
CHAPTER II 
BACKGROUND AND LITERATURE SURVEY

2.1 Gas Adsorption

A d so rp tio n  is a  p ro c e ss  w h e re  m o lecu le s  fro m  th e  g as  p h ase  o r fro m  so lid  
so lu tio n  b in d  in  a  c o n d e n se d  lay e r o n  a so lid  o r  liq u id  ph ase . T h e  m o le c u le s  th a t b in d  to  
the  su rface  a re  c a lle d  th e  a d so rb a te  w h ile  th e  su b s tan ce  th a t h o ld s  th e  a d so rb a te  is ca lled  
ad so rb en t. T h e  p ro c e ss  w h e n  th e  m o le c u le  b in d  is ca lled  ad so rp tio n . R em o v a l o f  th e  
m o lecu le s  fro m  th e  su rfa c e  is c a lled  d e so rp tio n  (M ase l, 1996)

A d so rp tio n  a t th e  so lid -g a s  in te rface  can  be  d iv id ed  in to  tw o  b ro ad  c lasses: 
c h e m iso rp tio n  an d  p h y s ic a l a d so rp tio n . P h y s ica l a d so rp tio n  is rev e rs ib le  a d so rp tio n  by 
w eak  in te ra c tio n s  o n ly ; no  co v a le n t b o n d s  o c c u r b e tw e e n  th e  a d so rb e n t and  th e  ad so rb a te  
an d  h ea ts  o f  p h y s ic a l a d so rp tio n  are  less  th an  15-20 k ilo c a lo rie s /m o le . C h e m iso rp tio n  is 
ad so rp tio n  in v o lv in g  s tro n g e r  in te ra c tio n  b e tw e e n  a d so rb a te  an d  ad so rb e n t u su a lly  
acco m p a n ie d  b y  re a rra n g e m e n t o f  a to m s w ith in  o r b e tw een  ad so rb a te s , so , re ac tio n  
o ccu rs  b e tw e e n  th e  su rface  o f  th e  ad so rb e n t an d  ad so rb a te . H ea ts  o f  c h e m iso rp tio n  are 
u su a lly  in  ex cess  o f  2 0 -3 0  k ilo c a lo rie s /m o le .

2.1.1 Iso th e rm a l G as A d so rp tio n
A n  a d so rp tio n  iso th e rm  is th e  re la tio n sh ip  a t c o n s ta n t te m p e ra tu re  

b e tw een  th e  p a rtia l p re ssu re  o f  th e  a d so rb a te  an d  th e  am o u n t ad so rb e d  at eq u ilib riu m . 
T h is  v a rie s  fro m  zero  at P/Pn -  0 to  in fin ity  as P/Po reach es  1.

T h e  m o s t c o m m o n  ad so rp tio n  e x p e rim en t is th e  m e a su re m e n t o f  the  
re la tio n  b e tw e e n  the  a m o u n t o f  gas a d so rb ed  and  th e  p re ssu re  o f  th e  gas. F o r a  g iven  
g a s-so lid  pa ir, th e  a m o u n t o f  a d so rb ed  gas at e q u ilib r iu m  is a  fu n c tio n  o f  p ressu re  
an d  te m p e ra tu re  as th e  fo llo w in g ,

v  =  f ( P , T ) (2.1)



4

w h ere  V m ay  be  e x p re sse d  in  cc  S T P /g . A t a fix ed  te m p e ra tu re  V is o n ly  a  fu n c tio n  o f  
p ,  w h ich  is c a lle d  an  a d so rp tio n  iso th e rm  (Y an g , 1987).

Figure 2.1. T h e  fiv e  ty p e s  o f  ad so rp tio n  iso th e rm s (M ase l, 1996)

A d so rp tio n  iso th e rm  m ay  be  g ro u p ed  in to  five  ty p es  in d ica ted  in  F ig u re  2.1. 
T y p e  I iso th e rm  is an  iso th e rm  w h ere  th e  am o u n t o f  gas in c re a se s  w ith  in c reas in g  
p re ssu re  an d  th en  sa tu ra te s  at ab o u t a  m o n o la y e r co v erag e . T y p e  I iso th e rm  is 
c h a ra c te r is tic  o f  m o n o la y e r  ad so rp tio n . T y p e  II iso th e rm  is an  iso th e rm  w h e re  the  
a m o u n t ad so rb e d  in c rea se s  w ith  in c rea s in g  p re ssu re  s ta rts  to  level o ff, and  th e n  starts  
a t h ig h e r p re ssu re s . T y p e  II iso th e rm  is c h a ra c te ris tic  o f  m u ltila y e rs  ad so rp tio n . T y p e  
III is an  a d so rp tio n  iso th e rm  w h e re  in itia lly  th e re  is v e ry  little  ad so rp tio n . H o w ev er, 
o n ce  a  sm a ll d ro p le t o r  is lan d  o f  ad so rb a te  n u c lea te s  on  th e  su rface , ad d itio n a l 
ad so rp tio n  o ccu rs  m o re  ea s ily  b ecau se  o f  s tro n g  a d so rb a te -a d so rb a te  in te rac tio n s . 
T y p e  IV  an d  T y p e  V iso th e rm s  u su a lly  o ccu rs  w h en  m u lti- la y e rs  o f  gas a d so rb  on to  
th e  su rface  o f  th e  p o re  in  a  p o ro u s  so lid . In itia lly , the  a d so rp tio n  lo o k s like  a  ty p e  II 
o r  ty p e  III a d so rp tio n , b u t ev en tu a lly  th e  ad so rb ed  lay e rs  g e t so  th ick  th a t th ey  fill up 
th e  p o res. A s  a  resu lt, no  m o re  gas can  ad so rb  and  th e  iso th e rm  sa tu ra te s  (M ase l, 
1996).
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T h e  m e a su re m e n t o f  p u re -g as  iso th e rm s is ra th e r  s tra ig h tfo rw a rd . T he 
am o u n t a d so rb e d  at eq u ilib r iu m  can  be  d e te rm in e d  by tw o  c o m m o n ly  u sed  m eth o d s. 
O ne is th e  c o n s ta n t v o lu m e tr ic  m e th o d , w h e re  the  p re ssu re  d ro p  b e fo re  an d  a fte r 
ad so rp tio n  in  a  c lo se d  sy s tem  is m easu red . A n o th e r is th e  g ra v im e tr ic  m e th o d , in 
w h ich  th e  a m o u n t ad so rb e d  is d irec tly  d e te rm in e d  by  th e  w e ig h t g a in  in  a  flo w  
sy s tem  (Y an g , 1987).

2 .1 .2  C o n s ta n t-V o lu m e  M eth o d
T h e  a m o u n t o f  gas is m e a su re d  b e fo re  an d  a fte r  th e  a d so rp tio n  tak es 

p lace . T h e  a m o u n t o f  ad so rb e d  p h ase  is, th en , c a lcu la ted  by  th e  d iffe ren ce . T he 
p re ssu re  an d  v o lu m e , u s in g  an  a p p ro p ria te  P -V -T  re la tio n sh ip  can  be  u sed  to  
d e te rm in e  th e  to ta l g as  am o u n t. T h e  ex p e rim en ta l a p p a ra tu s  co n ta in s  tw o 
co m p artm en ts : a  re se rv o ir  an d  a sam p le , th e  la tte r c o n ta in in g  a  d ead  sp ace . V o lu m e  
o f  b o th  c o m p a rtm e n ts  can  b e  p re d e te rm in e d  by  h e liu m  d isp la c e m e n t. T h e  g as  in  the  
re se rv o ir  is a d m itte d  to  th e  sam p le  c o m p artm en t, and  e q u ilib r iu m  is in d ica ted  by  the  
c o n s tan cy  o f  th e  p re ssu re  (Y an g , 1987).

2.2 Types of Adsorbent

T h e  m o st c o m m o n  co m m erc ia l a d so rb e n ts  th a t p ro v id e  th e ir  u se s  in  gas 
s to rag e  an d  se p a ra tio n  in c lu d e  ac tiv a ted  ca rb o n , z eo lite , an d  m o le c u la r  s iev es . S om e 
o f  th e  p ro p e rtie s  th a t  m ak e  an  ad so rb en t c o m m e rc ia lly  a ttra c tiv e  in c lu d e  h ig h  
p o ro s ity , su rfa c e  a rea , an d  to ta l p o re  v o lu m e . T h e  m o st e x p lo ite d  ad so rb e n t w ith  
re sp ec t to  th e se  p ro p e rtie s  is a c tiv a ted  ca rb o n . C arb o n , by  itse lf , can  b e  reg a rd ed  in 
its g rap h itic  fo rm , w h ich  its d en s ity  is eq u a l to 2 .25 g /cc  a lth o u g h  in  its d iso rd e red  
c ry sta l s ta te  it p ro b a b ly  is c lo se r to  2.1 g /cc  (P a te l, 2000). In  o rd e r  to  e x p lo re  n ew  
ad so rb en ts , th e  fo cu s  h as  n o w  tu rn e d  to  ca rb o n  n a n o s tru c tu re s . D u rin g  re c e n t y ears , 
n a n o m a te r ia ls  like  fu lle re n e s  an d  ca rb o n  n a n o tu b es  h av e  b e e n  s tu d ied  fo r th e ir  gas 
s to rag e  ab ility . D ue to  th e ir  h ig h  th eo re tic a l su rface  a rea , th ey  can  b ec o m e  p o ten tia l 
a d so rb en ts  an d  c o m p e tito rs  to  ac tiv a ted  ca rb o n .

2.2 .1  A c tiv a te d  C a rb o n
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A c tiv a te d  c a rb o n  is n o rm a lly  m ad e  by  th e rm a l d e c o m p o s itio n  o f  
c a rb o n a c eo u s  m a te ria l fo llo w ed  by  ac tiv a tio n  w ith  s team  o r c a rb o n  d io x id e  at 
e lev a ted  te m p e ra tu re . T h e  s tru c tu re  o f  a c tiv a ted  ca rb o n  c o n s is ts  o f  e lem en ta ry  
m ic ro c ry s ta llite s  o f  g rap h ite , b u t th e se  m ic ro c ry s ta llite s  a re  s ta ck  to g e th e r  in  ran d o m  
o rie n ta tio n  an d  it is th e  sp aces  b e tw e e n  th e  c ry sta ls , w h ic h  fo rm  th e  m ic ro p o re s . T he 
m o le c u la r  s tru c tu re  o f  a c tiv a ted  ca rb o n  is sh o w n  in F ig u re  2 .2 . T h e  g rap h ite  p la te le t 
s tru c tu re  g iv es  th e  ac tiv a te d  c a rb o n  its v e ry  la rge  su rface  an d  p o ro s ity  w h ic h  a llo w s 
it to  ad so rb  a  w id e  ran g e  o f  co m p o u n d s.

h - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - H
า 00 Angstrom

Figure 2.2. S tru c tu re  o f  A c tiv a te d  C a rb o n

(http://www.calgoncarbon.com/bulletins/Activated Carbon Principles.htm)

2 .2 .2  C a rb o n  N a n o tu b e s
C a rb o n  n a n o tu b e s  a re  lo n g , th in , h o llo w  c y lin d e rs  fo rm ed  by  ro llin g  

up  a  s in g le  lay e r o f  g rap h ite . C a rb o n  n a n o tu b es  co m e  in a v a rie ty  o f  d ia m e te rs  and  
leng ths. D e p e n d in g  o n  th e  g ro w th  p ro cess , the  len g th  o f  th e  tu b es  can  be from  
a p p ro x im a te ly  100 n a n o m e te rs  to  sev era l m icro n s. D ia m e te rs  v ary  fro m  1 to  20 
n an o m e te rs . A  ca rb o n  n a n o tu b e  can  h av e  e ith e r o n e  w all, fo r s in g le -w a lle d  ca rb o n  
n a n o tu b es  ( ร พ N T ), o r  as m an y  as 20  to  30 w a lls , fo r m u lti-w a lle d  c a rb o n  n an o tu b es

http://www.calgoncarbon.com/bulletins/Activated_Carbon_Principles.htm
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(M W N T ) as sh o w n  in  F ig u re  2 .3 . T h e  s tran d -lik e  fib e rs  in  th is  im ag e  a re  “ ro p e s” o f  
in d iv id u a l p a ra lle l s in g le -w a lle d  ca rb o n  n a n o tu b es  ( ร พ N T ) an d  m u lti-w a lle d  ca rb o n  
n a n o tu b es  (M W N T ). A  ty p ica l ro p e  d ia m e te r  is - 2 0  nm  an d  a  ty p ica l S W N T  
d iam e te r is ~ 1 .4  nm . T h e  o th e r fea tu res  o f  c a rb o n  n a n o tu b e s  are  th e ir  ch em ica l 
in e rtn e ss  an d  th e rm a l s tab ility . T h ey  are th e rm a lly  s tab le  up  to  o v e r  1000°c in 
v acu u m .

Figure 2 .3 . T E M  im ag es  o f  c a rb o n  n a n o tu b e s  (a) m u lti-w a lle d  c a rb o n  n an o tu b es , 
(b) s in g le -w a lle d  ca rb o n  n a n o tu b es
(http://www.phvsics.berkeley.edu/research/zettl/proiects/imaging.html)

2.3 Hydrogen Storage in Carbon Nanotubes and Related Materials

S in ce  ca rb o n  n a n o tu b e s  w ere  firs t sy n th es ized  by  I ijim a  in  1991, th e ir  
p h y sica l an d  ch em ica l c h a ra c te r is tic s  h av e  b een  a  su b jec t o f  in ten s iv e  re se a rch  fo r 
m an y  years. C a rb o n  n a n o tu b e s , w h ich  h av e  d iam e te rs  o f  ty p ic a lly  a  few  n an o m ete rs , 
sh o u ld  be  ab le  to  d ra w  up  liq u id s  by  c ap illa rity  (P ed e rso n , 1992). W ith in  the

http://www.phvsics.berkeley.edu/research/zettl/proiects/imaging.html
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m ic ro p o re s  (le ss  th an  2 n m ) o f  a  p o ro u s  su b s tan ce , g ases c a n  be  ad so rb e d  o n to  the 
so lid  su rface . D u e  to  th e  fo rce  o f  a ttra c tio n  b e tw een  th e  so lid  an d  th e  gas, an  
ad so rb ed  h y d ro g e n  p h ase  w ill be  m u ch  d e n se r th an  th e  b u lk  gas p h ase . A t h ig h  
p ressu re , c a p illa ry  c o n d e n sa tio n  can  lead  to  co n d e n sa tio n  o f  h y d ro g e n  at 
te m p e ra tu re s  w ell ab o v e  th e  s tan d a rd  c o n d e n sa tio n  te m p e ra tu re , le ad in g  to  e n h an ced  
s to rag e  d e n s ity  (B au m ert, 1993).

D illio n  et al. (1 9 9 7 ) w ere  th e  firs t to  p u b lish  e x p e rim e n ta l d a ta  on  h y d ro g en  
ad so rp tio n  in  s in g le -w a lle d  ca rb o n  n a n o tu b es  (S W N T ). T h e ir  ex p e rim en ta l 
p ro ced u re , w h ic h  th ey  n a m e d  T e m p e ra tu re  P ro g ram m ed  D e so rp tio n , co n s is ts  in  
m easu rin g  w ith  a  m ass  sp e c tro m e te r  th e  h y d ro g e n  d e so rb e d  b y  th e  c a rb o n  sam p le , 1 
m g , d u rin g  a  h e a tin g  run . T h ey  sh o w ed  th a t gas co u ld  c o n d e n se  to  h ig h  d en s ity  
in s id e  n a rro w  ร พ N T s. T h e y  fo u n d  th a t u n p u rif ied  so o t c o n ta in in g  o n ly  0 .1 -0 .2  w t%  
o f  S W N T s co u ld  a lso  ab so rb  ab o u t 5 to  10 w e ig h t %  o f  แ 2 a t 133 K  an d  3 00  T orr. 
T h e  re s t o f  u n p u rif ie d  so o t w ere  co n s is ted  o f  a m ix tu re  o f  u n id e n tif ie d  ca rb o n a c eo u s  
m a te ria ls  as  w ell as a  la rg e  fra c tio n  o f  co b a lt c a ta ly s t p a rtic le  (~ 20  w t% ). W ith  sam e 
c o n d itio n s , h y d ro g e n  d o es  n o t in d u ce  a d so rp tio n  w ith in  a  s ta n d a rd  m e so p o ro u s  
ac tiv a ted  ca rb o n . T h ey  a lso  su g g es ted  th a t th e  h ig h  p u rity  S W N T s sam p le s  th a t hav e  
b een  re c e n tly  p ro d u ce , a t th a t tim e , sh o u ld  be in te re s tin g  c a n d id a te s  fo r  e v a lu a tio n .

L a te r, Y e an d  c o -w o rk e rs  (1 9 9 9 ) o b ta in ed  8.25 w t %  o f  แ 2 a d so rp tio n  on 
h ig h  p u rity  S W N T s a t 80 K  an d  100 a tm . L iu  et al. (1 9 9 9 ) u s in g  c o n s ta n t v o lu m e tric  
m e th o d  w ith  5 00  m g  o f  sam p le  fo u n d  th a t 4 .2  w t% H 2 w as o b ta in e d  on  S W N T s w ith  
a la rge  m ean  d ia m e te r  o f  a b o u t 1.85 n a n o m e te rs  a t ro o m  te m p e ra tu re  u n d e r  m o d es tly  
h ig h -p re ssu re  (ab o u t 10 m eg ap asca l) . M o reo v e r, 78 .3  %  o f  th e  ad so rb e d  h y d ro g e n  
co u ld  be re le a se d  u n d e r a m b ie n t p re ssu re  at ro o m  te m p e ra tu re , w h ile  th e  re le a se  o f  
the  re s id u a l s to red  h y d ro g e n  req u ired  so m e h ea tin g  o f  th e  sam p le .

พ น  et al. (2 0 0 0 ) sy n th e s iz e d  m u lti-w a lle d  c a rb o n  n a n o tu b e s  fro m  the  
ca ta ly tic  d e c o m p o s itio n  o f  C O  and  C H 4. W ith  T G A  tec h n iq u e , th e  c a rb o n  n a n o tu b e s  
p ro d u c e d  fro m  C O  w ere  fo u n d  to  be  ab le  to  u p tak e  a  c e rta in  a m o u n t o f  h y d ro g e n  
u n d e r a m b ie n t c o n d itio n s , w h e rea s  g rap h ite  p o w d e rs  w ere  u n ab le . T h ey  su g g ested  
th e  ca rb o n  n a n o tu b e s  m ig h t be a  p ro m is in g  m a te ria l th a t co u ld  be u sed  fo r h y d ro g en  
s to rag e  u n d e r  a m b ie n t c o n d itio n s .
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R ecen tly , L ee  and  h is  re sea rch  g ro u p  (2 0 0 0 ) p e rfo rm e d  d en s ity -fu n c tio n a l 
c a lcu la tio n s  to  sea rch  fo r h y d ro g e n  ad so rp tio n  sites  and  p red ic t m a x im u m  s to rag e  
cap ac ity  in  S W N T s. T h ey  fo u n d  tw o  ch e m iso rp tio n  s ites  a t to p  s ite  o f  th e  ex te rio r 
an d  in te rio r  o f  th e  tu b e  w all. T h ey  fu rth e r o b se rv ed  th a t a  fo rm  o f  แ 2 m o lecu le  cou ld  
ex is t in  an  e m p ty  sp ace  in s id e  n an o  tu b es . T h e  s to rag e  cap a c ity  o f  h y d ro g e n  in  an  
em p ty  sp ace  in c re a se d  lin ea rly  w ith  tu b e  d iam ete r. T h e  re p u ls iv e  en e rg ie s  b e tw een  
H 2 m o le c u le s  in s id e  n a n o tu b e s  lim it th e  m ax im u m  s to rag e  cap a c ity  b e tw e e n  H 2 

m o lecu le s  an d  th e  tu b e  w all. T h ey  p red ic ted  th a t h y d ro g e n  s to rag e  cap a c ity  in 
(1 0 ,1 0 ) n a n o tu b e  can  e x ceed  14 w t% .

Z h u  et al. (2 0 0 1 ) sh o w ed  th a t th e  b u n d les  o f  a lig n ed  c a rb o n  n a n o tu b e s  had  a 
n a rro w  p o re  d is tr ib u tio n  m a in ly  in  m icro - an d  m eso -p o res , w h ic h  w e re  fa v o ra b le  fo r 
h y d ro g en  u p tak e . T h e  w e ll-a lig n e d  ca rb o n  n an o tu b e  b u n d le s  h ad  a h y d ro g e n  s to rag e  
cap ac ity  o v e r 3 w t%  h ig h e r  th an  ran d o m ly -o rd e red  c a rb o n  n a n o tu b e s  at ro o m  
te m p e ra tu re  an d  m o d e ra te  p re ssu re  (3 -10  M P a) d e te rm in e d  by  c o n s ta n t v o lu m e tric  
m eth o d . T h ey  a lso  su g g es ted  th a t m u lti-w a lled  c a rb o n  n a n o tu b e s  w ere  p ro m is in g  
m a te ria ls  fo r h y d ro g e n  s to rag e .

In  a d d itio n , C h en  et al. (1 9 9 9 ) fo cu sed  on  a lk a li-d o p e d  c a rb o n  n a n o tu b es  
and  th ey  fo u n d  th a t lith iu m - o r p o ta ss iu m -d o p e d  ca rb o n  n a n o tu b e s  can  ab so rb  ab o u t 
20 an d  10 w e ig h t p e rc e n t o f  h y d ro g en  at m o d e ra te  (2 0 0  to  4 0 0 °C ) an d  ro o m  
te m p e ra tu re s , re sp e c tiv e ly , u n d e r am b ien t p ressu re . T h e  C N T s u se d  in  th e  s tu d y  w ere  
m ad e  fro m  ca ta ly tic  d e c o m p o s itio n  o f  CH4 . A fte r p u rif ic a tio n , a lm o s t all o f  th e  
c a ta ly s t p a r tic le s  w ere  rem o v ed . M o re  th an  9 0 %  o f  th e  p ro d u c t w as in  th e  fo rm  o f  
m u ltiw a lle d  C N T s, an d  7 0 %  w as in  th e  d ia m e te r ran g e  o f  25 to  35 nm . H y d ro g e n  
u p tak e  w as  m e a su re d  b y  th e rm o g rav im e try  an a ly sis  (T G A ).

In  co n tra s t, so m e  m o n th s  la ter, Y an g  (2 0 0 0 ) re v is ite d  th e se  d a ta . H e 
p rep a red  th e  d o p ed  n a n o tu b e s  fo llo w in g  th e  sam e p ro c e d u re  an d  a lso  m e a su re d  th e  
a d so rp tio n -d e so rp tio n  u s in g  a  th e rm o g ra v im e tric  an a ly ze r. H is  c o n c lu s io n  w as th a t 
sp ec ia l c a u tio n  n eed ed  to  be  tak en  to  rem o v e  any  m o is tu re  c o n ta m in a tio n  o f  the  
h y d ro g e n  in m e a su rin g  th e  ad so rp tio n . M o is tu re , w h ich  d ra s tic a lly  in c rea sed  the 
w e ig h t g a in , p ic k e d  up  an d  th en  p u t th e  re su lts  in e rro r. So, fo r d ry  h y d ro g en , the 
ad so rp tio n  is o f  2.5 w t%  fo r lith iu m -d o p ed  ca rb o n  n a n o tu b es  an d  o f  1.8 w t%  for
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p o ta ss iu m -d o p e d  ca rb o n  n an o tu b es . R esu lts  hav e  recen tly  b een  m o re  c o n firm e d  by 
P in k e rto n  et al. (2 0 0 0 ).

M o re  re c e n tly , T ib b e tts  et al. (2 0 0 1 ) h av e  s tu d ied  th e  so rp tio n  o f  h y d ro g en  
by n in e  d iffe re n t c a rb o n  m a te ria ls  a t p re ssu re  up  to  11 M P a  ( 1600 p si)  and  
te m p e ra tu re s  fro m  - 8 0  to  + 5 0 0  d eg ree  C e lsiu s. T h e ir  re su lts  w ere  rem ark ab ly  
sim ila r: v e ry  little  h y d ro g e n  so rp tio n . In  fact, th e  so rp tio n  w as so little . C are fu l 
a tte n tio n  m u s t be  p a id  to  c a lib ra tio n  to  g e t re liab le  an sw ers . F u rth e rm o re , th e ir  
e ffo rts  to  a c tiv a te  th e  m a te ria ls  by  re d u c tio n  at h ig h  te m p e ra tu re s  an d  p re ssu re s  w ere  
a lso  fu tile . T h ese  re su lts  c as t se rio u s  d o u b ts  on  any  c la im s  so fa r fo r ro o m  
te m p e ra tu re  h y d ro g e n  so rp tio n  in  ca rb o n  m a te ria ls  h ig h e r th an  1 w t.% .

F u rth e rm o re , th e re  w ere  so m e s tu d ies  o f  h y d ro g e n  so rp tio n  in  o th e r ty p e s  o f  
c a rb o n  m a te ria ls . A c tiv a te d  c a rb o n  n a n o fib e rs  and  g rap h ite  w ere  o n es  o f  can d id a te  
m a te ria ls  fo r  h y d ro g e n  u p tak e . C a rb o n  n an o fib e rs  c o n s is t o f  g ra p h ite  p la te le ts  
s ta ck ed  to g e th e r  w ith  re sp ec t to  the  fib e r ax is, g iv in g  rise  to  th e  a sso rted  
c o n fo rm a tio n s . T h e  n an o fib e rs  v a ry  fro m  5 to  100 nm  in d iam ete r. C a rb o n  
n a n o fib e rs  w e re  d isc o v e re d  in  1970s, b u t it w as n o t u n til re cen tly  th a t th ey  w ere  
re p o rte d  in  h a v in g  th e  p o te n tia l to  sto re  up  hyd ro g en .

C h a m b e rs  an d  co lle a g u e s  (1 9 9 8 ) d id  th e  h ig h -p re ssu re  so rp tio n  s tu d ies  o f  
v a rio u s  ty p e s  o f  g ra p h ite  n a n o fib e rs  (G N F ). A p p ro x im a te ly  0 .2  g o f  d if fe re n t ty p es 
o f  g rap h ite  n a n o fib e rs  w ere  u sed  to  m easu re  th e  h y d ro g e n  a d so rp tio n  cap a c ity  by 
c o n s ta n t v o lu m e tr ic  m e th o d . T h e  s tru c tu re s  o f  g rap h ite  n a n o fib e rs  w ere  d e s ig n a ted  
as tu b u la r , p la te le t, an d  h e rrin g b o n e  shape . T h ey  o b se rv ed  th a t at 120 a tm  an d  ro o m  
te m p e ra tu re , g rap h ite  n a n o fib e rs  w ith  h e rrin g b o n e  s tru c tu re  co u ld  s to re  67  w t %  o f  
FL, w h ic h  w a s  th e  m a x im u m  h y d ro g en  s to rag e  co m p ared  to  th o se  o f  th e  rest 
s tru c tu res . F u rth e rm o re , th is  a m o u n t w as ab o u t ten  tim es  th e  m a x im u m  v a lu e  tha t 
has b een  re p o rte d  fo r h y d ro g e n  s to rag e  m ed ia .

L a te r , th e  sam e  team , P a rk  and  co lle a g u e s  (1 9 9 9 ) c o n firm e d  th e ir  re su lts  
w ith  m o re  d e ta iled  e x p la n a tio n s  o f  su ch  an  im p o rtan t h y d ro g e n  m o lecu le  
in te rc a la tio n  b e tw e e n  th e  g rap h en e  sh ee ts  o f  th e  n an o fib e rs . U n fo rtu n a te ly , up  to 
da te , th is  h y d ro g e n  a d so rp tio n  a m o u n t-c a p a b le  o f  so lv in g  th e  h y d ro g e n  sto rag e  
p ro b le m -h a s  n o t b een  co n firm e d , n e ith e r ex p e rim e n ta lly  n o r th e o re tic a lly .
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