rm ation s. It is  p o s s ib le  to  co n tro l p rop erties o f  the  
store m ater ia l, a c c o r d in g  to  sp e c if ic  a p p lic a tio n s  (S a k in tu n a  et a l., 2 0 0 7 ) .

2.3.5.2 C atalyst E ffect
C a ta ly sis  is  o n e  o f  th e  cr itica l factors in  th e  im p ro v em en t o f  

h y d ro g en  so rp tio n  k in e t ic s  in m eta l h yd rid e  sy s te m s  that e n a b le  fa st and e f fe c t iv e  
d is so c ia t io n  o f  h y d ro g en  m o le c u le s . E ffe c t iv e  ca ta ly sts , e v e n  a d d ed  in  sm a ll a m o u n ts  
e n h a n ce  th e  fo rm atio n  o f  a h yd rid e in  rea so n a b le  ex ten t. T h ere is  in te n s iv e  research  
ab out f in d in g  a p rop er ca ta ly st to  e n h a n c e  th e  h y d r id in g  p ro p erties . It w a s  rep orted  
that th e  rate o f  a b so rp tio n  is  co n tr o lle d  b y  th e f o l lo w in g  factors: th e  rate o f  h yd ro g en
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d is s o c ia t io n  at th e  su rfa ce , the c a p a b ility  o f  h yd ro g en  to p en etra te  from  th e su rface  
w h ic h  is  ty p ic a lly  c o v e r e d  b y  an o x id e  layer in to  m eta l, th e  rate o f  h yd ro gen  
d if fu s io n  in to  th e  b u lk  m eta l and  th rou gh  th e h yd rid e  a lread y  fo rm ed  (S a k in tu n a  et 
a i ,  2 0 0 7 ) .

H o w e v e r , m eta l h y d r id es are d if f ic u lt  to  a p p ly  b e c a u se  th e y  are to o  
th e r m o d y n a m ic a lly  s ta b le . T h is  h as tw o  c o n se q u e n c e s . F irst, th e  h yd rid es h a v e  to be  
h ea ted  to  an in c o n v e n ie n tly  h ig h  tem p era tu re to  re le a se  h y d ro g en . S e c o n d , the heat 
o f  a b so rp tio n  is  s o  h ig h  that a la rge  am o u n t o f  h eat m u st b e  r e m o v e d  d u rin g  the 
r e fu e lin g  p ro cess . In a d d itio n , th e  h yd rid e  s y s te m s  c o n ta in  s tr o n g ly  red u c in g  ag en ts  
w h ic h  can  react v ig o r o u s ly  w ith  air, and  th u s m u st b e  lea k free  (Z h a o  et a l ,  2 0 1 0 ) .

2 ,4  H y d r o g e n  S t o r a g e  in  P o ly a n i l in e

P o ly a n ilin e  (P A N I)  is  a c o n d u c tin g  p o ly m e r  and m o s t  freq u en tly  s tu d ied  
b e c a u se  o f  its s im p le  sy n th e s is , en v ir o n m e n ta l s ta b ility , and s im p le  d o p in g /d e d o p in g  
ch em istry . T h is  v e r sa tility  h as m a d e  P A N I a ttractive  for n u m ero u s  a p p lic a tio n s , 
in c lu d in g  sen so r s , b attery  e le c tr o d e s , d isp la y  d e v ic e s , a n tico rro s io n  c o a tin g s , f ie ld  
e f fe c t  tran sisto rs, and  p o ten tia l h y d r o g e n  sto ra g e  m ater ia ls  (R a h y  et a l,  2 0 1 1 ) .

P A N I can  b e  sy n th e s ise d  b y  th e o x id a t iv e  p o ly m e r isa tio n  o f  a n ilin e  
m o n o m e r  in  a q u e o u s  a c id ic  m e d ia  u s in g  a  v a r ie ty  o f  o x id iz in g  a g en ts . It can  be 
fo u n d  in  o n e  o f  th e  th ree  id e a liz e d  o x id a t io n  sta tes

- le u c o e m e r a ld in e  -  w h ite /c le a r  &  c o lo r le s s
- em e r a ld in e  -  green  for th e  e m era ld in e  sa lt, b lu e  for th e  e m era ld in e  b ase
- (p er )n ig r a n ilin e  -  b lu e /v io le t
T h e  e m e r a ld in e  form  o f  P A N I , o f te n  referred  to as e m e r a ld in e  b a se  (E B ), is  

n eu tra l, i f  d o p ed  it is  c a l le d  e m e r a ld in e  sa lt (E S ) , w ith  th e im in e  n itro g en s  p ro ton ated  
b y  an a c id . E m era ld in e  b a se  is  regard ed  as th e  m o s t  u se fu l fo rm  o f  P A N I d u e  to  its 
h ig h  sta b ility  at ro o m  tem p era tu re and  the fact that, u p on  d o p in g  w ith  a c id , th e  
r e su lt in g  em er a ld in e  sa lt  form  o f  P A N I is  e le c tr ic a lly  c o n d u c tin g . L e u c o em era ld in e  
and  p ern ig ra n ilin e  are p o o r  co n d u c to r s , e v e n  w h e n  d o p ed  w ith  an acid . T h e  gen era l 
stru ctu res o f  P A N I are s h o w  in  F ig u re  2 .2 .
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F ig u r e  2 .2  G en era l stru ctu res o f  P A N I co n d u ctin g  p o ly m e r s  ( e n .W ik iped ia . 
o r g /w ik i/P o ly a n ilin e ) .

Im p ortan t p rop erties  o f  P A N I are its e lec tr ic  c o n d u c tiv ity  and  can  e v e n  h av e  
m e ta llic  p rop erties . P A N I is  o fte n  c a lle d  org an ic  m eta l or o rg a n ic  n a n o m eta l  
M o r e o v e r , P A N I h as a great d ea l p o ten tia l for a p p lica tio n s  d u e  to  their lig h t w e ig h t , 
m e c h a n ic a l f le x ib i lity , and c h e m ic a l p rop erties. P A N I is  e s p e c ia l ly  a ttractive  b eca u se  
it is  le s s  e x p e n s iv e , h as three d is t in c t  o x id a t io n  sta tes w ith  d iffe r e n t c o lo r s , and has  
an a c id /b a se  d o p in g  r e sp o n se  in  the o x id a t io n  sta tes. T h is  latter p rop erty  m a k es  
P A N I an id ea l o p t io n  for a c id /b a se  c h e m ic a l vap or  se n so r s . T h e  d ifferen t c o lo r s , 
c h a rg es , and c o n fo r m a tio n s  o f  th e  m u lt ip le  o x id a tio n  sta te s  a ls o  m a k e  th e m ateria l 
h ig h ly  p r o m is in g  for  a p p lic a tio n s  su ch  as acu tu ators, su p erca p a c ito rs , and  printed  
c ircu it  board  (e n .w ik ip e d ia .o r g /w ik i/P o ly a n il in e ) .

2 .4 .1  H C l-trea ted  P o ly a n ilin e  and P o ly p y rro le
P a n e lla  et al. ( 2 0 0 5 )  in v e s tig a te d  the v o lu m e tr ic  m ea su r e m e n t o f  

h y d r o g e n  sto ra g e  in  H C l-trea ted  P A N I and p o ly p y rro le  (P p y ). P A N I and  P p y w ere  
p u rch ased  from  S ig m a -A ld e r ic h  C o . P A N I w a s  d e liv e r e d  a s  p o w d e r  o f  e m era ld in e  
salt. P p y  w a s  o b ta in e d  from  a 5 w t%  so lu t io n  in w ater , a fter e v a p o ra tin g  th e  w ater , 
P p y c o a te d  o n  p o ly u re th a n e  c o r e  resin  w ith  p o ly m er/u reth a n e  ratio  o f  4 . T h e y  w ere  
treated  w ith  HC1. H y d ro g en  sto ra g e  w a s  m easu red  v o lu m e tr ic a lly  w ith  a S ie v e r t ’s 
ap p aratu s, in w h ic h  th e  sa m p le  v o lu m e  w a s  d eterm in ed  fro m  th e p ressu re d rop  o f  the  
h e liu m  g a s  m ea su red  in  the e m p ty  and f ille d  sa m p le  ch am b er. T h e  resu lts  s h o w  that



17

n o  h yd ro gen  sto ra g e  w a s  m ea su red  for H C l-treated  P A N I and  P py, n e ith er  at room  
tem p era tu re nor at - 1 9 6  ° c .

C h o  et al. ( 2 0 0 7 )  co n d u c te d  p o ly m ers  in  ord er to d e term in e  their  
p o te n tia l as h y d ro g en  storage m ed ia . T h e c o n d u c tin g  p o ly m e r s , P A N I an d  P p y, w er e  
p u rch ased  from  S ig m a -A ld r ic h  and  w ere  treated  w ith  an  a c id . T h e h y d ro g en  sorp tion  
c a p a c ity  w a s  m ea su red  u s in g  an a u to m a tic  S ie v e r t ’s ty p e  P C T  m easu rem en t  
apparatus. T h e  le v e l o f  h y d ro g en  so rp tio n  o n  th e  P p y  and th e  P A N I w a s  m easu red  
after  e v a c u a tio n  at 2 5  °c for 1 h , rea ch in g  ab o u t 3 .5  w t%  h y d ro g en . T h e  sa m p le  w a s  
th en  ev a cu a ted  at 2 0 0  °c to  r e m o v e  th e a d so rb ed  h y d ro g en , the le v e l o f  sorp tion  
in cr e a se d  to a b o u t 6 .4  w t% . T h e  e f fe c t  o f  the HC1 treatm en t o n  th e c o n d u c tin g  
p o ly m e r  w a s  o b se r v e d  as a c h a n g e  in  th e  su rfa ce  stru ctu re, and  it m ig h t  in d u ce  the  
fo rm a tio n  o f  m ic r o p o r e s  or m ic r o -le a k s  that are d es ira b le  for  h y d ro g en  sorp tion .

2 .4 .2  P o ly a n ilin e  N a n o c o m p o s ite
J u rczy k  et al. ( 2 0 0 7 )  rep orted  the u se  o f  P A N I for h y d ro g en  storage. 

T h e  c o n d u c tin g  p o ly m e r -b a se d  n a n o c o m p o s ite  w a s  m o d if ie d  to  in crea se  the p oro u s  
stru ctu re o f  th e  n a n o c o m p o s ite  and the n u m b er o f  b in d in g  s ite s , w h ic h , in  turn, 
en h a n c e d  th e  h y d ro g en  sto ra g e  ca p a c ity . P A N I w a s  sy n th e s iz e d  b y  f o l lo w in g  a w e ll-  
e s ta b lish e d  m e th o d  for the sy n th e s is  o f  th e  e m era ld in e  b a se  (E B ), a fo rm  o f  P A N I, 
an d  w a s  m o d if ie d  w ith  filler  m a ter ia ls  su ch  as m u lt iw a ll carb o n  n a n o tu b es , tin  o x id e  
(รท (ว 2 ), and f in e  a lu m in u m  p o w d er . T h e iso th erm a l v o lu m e tr ic  m e a su r e m e n ts  w ere  
carried  ou t b y  S ie v e r t ’s ty p e  P C T  so rp tio n  e q u ip m en t. T h e  stan dard  P A N I w a s  
c a p a b le  o f  s to r in g  0 .3 5  w t%  h y d ro g en  at 125 ๐c .  W h en  รท(ว 2  w a s  ad d ed , n o ch a n g e  
in  th e  h y d ro g en  so rp tio n  c a p a b ilit ie s  w a s  ob ta in ed . S im ila r ly , the m u lt iw a ll carb on  
n a n o tu b es  s h o w e d  n o  e f fe c t  o n  the h y d ro g en  c a p a b ilit ie s  o f  the m a ter ia l. F or the  
h y d r o g e n  so r p tio n  p erfo rm ed  o n  the P A N I w ith  a lu m in u m  p o w d e r , it e x h ib ite d  a 
m u c h  h ig h er  h y d ro g en  so rp tio n  than the o th er  sa m p le s . T h e  in crea se  in  th e  h yd ro g en  
so rp tio n  c a p a b ilit ie s  c a u sed  b y  th e  in c lu s io n  o f  f in e  a lu m in u m  p o w d e r , a s  w e l l  as th e  
e x a c t  c h e m ic a l in tera ctio n  b e tw e e n  the a lu m in u m  and th e  P A N I, is  s t i ll b e in g  
in v e stig a te d .

K im  et al. ( 2 0 1 0 )  s tu d ied  th e e n h a n c e m e n t o f  h y d ro g en  storage  
c a p a c ity  in p o ly a n ilin e  v a n a d iu m  p e n to x id e  n a n o c o m p o s ite s  (P A N I -V O N C ). T h e
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h ig h -p ressu re  h y d r o g e n  so rp tio n  iso th erm s o f  P A N I -V O N C  h a v e  b e e n  p erfo rm ed  at 
liq u id  n itrog en  tem p era tu re ( -1 9 6  ๐C ), and  w er e  m ea su red  v o lu m e tr ic a lly  w ith  
p r e ssu r e -c o m p o s it io n  iso th erm  (P C T ) m easu rem en t. H y d ro g en  sto ra g e  ca p a c ity  in  
P A N I -V O N C  w a s  1.8 w t%  in  con trast to  that in p r istin e  v a n ad iu m  p e n to x id e  (V O )  
( 0 .1 6  w t % ) an d  in  n on -trea ted  P A N I (0 .1 5  w t% ). It r e v e a le d  that th e  V O  and P A N I  
ad sorb  a sm a ll a m o u n t o f  h y d ro g en . H o w e v e r , the h y d r o g e n  sto rag e  ca p a c ity  w a s  
en h a n ced  in th e  P A N I -V O N C  n a n o sh e e ts . A  reaso n  fo r  th e  e n h a n c e m e n t o f  
h y d ro g en  s to ra g e  w a s  the in terca la tio n  o f  P A N I in to  th e  V O  layers and  d e c r e a se s  in  
th e  in terlayer d is ta n c e  from  1.1 ran b e tw e e n  V O  layers to  0 .7 2  nm  b e tw e e n  V O  layer  
an d  P A N I layer.

2 .4 .3  P o ly a n ilin e  F ib ers
S r in iv a sa n  et al. (2 0 1 0 )  in v e stig a te d  the re v e r s ib le  h y d r o g e n  sto rag e  in 

e le c tr o sp u n  p o ly a n ilin e  fib ers. P A N I w a s  p rod u ced  v ia  trad ition a l c h e m ic a l sy n th e s is  
m e th o d s  and th en  e lec tro sp u n  to  p rod u ce  fib ers  and th e v o lu m e tr ic  h y d ro g en  sorp tion  
w a s  carried  o u t b y  P C T  m ea su rem en t. H y d ro g en  so rp tio n  ca p a c ity  in crea sed  w ith  
in cr e a s in g  tem p era tu re  from  5 0  to 125 °c in  v a r io u s c y c le s  at a h ig h  p ressu re  (ab ou t  
8 M P a ). A t 1 0 0 - 1 2 5  ๐c ,  an in crea se  in th e  c a p a c ity  ( 6 - 8  w t% ) w a s  o b ta in e d . At the  
en d  o f  a d so rp tio n  P C T , d eso r p tio n  P C T  e x p er im en ts  w er e  p er fo rm ed , and the  
h y d ro g en  sto ra g e  ca p a c ity  o f  2 - 8  w t%  w a s  ob ta in ed  in  a  tem p era tu re ran ge o f  so­
n s  °c. T h e su r fa ce  m o r p h o lo g ie s  b e fo re  and after h y d ro g en  so rp tio n  o n  P A N I  
f ib ers  e n c o m p a sse d  s ig n ific a n t  c h a n g e s  in  th e  m icro stru ctu re  (n a n o fib ra lla r  s w e llin g  
e f fe c t ) , w h ic h  p rob a b ly  lea d s  to  h ig h er  v o lu m e tr ic  h y d ro g en  sto rag e  c a p a c ity .

R a h y  et al. ( 2 0 1 1 )  rep orted  a fa c ile  and  e n v ir o n m e n ta lly  fr ien d ly  
sy n th e s is  o f  p o la r  so lv e n t  so lu b le  p o ly a n ilin e  n a n o fib ers  b y  o x id a t iv e  p o ly m e r iz a tio n  
o f  a n ilin e  in  th e  p r e se n c e  o f  o rg a n ic  a d d it iv e  su ch  as su c r o se , C 1 1 H 2 2 O 1 1  o r  su c r a lo se , 
C 1 2 H 1 9 Q 3 O 8 . F or h yd ro g en  so rp tio n  m ea su rem en t, the P C T  a d so rp tio n  apparatus w a s  
e m p lo y e d  to m e a su r e  the h y d ro g en  a d so rp tio n  at 2 5  ๐c  a fter r e m o v in g  ad sorb ed  
im p u r itie s  o f  th e  sa m p le . T h e  s o lu b iliz a tio n  o f  P A N I sy n th e s iz e d  w ith  su c r o se  or 
su c r a lo se  w a s  s tu d ied  b y  d is s o lv in g  P A N I w ith  w ater  an d  o th er o r g a n ic  so lv e n t. 
W h en  P A N I sy n th e s iz e d  in  th e  a b sen ce  o f  su c r o se  w a s  u sed , n o  so lu b iliz a tio n  
occu rred  so , su c r o se  fa c ilita te s  P A N I to b e  d is s o lv e d  an d  s ta b iliz e d  in  w ater  and
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p o la r  so lv e n t. In ad d itio n , P A N I sy n th e s iz e d  u s in g  su c r o se  and K ic y b l e a c h  as 
o x id a n t can  ad sorb  h yd ro gen  in  th e  ran ge o f  3 .7 -4 .3  w t%  at 2 5  °c and  2 0  atm . The 
r e a so n s  w h y  P A N I  n a n o fib ers  sy n th e s iz e d  in  the p r e se n c e  o f  su c r o se  can  ad sorb  
h y d ro g en  are p o s s ib ly  du e to su c r o se  can  crea te  n a n o -p o res  as th e  h y p ercro sslin k ed  
P A N I p ro d u ced  to  m ak e the fib ers  h ave  h y d ro g en  a b so rp tio n  cap a b ility .

2 .5  H y d r o g e n  S to r a g e  in  P o ly m e r ic  F o a m

P o ly m e r  fo a m s are m a d e  up  o f  a so l id  and g a s  p h a se  m ix e d  to g e th e r  to form  
a fo a m , th ey  ca n  be d iv id e d  in to  e ith er  th erm o p la st ic s  or  th e r m o se ts , w h ic h  are 
further d iv id e d  in to  rig id  or f le x ib le  fo a m s . W id e ly  k n o w n  p o ly m e r ic  fo a m s  are 
p o ly u re th a n e  an d  p o ly sty r e n e  (S iv e r tse n , 2 0 0 7 ) .

B a n y a y  et al. (2 0 0 7 )  e x a m in e d  a d v a n cem en t in p o ly m e r  an d  c o m p o s ite  
fo a m  te c h n o lo g ie s  for h y d ro g en  sto rag e  b ec a u se  p o ly m e r ic  fo a m s are a p o ten tia l  
p ra ctica l m e th o d  o f  on -b oard  v e h ic le  h yd ro g en  storage . C r o ss -lin k e d  P V C  fo a m  and  
e la s to m e r ic  p o ly u reth a n e  fo a m  w e r e  c h o se n . T h e p o ly m e r ic  fo a m  h as a m u ch  lo w e r  
d e n s ity , m ore  c o n fo r m a b le , and  h yd ro gen  p erm ea b le  than  m eta l fo a m  th u s m a k in g  
p o ly m e r ic  fo a m  th e  d esired  c h o ic e  o v er  m e ta llic  foam .

P ien tk a  et al. ( 2 0 0 9 )  s tu d ied  th e  a p p lica tio n  p o s s ib i l i t ie s  o f  p o ly sty ren e  
fo a m s , and the e x p er im en ts  h a v e  p rov en  that c lo se d  c e l l  p o ly m e r ic  fo a m s  are able 
n o t o n ly  to  sep ara te  and sto ra g e  h y d ro g en  but e v e n  to  ab sorb  o f  h y d ro g en . For  
h y d r o g e n  sto ra g e , c lo se d  c e l l  p o ly m e r ic  fo a m s can  b e  u t i liz e d  as a  h yd ro g en  
co n ta in er . E a ch  c e ll  serv es  as a sm a ll p ressu re  v e s s e l , w h ic h  is  f i l le d  th rou gh  its  w a ll.  
Im p ortan t fea tu re  o f  the c o n ta in er  is  th e  fo r c e s  g en era ted  b y p r e ssu r ized  g a s  are 
c o m p e n sa te d  b y  fo a m  structure. It is a n e w  sa fe  ap p ro ach  in  c o m p a r iso n  to 
trad ition a l p ressu re  v e s s e ls .

2 .6  H y d r o g e n  S to r a g e  b y  H y d r o g e n a t io n /D e h y d r o g e n a t io n  R e a c t io n

Hydrogen storage in form of liquid organic hydrides employs
hydrogenation-dehydrogenation of cyclic hydrocarbons or heteroaromatic
compounds as a means to store and transport hydrogen. Aromatic compounds such as
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b e n z e n e , to lu e n e , n ap h th a len e , and 9 -e th y lc a r b a z o le  c a n  b e e a s i ly  h y d ro g en a ted  by 
u sin g  ap p ropriate m eta l c a ta ly s ts  (ca ta ly tic  h y d ro g en a tio n ) under liq u id -  f ilm  state  
c o n d it io n , w h e r e  the reactan t is  su p p lie d  as a liq u id  so  that the su r fa ce  o f  th e  ca ta ly st  
is  a lw a y s  w e tte d  w ith  a th in  f ilm  (Z h ao  et a l ,  2 0 1 0 ) .

2 .6 .1  D e c a lin  D e h y d r o g e n a tio n /N a p h th a le n e  H y d ro g en a tio n
H o d o sh im a  et al. ( 2 0 0 3 )  p r o p o se d  a c a ta ly tic  d ec a lin

d e h y d r o g e n a tio n / n ap h th a len e  h y d ro g en a tio n  pair as a h y d ro g en  so u r c e  for fu e l-c e l l  
v e h ic le s . C a ta ly tic  h yd ro gen  e v o lu t io n  from  v a r io u s a m o u n ts  o f  a d d ed  d e c a lin  and  a 
ca rb o n -su p p o rted  p la tin u m  ca ta ly st w a s  p erfo rm ed  u n d er  th e m ild  c o n d it io n s  in a 
b a tc h -w ise  ca ta ly tic  d e h y d ro g en a tio n  reactor  to in v e s t ig a te  the s to ra g e  d e n s it ie s  o f  
h y d ro g en  o n  b o th  w e ig h t  and  v o lu m e  b a ses . T h e  h ig h e s t  c o n v e r s io n  o f  d ec a lin  
(4 1 .1 % ) and th e h ig h e st  in itia l rate o f  h yd ro gen  e v o lu t io n  (6 0 .0  m m o l/h )  w ere  
atta in ed  b y  a d o p tin g  th is  liq u id -film  typ e  c a ta ly s is . T h e in cre a se d  h ea tin g
tem peratu re fro m  2 1 0  to 2 8 0  °c en h a n c e d  the h y d r o g e n  e v o lu t io n  rates, and th e  
d e c a lin  c o n v e r s io n s  h ig h er  than 95%  w e r e  a tta in ed  w ith in  1.5 h at th e  h ea tin g  
tem p era tu re at 2 8 0  °c, and  the rate o f  h yd ro gen  e v o lu t io n  w a s  a s  h ig h  a s  4 0 0 .0  
m m o l/h .

S eb a stia n  et al. (2 0 0 8 )  in v e s tig a te d  th e d ifferen t p la tin u m  ca ta ly s ts  
su p p orted  o n  a c tiv a ted  carb on  for d e c a lin  d e h y d r o g e n a tio n  u n der r e a c tiv e  d is t illa t io n  
c o n d it io n s  and  op era te  w ith  th e b a tch -ty p e  sy stem . T h e  v o lu m e  o f  h y d r o g e n  r e lea sed  
d u rin g  the rea c tio n  w a s  m o n ito re d  b y the w a ter  v o lu m e  d isp la c e d  in  a buret, and
d e c a lin  c o n v e r s io n s  w er e  ob ta in ed  o n  th e b a sis  o f  e v o lv e d  h y d ro g en  a fter
s to ic h io m e tr ic  c o n firm a tio n  o f  the n ap h th a len e  co n ce n tr a tio n  in the r ea c tio n  so lu t io n  
from  gas ch ro m a to g ra p h ic  a n a ly se s . F rom  d e h y d r o g e n a tio n  e x p e r im e n ts , the rea c tio n  
rate c o n sta n t in crea sed  w ith  tem peratu re (c o n d u c tin g  e x p e r im e n t at 2 6 0  °C ), the  
m a x im u m  fin a l d e c a lin  c o n v e r s io n  o b ta in ed  w a s  ab o u t 60 % , th e o p tim u m  Pt lo a d in g  
in  a c tiv a ted  carb o n  for ca ta ly s ts  up to  4  w t%  Pt and  th e  o p tim u m  d e c a lin /c a ta ly s t  
ratio  w a s  a b o u t 2 .7  m l/g .
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2 .6 .2  R e v e r s ib le  C a ta ly tic  H y d r o g e n a tio n /D e h y d r o g e n a tio n  o f  T erp h en yl
S u n g  et al. (2 0 0 8 )  s tu d ied  the n o b le  m eta l c a ta ly s ts  for a r ev e rsib le

h y d ro g en  sto ra g e  sy s te m . T h e n o b le  m eta l c a ta ly s ts  on  m e so p o r o u s  SiC > 2  and  
m o d if ie d  carb o n  su p p o rts  w er e  fou n d  to e n h a n c e  th e  a c t iv it ie s  o f  terp h en y l (T P h )  
h y d r o g e n a tio n  and te r c y c lo h e x a n e  (T C H ) d e h y d ro g en a tio n  w ith o u t  s id e  reac tio n s. 
H y d r o g e n a tio n  w a s  m o n ito r e d  b y  th e  h y d ro g en  p ressu re  in  th e  a u to c la v e  and the  
h y d ro g en  c o n su m p tio n  (À P ) w a s  c o n v e r te d  in to  th e  v o lu m e  o f  rea c ted  h y d ro g en  or 
the h y d r o g e n  sto ra g e  ca p a c ity  c o n s id e r in g  h y d r o g e n  lo a d ed  to  T P h  (w t% ). T h e  
h y d r o g e n a tio n  rea c tio n  tem p era tu re w a s  h ea te d  up to 1 6 0  ๐ c ,  and the  
d e h y d r o g e n a tio n  rea c tio n  tem p era tu re w a s  h ea ted  up to 3 1 0  ๐c .  A  g o o d  
h y d r o g e n a tio n /d e h y d r o g e n a tio n  w a s  a c h ie v e d  o v e r  th e  5%  P t/S iC > 2  ca ta ly st w ith o u t  
stirring but from  X P S  and  E X A F S  a n a ly se s  o f  th e  ca ta ly s ts  sh o w e d  that the  
a g g lo m e r a tio n  o f  m eta l p a r tic le s  o n  th e su p p ort w a s  m u ch  le s s  fo r  th e  Pt ca ta ly st  
T h ere fo re , 10%  P t/C  ca ta ly sts  are p refera b le  to  c y c lin g  o f  h y d ro g en a tio n /  
d e h y d r o g e n a tio n  in a h y d ro g en  sto ra g e  sy s te m  an d  stirrin g  is  n e c e ssa r y  to p r o v id e  a  

m ore rap id  r e v e r s ib ility  in  T P h  h y d ro g en a tio n  and T C H  d e h y d ro g en a tio n .

2 .6 .3  H y d ro g en a tio n  o f  2 -M e th y lth io p h e n e
Z h ao et al. (2 0 1 0 )  in v e s t ig a te d  a lk y l su b stitu ted  th io p h e n e s  as 

ca n d id a te s  for  h y d ro g en  carriers. F ou r ty p e s  o f  c a ta ly s ts  w e r e  in v e s t ig a te d  for 2 -  
m e th y lth io p h e n e  (2 M T ) h y d r o g e n a tio n  and r in g -o p e n in g . H y d r o g e n a tio n  activ ity  
w a s  m ea su red  in a c o n t in u o u s -f lo w  tr ick le  b ed  reac tor  at 2  M P a , and  th e r e a c tiv ity  
te s t in g  w a s  carried  ou t as a fu n c tio n  o f  tem p era tu re, w h ic h  w a s  started  at the h ig h e st  
tem p era tu re 3 2 5  ° c  and w a s  varied  d o w n w a r d s  and  u p w ard s. T h e  m ajor  p rod u cts  o f  
h y d r o g e n a tio n  rea c tio n  w e r e  te tr a h y d r o -2 -m e th y lth io p h e n e  (T H 2 M T ), p e n te n e s , and  
p en ta n e . T h e  se le c t iv ity  tow a rd s th e  d es ired  p ro d u ct T H 2 M T  f o l lo w s  th e order: 
n o b le  m e ta ls  >  b im e ta ll ic s  >  p h o sp h id e s  >  s u lf id e s  and th e b e s t  h y d ro g en a tio n  
ca ta ly st w a s  2%  P t/A l 2 Û 3 , w h ic h  e x h ib ite d  r e la tiv e ly  h ig h  r e a c tiv ity  and se le c t iv ity  
tow a rd s T H 2 M T  at m o d era te  tem p era tu res.
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2 .6 .4  H y d ro g en a tio n  o f  9 -E th y lc a r b o z o le
Y e  et al. ( 2 0 1 1 )  s tu d ied  the h y d ro g en a tio n  k in e tic s  o f  9 -e th y lc a r b a z o le  

o v e r  R a n e y -N i ca ta ly st b y  in v e s tig a t in g  the in f lu e n c e s  o f  th e  rea c tio n  tem peratu re, 
p ressu re , and  ca ta ly st c o n cen tra tio n  on  the m a ss  tra n sfer-reactio n  p r o c e sse s . T h e  
rea c tio n s  w e r e  c o n d u c te d  in  an a u to c la v e  w ith  m a g n e tic  stirring an d  th e q u an tity  o f  
the c o n su m e d  h yd ro g en  w a s  record ed  by the p ressu re  ga u g e , and  th e  rea c tio n  tim e  
w a s m easu red . T h e w h o le  rea c tio n  p r o c e ss  w a s  c o n tr o lle d  b y  th e  su rfa ce  rea c tio n  o f  
th e  ca ta ly s t  p artic le s  d u e  to the in crea sin g  o f  th e  R a n e y -N i c a ta ly s t  d o sa g e . T h e  
rea c tio n  rate gra d u ally  in crea sed  and the h yd ro g en  ab so rp tio n  c a p a c ity  w a s  ra ised  
from  1 .85  w t%  to 4 .9 2  w t% , and th e m a x im u m  h y d ro g en  c a p a c ity  w a s  ab o u t 5 .0  
w t%  at 1 8 0  ° c  and 6 M P a .

2 .7  H y d r o g e n  S to r a g e  in  M e t a l -O r g a n ic  F r a m e w o r k s  (M O F s )

A  n e w  c la ss  o f  p o ro u s m e ta l-o rg a n ic  fra m ew o rk s (M O F s)  h as attracted  
m u ch  a tte n tio n  for h y d ro g en  sto ra g e  b e c a u se  o f  th eir  e x c e p t io n a lly  h ig h  sp e c if ic  
su rfa ce  area and m icr o p o r o s ity , u n ifo rm  but tu n a b le  p ore s iz e , v ery  lo w  d e n s ity , and  
w e ll-d e f in e d  h yd ro gen  o c c u p a tio n  s ite s . A  va riety  o f  lin k er m o le c u le s  o f  M O F s can  
b e u sed  to  crea te  an en tire  fa m ily  o f  m ater ia ls  h a v in g  d iffe r e n t p ore s iz e s  and  
c o n ta in in g  d ifferen t c h e m ic a l fu n c t io n a lit ie s  w ith in  th e lin k ers (H u  et a l ,  2 0 1 1 ) .

H y d ro g en  a d so rp tio n  p rop erties  o f  so m e  C o -a n d  Z n -b a se d  M O F s m ater ia ls  
w e r e  s tu d ied  at near a m b ien t tem p era tu res for h y d ro g en  sto rag e  (L u z a n  et a l,  2 0 0 9 ) .  
Z n - and  C o -b a se d  M O F s w ith  d ifferen t p ore stru ctu res w e r e  sy n th e s iz e d . T w o  
to p o lo g ic a l iso m e r  o f  [Z n 2 (b c d ) 2 (d a b c o )] , w h ic h  w e r e  Z B D t (h a v e  a sq u are-gr id  net 
to p o lo g y  (sq u are  c h a n n e ls ))  and Z B D h  (c o n s is te d  o f  tr ian g le  and  h e x a g o n a l ch a n n e ls  
(p illa red  K a g o m e  n e t)) , w ere  ob ta in ed . H y d ro g en  ad so rp tio n  w a s  m easu red  by  
gra v im etr ic  m eth o d  u s in g  a m a g n e tic  su sp e n s io n  b a la n ce  fro m  R u b oth erm  u sin g  
h y d ro g en  p ressu re  up to  18 M P a  and tem peratu re in terva l o f  2 0  to  100  ๐c .  T h e  
h ig h e s t  h y d ro g en  u p ta k e  eq u a l to  0 .5 1  w t%  w a s  o b se r v e d  for Z B D h  at 2 0  ๐c  and  120  
bar. Z B D t w a s  fou n d  to  b e  s lig h tly  sm a ller , w h ic h  w a s  0 .4 2  w t% . T h e se  h yd ro g en  
u p tak e w er e  fou n d  to  d ep en d  lin e a r ly  o n  the B E T  s p e c if ic  area and  to  d ep en d  stron g  
on  tem p era tu re. In a d d it io n , th e  h y d ro g en  a d so rp tio n  in  M O F s c a u se d  b y



23

p h y s iso r p tio n  and  th e d if fe r e n c e  in the h y d ro g en  a d so rp tio n  c a p a c ity  c o u ld  p o ss ib ly  
o r ig in a te  from  p artia l c o lla p se  o f  structure in th e  treatm en ts for  rem o v a l o f  so lv e n t  
tra ces and  c o m p le te  d e g a ss in g .

2 .8  H y d r o g e n  S to r a g e  in  S e v e r a l  M ic r o p o r o u s  Z e o lite s

Z e o lite s  are a fa m ily  o f  h ig h ly  cry sta llin e  a lu m in o s il ic a te  m ateria ls . 
A b o u n d in g  w ith  c a g e  and ch a n n e l stru ctu res, h ig h  therm al s ta b ility , and large ion - 
e x c h a n g e  ca p a c ity , th ey  o ffe r  e n o rm o u s  p o te n tia l for th e  e n c a p su la tio n  o f  n on p o lar  
g a se s . T h e  m e c h a n ism  o f  a d so rp tio n  in z e o l it e s  is  that h y d ro g en  m o le c u le s  are forced  
in to  th e  c a v it ie s  u n d er p ressu re  and  lo w  tem p era tu re (D o n g  et a l ,  2 0 0 7 ) .

D o n g  et al. (2 0 0 7 )  in v e s tig a te d  h y d ro g en  sto rag e  in  sev era l m icro p o ro u s  
z e o l i t e s  w ith  d ifferen t su rfa ce  area, ch a n n el d ia m eters , and p o re  v o lu m e  su c h  as N a  
L E V , H -O F F , N a -M A Z , and L i-A B W , w h ic h  w e r e  sy n th e s iz e d  b y  d ifferen t m eth o d s. 
T h e h yd ro g en  u p tak e iso th e r m s w ere  m easu red  b y  a c o m m e r c ia l P C T  m e th o d  at 
liq u id  n itrog en  tem p era tu re. Z e o lite  N a -L E V , w h ic h  h a s ap p ropriate ch an n el 
d ia m eter  and a large p ore v o lu m e , had the la rg est h y d ro g en  sto ra g e  o f  2 .0 7  wt%  
u n d er 1 ,6 M Pa. U n d er  the sa m e  c o n d it io n , th e  h y d ro g en  sto ra g e  c a p a c it ie s  o f  z e o lite s  
H -O F F  and N a -M A Z  w ere  in term ed ia te , 1 .75  and  1 .6 4  w t% , r e sp e c t iv e ly , and  z e o lite  
L i-A B W  p resen ted  th e lea st h y d ro g en  sto ra g e  (1 .0 2  w t% ), b e c a u se  it o n ly  has a  

c h a n n e l fram ew ork . T h e  im p ortan t p aram eters a ffe c t in g  h y d r o g e n  sto ra g e  ca p a c it)  is  
an o p tim a l ch a n n e l d ia m eter , large  c a g e  v o lu m e  at lo w  tem p era tu re , and  h ig h  
p ressu re . T h e  m o st  e f fe c t iv e  ch a n n e l s iz e  o f  z e o l it e s  w a s  fo u n d  to  b e  n ear th e  k in etic  
d ia m eter  o f  a h y d ro g en  m o le c u le .

2 .9  H y d r o g e n  S to r a g e  in  M e t a l  N itr id e s

C o m p le x  h yd r id es c o m p o s e d  o f  lig h t  e le m e n ts  su c h  as L i and  N a  h av e  
re c e n tly  attracted  great a tten tio n  as h y d ro g en  sto rag e  m a ter ia ls , b e c a u se  their 
g ra v im etr ic  h y d ro g en  d e n s it ie s  are h ig h er  than  th o se  o f  c o n v e n tio n a l m eta l hydride  
sy s te m s.
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T h e h y d ro g en  sto ra g e  p rop erties  o f  lith iu m  n itr id e  U 3 N  is  g en era lly  
a c c e p te d  that th e  h y d ro g en a tio n  and d e h y d ro g en a tio n  o f  U 3 N  p ro ceed  b y th e  
f o l lo w in g  2 -s te p  rev e rsib le  rea c tio n s  (P a lu m b o  et a l,  2 0 0 8 ):

K o jim a  et al. ( 2 0 0 6 )  in v e stig a te d  h y d ro g en  s to ra g e  o f  m eta l n itr id es by a 
m e c h a n ic a l rea c tio n  that w a s  p erfo rm ed  in  a p lan etary  b all m ill in  a h yd rogen  
a tm o sp h ere  at a p ressu re  o f  1 M P a  and r o o m  tem peratu re. M eta l n itr id es that w ere  
s tu d ie d  c o n s is t  o f  IÜ3 N , C a 3 N 2 , h -B N , M g 3 N 2 , S i 3 N 4 , A IN , T iN , V N , and Z rN . 
H y d r o g e n  ab so rp tio n  p rop erties  o f  the m eta l n itr id es w e r e  m ea su red  w ith  PC  I 
m ea su rem en t, a u to m a tic  m ea su r in g  sy s te m  (S ie v e r t ’s ty p e  ap p aratu s). T h e b a ll-  
m ille d  lig h t m eta l n itr id es su ch  as U 3 N  and  C a 3 N 2  h av e  th e  h y d ro g en  co n ten ts  a b o v e  
3 w t% , w h erea s  th e  o th er m eta l n itr id es ca n  sto re  h y d ro g en  le s s  than 2  w t% .

2 .1 0  H y d r o g e n  S to r a g e  in  M e ta l  H y d r id e s

H y d ro g en  form s m eta l h yd rid es w ith  so m e  m e ta ls  and a llo y s  lea d in g  to  
s o lid -s ta te  sto ra g e  under m o d era te  tem p era tu re and p ressu re . T h ere are tw o  p o ss ib le  
w a y s  o f  h y d r id in g  a m eta l, d irect d is s o c ia t iv e  c h e m iso r p tio n  and e le c tr o c h e m ic a l  
sp lit t in g  o f  w ater. T h e se  rea c tio n s  are:

L i3N  +  2 H 2  «-> 2 L i2N H  +  L iH  +  H 2 (2 .2 )

L i2N H  +  L iH  +  H 2  ♦  2 L iN H 2  +  2 L iH (2 .3 )

M  +  ^  H 2  <-*• M H * (2 .4 )

M  +  - H 20  +  -e ~  <-» M H X +  - O H (2 .5 )

w h e r e  M  rep resen ts  th e  m eta l.
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M eta l h yd rid es c o m p o s e  o f  m eta l a to m s that c o n stitu te  a h o st  la ttice  and  
h y d ro g en  a to m s. M eta l and  h yd ro g en  u su a lly  form  tw o  d ifferen t k in d s  o f  h yd r id es, 
a -p h a se  at w h ic h  o n ly  s o m e  h y d ro g en  is  ab sorb ed  an d  /? -p h ase  at w h ic h  h yd rid e  is  
fu lly  form ed . H y d ro g en  sto ra g e  in  m eta l h yd rid es d e p e n d s  on  d iffe r e n t p aram eters  
and  c o n s is ts  o f  sev era l m e c h a n is t ic  s tep s . M eta ls  d iffe r  in  th e  a b ility  to  d is so c ia te  
h y d ro g en , th is  a b ility  b e in g  d ep en d en t o n  su rfa ce  stru ctu re, m o r p h o lo g y  and purity.

A n  o p tim u m  h y d ro g en -sto ra g e  m ateria l is req u ired  to  h a v e  th e fo l lo w in g  
p rop erties; h ig h  h yd ro g en  ca p a c ity  per u n it m a ss  and u n it v o lu m e  w h ic h  d e term in es  
th e  a m o u n t o f  a v a ila b le  en erg y , lo w  d is so c ia t io n  tem p era tu re , m o d era te  d is so c ia t io n  
p ressu re , lo w  h eat o f  fo rm a tio n  in  ord er to m in im iz e  the e n e r g y  n e cessa ry  lor  
h y d ro g en  r e le a se , lo w  h eat d is s ip a tio n  du rin g th e  e x o th e r m ic  h y d r id e  fo rm a tio n , 
rev e rsib ility , lim ite d  en e r g y  lo s s  d u rin g  ch arg e  and  d isc h a r g e  o f  h y d ro g en , fast  
k in e tic s , h ig h  s ta b ility  a g a in st O 2  and m o istu re  for lo n g  c y c le  l i fe ,  c y c l ib il ity , lo w  
c o s t  o f  r e c y c lin g  and ch a rg in g  in frastru ctu res, and h ig h  sa fe ty .

T h e  lig h t  m eta ls  su ch  as L i, B e , N a , M g , B  and  A l, fo rm  a large  va riety  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 ey  are e s p e c ia lly  in terestin g  d u e to  th e ir  ligh t w e ig h t  
and  the n u m b er o f  h y d ro g en  a to m s per m eta l a tom , w h ic h  is in  m a n y  c a se s  at the  
ord er o f  H /M  =  2 . H ea v ier  o n e s  m ay  en ter  the m u lt ip le  c o m p o n e n t  sy s te m  o n ly  a s  a 
lo w  ab u n d an t a d d it iv e , m o st  lik e ly  for  a ltera tion  o f  p rop erties  or as a ca ta ly st  
(S a k in tu n a  et a l ., 2 0 0 7 ) .

L ith iu m  alan ate  or lith iu m  a lu m in u m  h yd rid e  (L iA lH 4 ) h a s h ig h  h y d ro g en  
ca p a c ity  fo r  c o m p le te  d e c o m p o s it io n  (7 .9  w t% ). It h as m u lt ip le  s te p s  for  
d e c o m p o s it io n

3 L iA lH 4  - »  L i 3 A lH 6  + 2 A 1  +  3 H 2 ( 2 .6 )

L i 3 A lH 6  -> 3 L 1 H  +  A1 +  | h 2 (2 .7 )

T h e  first s tep , eq . (2 .6 ) , ta k e s  p la c e  at 1 6 0  °c and r e le a se s  5.3 w t%  
h yd ro gen . T h e  se c o n d  step , eq . (2 .7 ) , r e le a se s  2 .6  w t%  h y d ro g en  and o ccu rs  at ab ou t  
2 0 0  °c. T h e u n r e lea sed  part as L iH  can  b e  d e c o m p o se d  at a v ery  h ig h  tem peratu re, 
a b o v e  6 8 0  °c (Z a lu sk i et al., 1 9 9 9 ).
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X u e p in g  and S h e n g lin  ( 2 0 0 9 )  s tu d ied  th e  h y d r o g e n  s to ra g e  p ro p erties  o f  
LiAlFL} b y  d o p in g  w ith  5 m ol%  T i, N i ,  C e (S 0 4 ) 2 , and  L a C l 3  b y  u s in g  b all m illin g .  
A ll th e  d o p e d  sa m p le s  had lo w e r  d e so rp tio n  tem p era tu re  and  rate o f  h y d r o g e n  
r e lea sed  in  th e  first s ta g e  than the u n d o p e d  o n e . D o p in g  w ith  C e ( S 0 4 ) 2  d e c r e a se d  the  
d e so rp tio n  tem p era tu re b y  3 8  ° c  co m p a red  w ith  a s -r e c e iv e d  L iA lF f .  In a d d it io n , the  
am o u n t o f  h y d ro g en  re lea sed  w a s  d e c r e a se d  b y  d o p in g  w ith  T i and  L a C f .  F or  
a b so rp tio n , d o p in g  w ith  T i sh o w e d  th e  m o st  p r o m is in g  resu lts  u n d er 8  M P a  at 180  
° c  for 2  h.

T h e  e f fe c t  o f  a d d itiv es  o n  th e  r e v e r s ib ility  o f  LiAlFL} w a s  in v e s tig a te d  by  
X u e p in g  and  S h e n g lin  (2 0 0 9 ) . D o p in g  w ith  1 m o l%  T i, N i ,  F e , and C e (S O t) .  
d e c rea sed  th e d eso r p tio n  tem p era tu re e x c e p t  d o p in g  w ith  L a C f .  T h e  a d d itio n  o f  F e  
m ark ed ly  d e c rea sed  th e  h y d ro g en  d eso r p tio n  tem p era tu re , 3 7  ° c ,  w h ile  th e  am o u n t  
o f  h y d ro g en  r e lea sed  had  d ecrea sed . F u rth erm ore, th e  rate o f  h y d r o g e n  r e le a se d  w a s  
d ecrea sed  reg a rd le ss  o n  d op an ts. LiAlHL} d o p ed  w ith  1 m ol%  N i e x h ib ite d  the h ig h e s t  
h y d ro g en  ab so rp tio n  a b o u t 0 .9 7  w t%  at 180  ° c  u n d er 8 M P a  for  2 h.

L é o n  et al. ( 2 0 0 9 )  in v e s t ig a te d  a lan ate  m ix tu r e s  ( L iA lL f + M g F f )  p ro d u c e d  
b y  r e a c tiv e  b all m illin g . T h ey  fo u n d  that a m il l in g  sp e e d  and  m illin g  t im e  w er e  
im p ortan t p aram eters to  th e  n e w  h y d r id e  p h ase  fo rm a tio n . For th e sa m p le  b a ll-m ille d  
at 6 0 0  rp m , o n e  or tw o  n e w  p h a se s  w e r e  o b se r v e d , w h ic h  sh o w e d  th e  fast d eso r p tio n  
k in e tic s . A t  3 0 0  ° c  under 0 .5  bar น 2 , a lan ate  m ix tu r e s  r e le a se d  ab o u t 6 .5  w t%  
h y d ro g en  w ith in  2 ,0 0 0  ร durin g first c y c le  d e so r p tio n , w h ile  o n ly  2 .5  w t%  H 2  w ere  
r e lea sed  w ith in  3 ,5 0 0  ร d u rin g  th e s e c o n d  c y c le  d e so r p tio n  in d ic a tin g  that o n ly  M gF f)  
w a s fo rm ed  after th e  h y d r o g e n  u p take.

L i et al. ( 2 0 0 7 )  in v e s t ig a te d  e f fe c ts  o f  b a ll m il l in g  and  a d d it iv e s  on  
d eh y d r id es  o f  w e ll-c r y a ta lliz e d  M g (B H 4 ) 2 - M g (B H 4 ) 2  w a s  c h e m ic a lly  sy n th e s iz e d  in  
d ie th y l e th er  a c co rd in g  to th is  reaction :

2 N a B H 4 + M g C l 2  M g (B H 4 ) 2  +  2 N a C l (2 ,8 )

Powers ofTiCla, TiC>2 , TiB2 , TiH2, and Ti were added to the as-synthesized
Mg(BH4 ) 2  in a weight ratio of 1:3 by ball milling for 2 h. The dehydriding reaction
initiates at about 262 ๐c  and a weight loss of approximately 13.7 mass% is
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c o n fir m e d  up to  5 2 7  ° c .  F or D T A  cu rv es  s h o w s  tw o  en d o th erm ic  p ea k s  at 
a p p ro x im a te ly  301  ° c  and 3 7 2  ° c .  T h e  h y d ro g en  d eso rp tio n  rea c tio n  o f  M g(B FL } ) 2  

h as b e e n  in v e stig a te d  and the resu lts  in d ica te  that h yd ro g en  is d eso rb ed  in the  
fo l lo w in g  tw o  step s:

M g (B H 4) 2 M g H 2 +  2 B  +  3 H 2 M g  +  2 B  +  4 H 2 (2 .9 )

F or th e X R D  p r o file s  o f  M g (B H 4 ) 2  m il le d  for 2  and  5 h, th e  d iffra c tio n  
p eak s a lm o st  d isap p ea r  and are rep la ced  by a b road  m a x im u m  e v e n  after 2  h  o f  ball 
m illin g , su g g e s t in g  that an a m o rp h iza tio n  rea c tio n  is in d u ced  b y  th e  ball m il l in g  and  
in d ica ted  that the d eh y d r id in g  rea c tio n  is  h ard ly  a ffe c te d  by the b all m illin g . For the  
e f fe c t  o f  ca ta ly st, th e  in itia l d eh y d r id in g  tem p era tu re is red u ced  b y  the a d d itio n  o f  
T iC l3.

M a tsu n a g a  et al. (2 0 0 8 b )  sy n th e s iz e d  M g (B H 4)2 b y d e c o m p o s it io n  reactio n  
o f  L iB F B  w ith  M g C b  b y h eat trea tm en t w ith o u t u s in g  a so lv e n t  for  h y d ro g en  storage. 
T h e rea c tio n  d u rin g  th e  first h ea tin g  p roced u re  is  a s su m e d  as:

2 L iB H 4 +  M g C l2 - > M g ( B H 4) 2 + 2 L iC l  (2 .1 0 )

F or T P D  m ea su rem en t, th e  sa m p le  a fter  h eat treatm en t (at th e  tem peratu re  
>  2 5 0  ° c  at lO M P a o f  h y d ro g en ) h a s tw o  d eso r p tio n  p eak s, it start to d e c o m p o s e  at 
2 2 7  ๐c  and  the first d eso rp tio n  p ea k  appear arou n d  2 9 0  ๐c  and  th e  se c o n d  d e so rp tio n  
p eak  starts at 3 2 7  ๐c .  T h e  sh ap e  o f  tw o  in d ep en d en t d eso r p tio n  p ea k s  im p lie s  that 
d e c o m p o s it io n  rea c tio n  c o n s is ts  o f  tw o  step s and  the p rod u ct c o n s is t s  o f  L iC l and a 
co m p o u n d  o f  m a g m e s iu m , b oro n , and  h yd ro gen . T h is  resu lt in d ica ted  that M g lB F U h  
h as tw o  step  reac tio n

M g (B H 4 ) 2 - > M g H 2 + 2 B  +  3F I2 ( 1 st s te p )  (2 .1 1 )

M g H 2 - > M g  +  H , ( 2 nd step ) (2 .1 2 )
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F rom  the V a n ’t H o f f  p lo t ob ta in ed  by eq u ilib r iu m  p ressu res o f  th e  first 
d e c o m p o s it io n  v a ried  from  1.4 M P a  at 2 9 0  ๐c  to  3.1 M P a  at 3 5 0  °c, the  
d e h y d ro g en a tio n  en th a lp y  o f  th e  first d e c o m p o s it io n  is  fo u n d  to b e  A H -  - 3 9 .3  
k J /m ol H 2. H o w e v e r , o n ly  the s e c o n d  reactio n  step  (M g H 2 —>M g) is  r ev e rsib le  at the  
c o n d it io n  up to  3 5 0  ๐c  at 10 M P a  o f  h yd rogen .

S o lo v e ic h ik  et al. (2 0 0 9 a )  in v e stig a te d  d ifferen t m e th o d s  for prep aration  o f  
u n so lv a te d  m a g n e s iu m  b oro h yd r id e , b ased  o n  e x c h a n g e  r ea c tio n  o f  M g C l 2  w ith  
lith iu m  and so d iu m  b oro h yd rid e  in  d ifferen t so lv e n ts  h a v e  b e e n  e v a lu a ted . The 
d ifferen t m e th o d s  are c o n s is t  o f  (1 )  reac tio n  o f  U B H 4  w ith  M g C l 2  in d ie th y l ether, 
(2 )  r ea c tio n  o f  N a B H 4  w ith  M g C l 2  in  d ie th y l ether, th e se  b o th  rea c tio n s  w ere  
fo l lo w e d  b y  d e so lv a t io n  M g (B H 4 ) 2  so lv a te s  and the last o n e  is  rea c tio n  o f  M g C l 2  

w ith  N a B H 4  in a m in e s . T h e resu lts  from  X R D , IR  sp ectra , and  T G A , can  c o n c lu d e  
that o n ly  rea c tio n  o f  N a B H 4  w ith  M g C l 2  in d ie th y l eth er is  th e  m eth o d  m o st  su ited  
for m a ss  p ro d u ctio n . B e c a u se  th e  reactio n  o f  U B H 4  w ith  M g C l 2  in  e th er g iv e s  
M g (B H 4 ) 2  c o n ta m in a ted  w ith  lith iu m  and ch lo r in e  d u e to  form a tio n  o f  ternary  
c o m p le x e s  lik e  N a B H 4  w ith  M g C l 2  in a m in es  a lso  y ie ld  c o n ta m in a ted  p rod u cts.

A n o th er  report from  S o lo v e ic h ik  et al. (2 0 0 9 b )  th ey  stu d ied  p rop erties  and  
d eh y d ro g e n a tio n  p a th w a y  o f  u n so lv a te d  M g (B H 4 )2. From  T P D  cu rv e , it sh o w  at least  
four s te p s  for d e c o m p o s it io n  o f  M g (B H 4 ) 2  w ith  the m a x im u m  r e le a se  rate at 2 9 5  ๐c  
( l sl s tep )  and 3 2 5  °c (2 nd step ). A b o u t 4 .7%  h yd ro gen  is  e v o lv e d  in  1st s te p  and  
an oth er 4 .9 %  is  r e lea sed  in  2 nd step , for a tota l ab out 9 .6 % . A  third sm a ller  
d e c o m p o s it io n  step  is  o b serv ed  w ith  o n se t  at 3 9 5  ๐c  and m a x im u m  r e le a se  rate at 
4 1 0  ๐c  an d  p r o d u c e s  3 .3 -3 .7 %  h yd ro gen . T h e  d e c o m p o s it io n  p rod u cts m a y  be  
c o m p o s e  o f  se v era l p o ly b o ra n e  in term ed ia te  s p e c ie s  and in c lu d e s  an e x o th e r m ic  
rea c tio n  y ie ld in g  cry sta llin e  M g H 2  as an in term ed ia te  and  th e se  p rod u cts m a y  be  
o n ly  p artia lly  rech arg ed  after th e  v ery  first step  and a lso  v ia  h y d ro g en a tio n  o f  M g  
m etal.

Z h a n g  et al. (2 0 1 0 )  s tu d ie d  d irect sy n th e s is  o f  M g (B H 4 ) 2  b y  m ec h a n ic a l  
m illin g  o f  pure M g - B  p o w d e r  and th en  a h y d ro g en a tio n  p r o c e s s  under a h yd ro g en  
atm o sp h ere . C o m m e r c ia l M g  p o w d e r  w ith  a purity o f  9 9 .9 %  and a m o rp h o u s B  
p o w d e r  w ith  a  purity  o f  99%  w er e  m ix e d  as the raw  m illin g  m a ter ia ls  and vary  m an y  
factors su c h  as w e ig h t  ratio  o f  b a ll to  p ow d er , w e ig h t  ratio  o f  b ig  b a lls  to  sm a ll b a lls ,
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w o r k in g  tim e  v e r su s  rest t im e , and  m illin g  sp eed . F rom  X R D  p attern s, it can  be  
c o n c lu d e d  that n o  o th er p h a se  su ch  as the so lid  so lu t io n  o f  M g  or M g B 2  p h ase  w a s  
fo rm ed  d u rin g  th e  m il lin g  p r o c e ss . H y d ro g en a tio n  p rop erties  o f  M g -B  p o w d e r s  in  a 
h y d r o g e n  a tm o sp h ere  w ere  e x a m in e d  at 3 0 0  ๐c  u s in g  a P C T  m ea su rem en t and  the  
r e d u ctio n  o f  c ry sta llite  s iz e  sh o w e d  a m o re  o b v io u s  e f fe c t  on  im p r o v in g  the  
a b so rp tio n  k in e tic  p rop erties th an  that o f  th e  p artic le  s iz e . H o w e v e r , n o  su c c e s s fu l  
sy n th e s is  o f  M g (B H 4 ) 2  w a s  a c h ie v e d . T h e o b ta in ed  n a n o c ry sta llin e  h yd rid e  w a s  
M g H 2 . It w a s  fo u n d  that the a d d itio n  o f  B  in to  m a g n e s iu m  stro n g ly  en h a n c e d  the  
k in e t ic  p rop erties  o f  m a g n e s iu m  h yd ro g en a tio n .

P istid d a  et al. ( 2 0 1 0 )  reported  sy n th e s is  o f  a m o rp h o u s M g (B H 4 ) 2  from  
M g B 2  and H 2 at ro o m  tem p era tu re. T h e startin g  m ater ia ls  w e r e  m ille d  in  p lan etary  
m ill at rotation  sp e e d  o f  6 0 0  rpm  for up to  1 0 0  h and  su b se q u e n tly  a h yd ro gen  
p ressu re  o f  100  bar w a s  a p p lied . From  in situ  X R D  m ea su rem en t, it c o n fir m e d  the  
a m o rp h o u s sta te  o f  the m ateria l and sh o w e d  th e  typ ica l cry sta llin e  d e c o m p o s it io n  
p ro d u cts  o f  M g (B H 4 ) 2  at e le v a te d  tem p era tu res. F u rth erm ore, s o lid -s ta te  N M R  
s h o w in g  the ch ara cter istic  fea tu res o f  M g (B H 4) 2 and o th er  M g (B nH m)y sp e c ie s .  
T h ere fo re , a m o rp h o u s M g (B H 4)2 can  be sy n th e s iz e d  b y s o l id - g a s  rea c tio n  w ith  a 
y ie ld  o f  a p p ro x im a te ly  50%  from  M g B 2  and h y d ro g en  b y h ig h  p ressu re  b a ll m illin g .

Z h an g  et al. (2 0 1 1 )  in v e stig a te d  sy n th e s is  M g (B H 4 ) 2  b y  m e c h a n ic a lly  
m illin g  M g  +  B , M g H 2  +  B  and M g B 2  p o w d e r s  f o l lo w in g  h y d r o g e n a tio n  under  
h y d ro g en  a tm o sp h ere . T h e X R D  pattern  o f  the m il le d  M g  +  B  p o w d e r s  d em o n stra tes  
th e  c o e x is t e n c e  o f  m a g n e s iu m  h yd rid e  and b oro n , w h ic h  in d ic a te s  the r ea c tio n  o f  M g  
+  H 2  —► M g H 2 d u rin g  the m il l in g  p r o c e ss  u n d er  ท h y d ro g en  a tm o sp h ere . F or the  
m ille d  M g H 2  +  B  p o w d e r , th e  X R D  sh o w s  litt le  d if fe r e n c e  in  c o m p a r iso n  to  th e  M g  
+  B  p o w d e r s . It s e e m s  that th e  M g H 2  d id  n o t r ea d ily  react w ith  b oro n  e v e n  u s in g  
h ig h  e n e r g y  m il l in g  u nder h ig h  h yd ro g en  p ressu re. F rom  th e  X R D  pattern  o f  the  
m ille d  M g B 2 p o w d e r , M g B 2 ap p ea rs to b e  q u ite  s ta b le  d u rin g  the m il l in g  p ro cess .  
T h e se  resu lts  in d ic a te  th e  d if f ic u lty  o f  b rea k in g  th e B -B  b o n d s th ro u gh ou t the  
r ea c tio n  o f  b oron  and h y d ro g en , b ec a u se  b o th  pure b oro n  and  M g B 2 c o n ta in  stab le  
b oro n  b on d s. F urtherm ore T P D  m ea su rem en ts  c o n fir m e d  th e fo rm a tio n  o f  
a m o rp h o u s M g -B -H  c o m p o u n d s , w h ic h  c o u ld  b e  M g (B xHy)n m o ie tie s . T h e  total 
a m o u n t o f  h y d ro g en  d e so rp tio n  o f  the m ille d  M g  +  B and M g H 2 +  B  p o w d e r s  after 3
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h w a s  3 .7  w t.%  and  3 .9  w t.% , r e sp e c tiv e ly , w h ile  th e  m ille d  M g B 2  sh o w e d  little  
apparent h y d ro g en  d esorp tion . A fte r  further h y d ro g en a tio n  carried  ou t u n d er 12 M P a  
h y d ro g en  p ressu re  at 4 5 0  ๐c  and  for 120  h, th e  M g  +  B p o w d e r  d em o n stra ted  M g H 2  

grain  gro w th , w h ile  th e  e x is te n c e  o f  am o rp h o u s M g -B -H  c o m p o u n d s  in  th e  M g B 2  

p o w d e r  w a s  c o n fir m e d  b y R a m a n  sp ectra l a n a ly s is . T h e h y d ro gen ated  M g B 2  p ow d er  
a lso  re lea sed  0 .2 5  w t.%  h y d ro g en . It w a s  s u g g e s te d  that u se  o f  a m eta l to  form  a 
m eta l b orid e  as a p recu rsor m a y  b e an e f fe c t iv e  w a y  to en h a n ce  th e  h yd rogen  
a b so rp tio n  k in e t ic s  th ereb y  th e fo rm a tio n  o f  b oro h yd rid es.
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