
T H E O R E T I C A L  B A C K G R O U N D  A N D  L IT E R A T U R E  R E V I E W
CHAPTER II

2.1 F u e l  C e ll

N o w a d a y s , th e re  a re  f iv e  m a in  ty p e s  o f  fue l c e lls , w h ic h  c o n v e r t  c h e m ic a l 
e n e rg y  d ire c tly  in to  e le c tro c h e m ic a l e n e rg y  w ith  h ig h  e f f ic ie n c y  a n d  lo w  e m is s io n  o f  
p o llu ta n ts , n a m e ly  th e  a lk a lin e  fu e l ce ll (A F C ), th e  p o ly m e r  e le c tro ly te  m e m b ra n e  
fu e l ce ll (P E M F C ), th e  p h o sp h o ric  ac id  fu e l cell (P A F C ), th e  m o lte n  c a rb o n a te  fuel 
ce ll (M C F C ), a n d  th e  so lid  o x id e  fue l ce ll (S O F C ).

2.1.1 P h o sp h o ric  A c id  F uel C e ll (P A F C )
P A F C  is in  th e  f irs t s ta g e s  o f  c o m m e rc ia liz a tio n  s in c e  it sh o w s  

re la tiv e  to le ra n c e  fo r w id e ly  a p p lic a tio n s . C o n c e n tra te d  p h o sp h o ric  ac id  (H 3P O 4) in 
liq u id  fo rm  is u se d  as th e  e le c tro ly te  in th is  fue l cell. T h e  e le c tro ly te  is r e ta in e d  in  a 
sm a ll p o re  m a tr ix  m a d e  f ro m  T e flo n  b o n e d  s ilic o n  c a rb id e . A d d itio n  o f  e le c tro ly te  
m a y  b e  re q u ire d  a f te r  o p e ra te  fo r m a n y  h o u rs  b e c a u se  so m e  o f  it c an  be  e n tra in e d  in 
th e  fue l s tre a m s . T he  o p e ra tin g  te m p e ra tu re s  o f  P A F C  is ty p ic a lly  a ro u n d  2 0 0 HC and  
can  b e  o p e ra te s  u p  to  22 0  ° c  (H irsc h e n h o fe r  et ai, 1998).

2 .1 .2  A lk a lin e  F uel C e ll (A F C )
A F C  c a n  b e  o p e ra te d  a t h ig h e r  te m p e ra tu re  th a n  P A F C  (u p  to  2 5 0 °C ) 

b y  u s in g  c o n c e n tra te d  p o ta s s iu m  h y d ro x id e  (K O FI) a q u e o u s  so lu tio n  as th e  
e le c tro ly te . A  so lid  m a tr ix , w h ic h  u su a lly  m a d e  fro m  a sb e s to s , is u se d  as an  
e le c tro ly te  c o n ta in e r  an d  a v a r io u s  ty p e s  o f  c a ta ly s t can  b e  u se d  su c h  as n o b le  m e ta l, 
n ic k e l, sp in e ls , an d  m e ta l o x id e  (S o n g , 2 0 0 2 ). T h e  a d v a n ta g e  o f  th is  fue l ce ll is 
s im p le  in d e s ig n  a n d  ch ea p . H o w e v e r, th e re  a re  tw o  m a jo r  fa c to rs  lim itin g  th e  A F C , 
w h ic h  a re  p u re  h y d ro g e n  re q u ire m e n t an d  c a rb o n  d io x id e  se n s itiv ity .

2 .1 .3  M o lte n  C a rb o n a te  F uel C e ll (M C F C )
T h e  M C F C  h as  b een  d e v e lo p e d  to  a h ig h  d e g re e  o f  s o p h is t ic a t io n  fo r 

ru n n in g  o n  fu e ls  e .g . n a tu ra l g a s  s in c e  it o ffe rs  h ig h  fu e l- to -e le c tr ic ity  e ff ic ie n c y . 
T h is  fue l ce ll o p e ra te s  a t h ig h  te m p e ra tu re  (a b o u t 6 5 0 °C ) a n d  th e  ce ll p e r fo rm a n c e  is 
v e ry  se n s itiv e  to  o p e ra tin g  te m p e ra tu re . T h e  sa lt m ix tu re , u su a lly  c o n s is ts  o f  lith iu m  
c a rb o n a te  (L iiC C fi) a n d  p o ta s s iu m  c a rb o n a te  (K 7C O 3), is u se d  as e le c tro ly te  a n d  can
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be  a g o o d  io n ic  c o n d u c to r  w h e n  it m e lte d . O n  th e  o th e r  h a n d , m o b ile  a n d  c o rro s iv e  
e le c tro ly te  is th e  m a in  d is a d v a n ta g e  o f  M C F C .

2 .1 .4  S o lid  O x id e  F uel C e ll (S O F C )
C e ra m ic  is u s e d  as a so lid -p h a se  e le c tro ly te  in  S O F C  to  o v e rc o m e  the  

e le c tro ly te  c o rro s io n  p ro b le m  in  M C F C . T h e  o p e ra tin g  te m p e ra tu re  o f  S O F C  is 
ty p ic a lly  in  th e  ra n g e  o f  80 0  - 1 ,000 ° c  to  a c h ie v e  a d e q u a te  io n ic  c o n d u c tiv ity . 
H o w e v e r, it h as  d ra w b a c k s  b e c a u se  o f  th e  m a te r ia ls  in c lu d in g  th e  se a la n ts  
r e q u ire m e n t an d  th e  lo n g e r  s ta r t-u p  tim e .

2 .1 .5  P o ly m e r  E le c tro ly te  M e m b ra n e  F uel C e ll (P E M F C )
P E M F C  h a v e  b e e n  e x te n s iv e ly  s tu d ie d  o v e r  th e  la s t d e c a d e  b e c a u se  

th e y  p ro v id e  c le a n  e n e rg y  an d  g o o d  c o m m e rc ia l v ia b ility . A  so lid  p o ly m e r  
m e m b ra n e  is u se d  as th e  e le c tro ly te  in th e  ce ll. A n  o rd e r  o f  m a g n itu d e  h ig h e r  p o w e r  
d e n s ity  th a n  an y  o th e r  fue l ce ll is th e  o u ts ta n d in g  p ro p e rtie s  o f  P E M F C . M o re o v e r , 
th e  c o r ro s io n  an d  th e  e le c tro ly te  m a n a g e m e n t p ro b le m s  a re  e lim in a te d  b y  th e  u se  o f  a 
so lid  p o ly m e r  e le c tro ly te . O n  th e  o th e r  s id e , th e y  s till su f fe r  f ro m  h ig h -c o s t o f  th e  
c a ta ly s t u se d  in m e m b ra n e  e le c tro d e  a s se m b ly  (M E A ).

2 .2  P o ly m e r  E le c t ro ly te  M e m b r a n e  F u e l C e ll

In  th e  1960s, a p o ly m e r  e le c tro ly te  m e m b ra n e  (P E M ) o r p ro to n  e x c h a n g e  
m e m b ra n e  w as  f irs t ly  u se d  in a fue l ce ll as an  a u x ilia ry  p o w e r  so u rc e  in  th e  sp a c e  
a v ia tio n . A  P E M F C  is an  e le c tro c h e m ic a l ce ll th a t is fed  h y d ro g e n  a n d  o x y g e n . T h e  
o x id a tio n  o f  h y d ro g e n  o c c u rs  at th e  a n o d e  an d  re le a se s  th e  p ro to n s , w h ic h  is 
c o n d u c te d  th ro u g h  th e  p o ly m e r  e le c tro ly te  m e m b ra n e  to  th e  c a th o d e . T h e  e le c tro n s  
re le a se d  fro m  h y d ro g e n  tra v e l a lo n g  the  e le c tric a l d e to u r  to  th e  c a th o d e  an d  g e n e ra te  
an  e le c tr ic a l c u rre n t. T h e  re d u c tio n  o f  o x y g e n  o c c u rs  at th e  c a th o d e  an d  th e n  w a te r  is 
p ro d u c e d . F ig u re  2.1 s c h e m a tic a lly  sh o w s  th e  d e sc r ib e d  re a c tio n s .
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- ^ 0 -  
M em b ran e  

I—  E le c tr o d e  
A s s e m b ly  (M EA)

E lec tro d e  —r*-------►

\  \  P roton  E x c h a n g e  
\  \  M em b ra n e  (P E M )

\  C a ta ly st Layer
G a s  D iffu sion  L ayer (G D L)

G a s  C h a n n e l C urrent C o llec to r

F ig u r e  2.1 S c h e m a tic  o f  a s in g le  ty p ica l P E M F C  (L its te r  an d  M c L e a n , 2 0 0 4 ).

T h e  im p o rta n t p a r t is m e m b ra n e  e le c tro d e  a s se m b ly  (M E A ), w h ic h  is 
m o u n te d  a t th e  co re  o f  P E M F C  as sh o w n  in f ig u re  2 .1 . T h e re  a re  th re e  c o m p o n e n ts  
in  M E A  c o n s is t a p o ly m e r  e le c tro ly te  m e m b ra n e , c a ta ly s t lay e r, an d  g a s  d iffu s io n  
la y e r  (G D L ).

2.2.1 C a ta ly s t L a y e r
T h e  c a ta ly s t la y e r  o r a c tiv e  la y e r  is lo c a te d  b e tw e e n  P E M  a n d  G D L . 

T h e  m o s t c o m m o n ly  u se d  c a ta ly s ts  in P E M F C  are  p la tin u m  (P t) a n d  p la tin u m  b a se d  
a llo y s  d u e  to  th e ir  h ig h  c a ta ly tic  ac tiv ity , c h e m ic a l s ta b ili ty  an d  e x c h a n g e  c u rre n t 
d e n s ity  (S h a rm a  an d  P o lle t, 2 0 1 2 ). H o w e v e r, th e  h ig h  co s t o f  p la tin u m  m a k e  it n o t 
a v a ila b le  c o m m e rc ia lly . T o  d e c re a se  p la tin u m  u sa g e  in  P E M F C , su p p o rte d  m e ta l 
c a ta ly s ts  b e c o m e  an e x c e lle n c e  o p tio n .

2 .2 .2  G as D iffu s io n  L a y e r
T h e  p o ro u s  g as  d iffu s io n  la y e rs  in  P E M F C  are  m a d e  o f  p o ro u s  c a rb o n  

p a p e r  o r w o v e n  c a rb o n  c lo th , w ith  a th ic k n e ss  in th e  ra n g e  o f  100 - 3 0 0  m ic ro m e te r ,
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a n d  lo c a te d  o n  th e  b a c k  o f  th e  c a ta ly s t lay ers . T h e  G D L  p ro v id e  n o t o n ly  th e  
e le c tr ic a l c o n d u c to r  th a t tra n sp o r ts  e le c tro n s  to  an d  fro m  th e  c a ta ly s t lay er, b u t a lso  
s tru c tu ra l su p p o rt fo r  th e  e le c tro d e s  (D ic k s , 2 0 0 6 )

F ig u r e  2 .2  T ra n sp o r t o f  p ro to n s , e le c tro n s , an d  g a se s  in th e  P E M F C  (L its te r  and  
M c L e a n , 2 0 0 4 ).

T h e  tra n sp o r t  in M E A  c o n s is ts  o f
th e  tra n sp o r t o f  p ro to n s  fo rm  th e  p o ly m e r  e le c tro ly te  m e m b ra n e  to  th e  
c a ta ly s t
th e  tra n sp o r t o f  e le c tro n s  fro m  th e  c u rre n t c o lle c to r  ( tro u g h  th e  gas 
d iffu s io n  lay er)  to  th e  c a ta ly s t
th e  tra n sp o r t o f  th e  re a c ta n t an d  g a se s  to  an d  fro m  th e  c a ta ly s t la y e r  an d

P ro to n  C a r b o n  E le c tr ic a lly  
C o n d u c t in g  S u p p o r te d  C o n d u c t iv e  
M e d ia  s C a ta ly s t  F ib e r s

P E M  C a ta ly s t  
L ayer

G D L

th e  g as  d iffu s io n  lay e r

2 .3  C a r b o n  M o n o x id e  R e m o v a l

B e c a u se  o n ly  sm a ll a m o u n ts  o f  c a rb o n  m o n o x id e  (C O ) in  h y d ro g e n  (H 2) 
s tre a m  c a u se s  d e c re a s in g  in  e ff ic ie n c y  o f  P E M F C , C O  sh o u ld  be  e lim in a te d  to  a
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tra c e -le v e l. D iffe re n t m e th o d  can  be u se d  to  re m o v e  C O  in c lu d in g  s e le c tiv e  
d iffu s io n , s e le c tiv e  m e th a n a tio n , an d  p re fe re n tia l o x id a tio n  (P a rk  et al, 2 0 0 9 ).

2 .3 .1  S e le c tiv e  D iffu s io n
V a rio u s  ty p e s  o f  m e m b ra n e s  su c h  as m e ta l a llo y s  a n d  p o ro u s  c e ra m ic  

h a v e  b e e n  a p p lie d  to re m o v e  C O  b y  se le c tiv e  d iffu s io n  o f  th e  H i th ro u g h  th e  
m e m b ra n e . T h e  m a jo r  re q u ire m e n ts  o f  m e m b ra n e  p ro p e rtie s  a re  h ig h  se le c t iv i ty  to 
H 2 an d  h ig h  H 2 p e rm e a b ility . T h e  p a lla d iu m  (P d ) m e ta l h as  b e e n  w e ll k n o w n  as the  
re p re se n ta t iv e  m a te r ia l fo r H 2 s e p a ra tio n  b e c a u se  o f  its  h ig h  H 2 p e rm e a b ility , g o o d  
m e c h a n ic a l c h a ra c te r is t ic s  an d  h ig h ly  c a ta ly tic  su rfa c e . T h e  p e rm e a tio n  o f  H 2 

th ro u g h  P d in v o lv e s  fo llo w in g  th re e  s te p s  (O c k w ig  an d  N e n o ff , 2 0 0 7 ).
(1 ) R e v e rs ib le  d is so c ia tiv e  c h e m iso rp tio n  o f  h y d ro g e n  on  th e  P d

su rfa c e .
(2 ) R e v e rs ib le  d is so lu tio n  o f  su rfa c e  a to m ic  h y d ro g e n  in  th e  b u lk  

la y e rs  o f  th e  Pd.
(3 ) D iffu s io n  o f  a to m ic  h y d ro g e n  in  th e  m e m b ra n e .

2 .3 .2  S e le c tiv e  M e th a n a tio n
T h e  m a in  g a se o u s  c o m p o n e n ts  e x it fro m  w a te r-g a s  sh ift re a c to r  are  

C O , C 0 2 an d  H 2. T h e  fo llo w in g  re a c tio n s  c a n  b e  c a rr ie d  o u t o v e r  th e  h y d ro g e n a tio n  
c a ta ly s t in th e  s e le c tiv e  C O  m e th a n a tio n .

C O (g ) +  3 H 2(g ) C H 4(g ) +  H 20 ( g )  A H H298 =  -2 0 6  k j /m o l 

C 0 2(g ) +  4 H 2(g ) -> C H 4(g ) +  2 H 20 ( g )  A H U298 =  -1 6 5  k j /m o l

T h e  a d v a n ta g e  o f  s e le c tiv e  C O  m e th a n a tio n  is th is  re a c tio n  d o es  n o t 
re q u ire  a n y  g a se s  su c h  as a ir  in  th e  P R O X  reac tio n .

2 .3 .3  P re fe re n tia l O x id a tio n  (P R O X )
P re fe re n tia l o x id a tio n  (P R O X ) h a s  b e e n  d e v e lo p e d  d u rin g  th e  las t 

d e c a d e  an d  b e c o m e  an  in te re s tin g  re a c tio n  fo r r e m o v in g  v e ry  sm a ll a m o u n ts  o f  C O  
fro m  th e  g a se o u s  s tre a m  to  a p a r ts -p e r -m il lio n  (p p m ) level. T h e  fo llo w in g  re a c tio n s  
can  be  c a rr ie d  o u t o v e r  th e  o x id a tio n  c a ta ly s t in th e  P R O X  sy s tem .

A H U298 =  -283  k J /m o lC O (g ) +  >/20 2(g ) ->  c o 2(g) 
H 2(g ) +  lA 0 2(g ) 2 H 20 ( g ) A H ° 298 =  -2 4 2  k j /m o l
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A lth o u g h  th is  P R O X  sy s te m  re q u ire s  th e  in tro d u c tio n  o f  a ir  o r  
o x y g e n , th e  sm a lle r  a m o u n ts  o f  h y d ro g e n  can  be  c o n su m e d  c o m p a re d  w ith  th o se  o f  
th e  s e le c tiv e  m e th a n a tio n .

2 .4  M e ta l  C a ta ly s t s  f o r  C a r b o n  M o n o x id e  O x id a t io n

In  1993, O h  a n d  S in k e v itc h  c o m p a re d  v a rio u s  a lu m in a -su p p o r te d  c a ta ly s ts  
fo r  th e  p re fe re n tia l C O  o x id a tio n  (P R O X ) an d  fo u n d  th a t R u /A B O i a n d  RJVAI2O 3 

w e re  m o re  s e le c tiv e  th a n  P t/A B O ;,. A f te r  th a t, a n u m b e r  o f  m o re  a c tiv e  c a ta ly s ts  fo r 
C O  o x id a tio n  h a v e  b een  re p o r te d , su ch  as m e ta l o x id e , s u p p o rte d  g o ld  c a ta ly s ts , 
su p p o rte d  P t-b a se d  an d  su p p o rte d  n o b le  m e ta l c a ta ly s ts . T a y lo r  et al. (1 9 9 9 ) 
p re se n te d  th e  f irs t re su lts  s h o w in g  th a t c o p p e r  z in c  o x id e  c a ta ly s ts , p re p a re d  b y  c o 
p re c ip ita tio n , w e re  e ffe c tiv e  fo r th e  a m b ie n t te m p e ra tu re  c a rb o n  m o n o x id e  o x id a tio n  
a n d  d isp la y e d  m u c h  h ig h e r  a c tiv ity  fo r re a c tio n  th a n  th e  c o m m e rc ia l h o p c a lite  
c a ta ly s ts  w h ic h  w as  th e  m o s t w id e ly  u se d  c a ta ly s t a t th a t tim e .

P illa i an d  D ee v i (2 0 0 6 )  s tu d ie d  on  c e r ia -su p p o r te d  g o ld  c a ta ly s ts  fo r  ro o m  
te m p e ra tu re  o x id a tio n  o f  C O  to C O ?. A u /C e O i c a ta ly s ts  c o n ta in in g  as lo w  as 1 w t.%  
A u , p re p a re d  b y  d e p o s i tio n -p re c ip i ta tio n  te c h n iq u e , w as  fo u n d  to  b e  a h ig h ly  a c tiv e  
c a ta ly s t w ith  c o m p le te  C O  c o n v e rs io n  a n d  h ig h  a c tiv ity  fo r a p ro lo n g e d  p e r io d . T h e y  
su g g e s te d  th a t th e  p re se n c e  o f  h ig h ly  d isp e rse d  g o ld  p a r tic le s  in c lo se  c o n ta c t w ith  
th e  c e r ia  s u r fa c e  d e fe c ts  w a s  v ita l fo r th e  s u p e rio r  p e r fo rm a n c e  o f  th e  ca ta ly s t.

S c irè  et al. (2 0 1 0 ) re p o r te d  a c o m p a ra tiv e  s tu d y  on  ce r ia  su p p o rte d  g ro u p  IB 
m e ta l c a ta ly s ts  (A u /C e O i, C u /C e 0 2  an d  A g /C e 0 2 ) an d  p ro p o se d  th a t a h ig h e r  a to m ic  
ra d iu s  o f  th e  IB m e ta l an d  th e  p re se n c e  o f  sm a lle r  c ry s ta llite s  o f  b o th  IB  m e ta l an d  
c e r ia  re su lte d  in  a la rg e r  e n h a n c e m e n t o f  re a c tiv ity  o f  su rfa c e  o x y g e n  on  ceria .

H o rv a th  et al. (2 0 1 1 ) p ro m o te d  0 .0 4 -7 .4  w t.%  CeC >2 in to  S iC b -su p p o rte d  A u  
c a ta ly s t an d  re su lte d  in C eC >2 d e c o ra tio n  o f  1-3 n m  o v e r  A ll n a n o p a r t ic le s , w h ic h  
in d u c e d  h ig h  C O  o x id a tio n  ac tiv ity .

R e c e n tly , S a k w a ra th o m  et al. (2 0 1 1 ) p re p a re d  A u /C e 0 2  c a ta ly s ts  v ia  
m o d if ie d  d e p o s i tio n -p re c ip i ta tio n  fo r  p re fe re n tia l o x id a tio n  (P R O X ) o f  C O  in H 2-rich  
s tre a m . T h e  h ig h e s t c a ta ly tic  a c tiv ity  w as  o b ta in e d  b y  u s in g  N a O H  as a p re c ip ita t in g  
a g e n t at p H  7 b e c a u se  o f  w e ll-d isp e rse d  o f  A u  n a n o p a r t ic le s  on  th e  su p p o rt su rface .
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S ilv e r  re c e iv e d  m u c h  a tte n tio n  re c e n tly  b e c a u se  o f  th e ir  la rg e  su rfa c e  a reas  
an d  u n iq u e  p h y s io -c h e m ic a l an d  b io lo g ic a l p ro p e rtie s . S ilv e r  is an  e x c e lle n t c a ta ly s t 
fo r  m a n y  c a ta ly tic  o x id a tio n  re a c tio n s  in c lu d e  a m m o n ia  o x id a tio n  an d  o x id a tio n  o f  
m e th a n e , o rg a n ic  v o la tile  c o m p o u n d s  an d  c a rb o n  m o n o x id e . In  in d u s tr ia l, it is u sed  
fo r  o x i-d e h y d ro g e n a tio n  o f  m e th a n o l to  fo rm a ld e h y d e  an d  fo r e p o x id a tio n  o f  
e th y le n e  to  e th y le n e  e p o x id e . N O x a b a te m e n t is o n e  o f  a p p lic a tio n s  w h ic h  A g  h as  
re m a rk a b le  p e rfo rm a n c e s . M iy a d e ra  a n d  Y o sh id a  (1 9 9 3 ) w e re  o n e  o f  th e  f irs t to 
o b se rv e d  h ig h  s e le c tiv ity  o f  NOx to  n itro g e n  an d  h ig h  re s is ta n c e  to  S 0 2 p o iso n in g  
o v e r  2 w t.%  s ilv e r  d o p e d  a lu m in a  c a ta ly s ts . B ro s iu s  et al. (2 0 0 5 )  re p o r te d  th a t th e  
A g /A F O i is an  a c tiv e  c a ta ly s t fo r s e le c tiv e  c a ta ly tic  re d u c tio n  (S C R ) o f  N O x. 
M o re o v e r , P ark  an d  B o y e r  (2 0 0 5 ) a lso  fo u n d  th a t th e  lean -N O x p e r fo rm a n c e  o f  A g /y - 
A I2O 3 c a ta ly s ts  fo r N O x re d u c tio n  w as d e p e n d e n t on  th e  A g  lo ad in g .

F re y  et al. (2 0 0 8 ) p re p a re d  A g /T iO l c a ta ly s ts  w ith  d iffe re n t A g  lo a d in g s  b y  
o x a la te  c o -p re c ip ita tio n  u s in g  A g N O .3 an d  T i(O C H (C H b )2).4 as p re c u rso rs . T h e y  
re p o r te d  th a t 10 %  (พ /พ ) A g /T i0 2 c a ta ly s t e x h ib ite d  lo w -te m p e ra tu re  C O  o x id a tio n  
a c tiv ity  w ith  T 50 =  333 K.

T h e  h ig h ly  d isp e rse d  A g  n a n o p a rtic le s  o n  m o d if ie d  c a rb o n  n a n o tu b e s  
(M C N s)  w a s  p re p a re d  by  D ai an d  c o -w o rk e rs  (2 0 1 1 ). T h e y  re p o r te d  th a t sm a lle r  
p a r tic le  s ize  o f  A g  n a n o p a rtic le s  sh o w e d  h ig h e r  a c tiv ity  fo r  C O  o x id a tio n  a t low  
re a c tio n  te m p e ra tu re s .

Y u  et al. (2 0 1 1 ) p re p a re d  th e  u ltra sm a ll A g  n a n o p a r t ic le s  su p p o rte d  o n  
s il ic a  b y  in tro d u c e  th e  fu n c tio n a l m o n o m e r  s a lic y la ld im in e  S c h i f f  b a se  in to  a S i0 2  

m a tr ix  a n d  te s te d  it fo r C O  o x id a tio n . T h e  a c tiv ity  o f  u ltra sm a ll s i l ic a -su p p o r te d  A g  
n a n o p a rtic le s  c a ta ly s t w as  d e p e n d e d  on th e  p a r tic le  s iz e  o f  A g . T h e  s u ita b le  A g  
p a r tic le  s ize  fo r C O  o x id a tio n  w as  in th e  ra n g e  o f  3-5  11111.

M an y  re se a rc h e rs  h a v e  s tu d ie d  on c e r ia , w h ic h  h as  b e e n  u se d  as a s u p p o rt  in 
c a ta ly tic  C O  o x id a tio n , d u e  to  its re m a rk a b le  o x y g e n  s to ra g e  c a p a c ity  (O S C ) an d  
re d o x  a b ility . Im a m u ra  et al. (2 0 0 0 ) in v e s tig a te d  th e  b e h a v io r  o f  th e  la ttic e  o x y g e n  o f  
s i lv e r  on s ilv e r /c e r ia  c o m p o s ite  o x id e , p re p a re d  b y  c o -p re c ip ita t io n , in m e th a n e  an d  
c a rb o n  m o n o x id e  o x id a tio n . In th e  h ig h  te m p e ra tu re  o x id a tio n  o f  m e th a n e , s i lv e r  (I) 
o x id e  d e c o m p o se d  a n d  a g g re g a te d  to  la rg e  p a r tic le s  o f  m e ta ll ic  s ilv e r  an d  ra p id ly  
d e a c tiv a te d . O n  th e  o th e r  h a n d , s ilv e r  re ta in e d  h ig h  a c tiv ity  d u rin g  th e  lo w
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te m p e ra tu re  o x id a tio n  o f  c a rb o n  m o n o x id e . It w as  fo u n d , h o w e v e r , th a t c e r ia  
a c c e le ra te d  th e  d e so rp tio n  o f  th e  la ttic e  o x y g e n  o f  s ilv e r, w h ic h  w as  a s su m e d  to  be  
re la te d  to  th e  w e ll-k n o w n  o x y g e n  s to ra g e  fu n c tio n  o f  c e ria . A lth o u g h  s ilv e r  te n d s  to 
be  c o n v e r te d  m o re  e a s ily  to  m e ta llic  s ta te  in  th e  p re se n c e  o f  c e r ia , th e  fu n c tio n  o f  
c e r ia  o f  su s ta in in g  th e  d isp e rse d  s ta te  o f  s ilv e r  w ill h e lp  to  m a in ta in  th e  h ig h  a c tiv ity  
o f  th e  la tte r  in th e  o x id a tio n  o f  c a rb o n  m o n o x id e .

T h e  p o ss ib le  m e c h a n ism s  o f  so o t o x id a tio n  o v e r  A g /C eC b  c a ta ly s t w e re  
p ro p o se d  b y  S h im iz u  et al. (2 0 1 0 ). O n e  is th a t c a rb o n  w as  o x id iz e d  b y  a re a c tiv e  
o x y g e n  sp e c ie s  as a to m ic  o x y g e n  sp e c ie s  an d  C O  in te rm e d ia te  re a c ts  im m e d ia te ly  
w ith  a n o th e r  re a c tiv e  o x y g e n  sp e c ie s  to  p ro d u c e  C O 2. T h e  o th e r  m e c h a n ism  is th a t 
c a rb o n  w a s  o x id iz e d  b y  th e  re a c tiv e  m o le c u la r  sp e c ie s  su c h  as O 2 to  p ro d u c e  C O 2. 
T h u s , th e y  te n ta tiv e ly  d e n o te  0 „ x (ท =  1 o r  2 , X =  1 o r  2) as a p o ss ib le  re a c tiv e  
o x y g e n  sp e c ie s  in  F ig u re  2 .3 .

F ig u r e  2 .3  S c h e m a tic  m e c h a n ism  o f  so o t o x id a tio n  o v e r  A g /C e O j c a ta ly s t (S h im iz u  
ฟ  ฟ ,  2 0 1 0 ).

K an g  et al. (2 0 1 2 ) in v e s tig a te d  C O  o x id a tio n  o v e r  A g /C eO ? a n d  C e O : 
c a ta ly s ts  p re p a re d  b y  so l-g e l m e th o d . T h e y  fo u n d  th a t th e  C O  c o n v e rs io n s  n o  
s ig n if ic a n tly  in c re a se d  w ith  re a c tio n  te m p e ra tu re  on  th e  C e O i ( fro m  ro o m  
te m p e ra tu re  to  30 0  °C ). In c o n tra s t, a s ig n if ic a n t in c re a se  o f  C O  c o n v e rs io n  on  
A g /C e O i w as  o b se rv e d  up to  180 ° c  a n d  th e  c o m p le te  c o n v e rs io n  w as  a c h ie v e d  at 
2 5 0  ° c .  K a n g  an d  c o w o rk e rs  su g g e s te d  th a t a p a r t o f  A g  in c o rp o ra te d  in to  th e
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f lu o rite  la ttic e  o f  C e 0 2 an d  a ro u se d  th e  e x p a n s io n  o f  th e  la ttic e . T h e  in se r te d  A g  
in c re a se d  th e  c ry s ta l d e fe c ts  o f  C e 0 2, w h ic h  m ig h t a c c e le ra te  th e  a c tiv a tio n  o f  la ttice  
o x y g e n  a n d  fo rm a tio n  o f  o x y g e n  v a c a n c ie s . M o re o v e r , th e  p re se n c e  o f  A g  a lso  
im p ro v e d  th e  re d u c ib i lity  o f  su rfa c e  o x y g e n  o n  C e 0 2 an d  p ro m o te d  th e  o x y g e n  
tra n s fe r  in  th e  C O  o x id a tio n .

2 .5  C c r ia  a n d  C e r i a - s u p p o r t e d  C a ta ly s t s

C e r ia  an d  c e r ia -su p p o r te d  c a ta ly s ts  a re  v e iy  p o p u la r  in p re fe re n tia l 
o x id a tio n  (P R O X ) re a c tio n  to  re m o v e  c a rb o n  m o n o x id e  (C O ) d u e  to  its h ig h  o x y g e n  
s to ra g e  c a p a c ity  a n d  re d o x  c a p a b ility , a c c o rd in g  to th e  re ac tio n s :

2 C e 0 2 +  C O  -> C 0 2 +  C e 20 3

C e 2O j +  '/2 0 2 -> 2  C e 0 2

2.5.1 O u ts ta n d in g  C h a ra c te r is t ic s  o f  C e ria
C e ria  is o n e  o f  th e  in te re s tin g  m e ta l o x id e s  b e c a u se  o f  th e ir  h ig h  

o x y g e n  s to ra g e  c a p a c ity  an d  th e  c a p a c ity  o f  c e r iu m  (C e) to  sw itch  b e tw e e n  th e  tw o  
o x id a tio n  s ta te s  o f  C e 1+ an d  C e4+. U n d e r  o x id iz in g  c o n d itio n s , C e ,f can  ta k e  up  
o x y g e n  a n d  sw itc h  to  C e 4 ( C e 0 2 ) .  W h en  th e y  are  u n d e r  re d u c in g  c o n d itio n s , th e y  
can  re le a se  0 2 to  th e  s u r ro u n d in g  an d  th en  sw itc h  to  C e 1 ag a in . S o , th is  p ro c e ss  is a 
re d o x  c y c le  th a t can  re p e a t m a n y  tim e s . M o re o v e r , c e r ia  a lso  h a s  b e e n  fo u n d  to 
in c re a se  th e  re a c tio n  ra te  o f  C O  o x id a tio n  b y  lo w e r  the  a c tiv a tio n  e n e rg y . (S h a la b i et 
al., 1996).

2 .5 .2  M e th o d s  o f  C e ria  S y n th e s is
T h e re  a re  se v e ra l m e th o d s  to sy n th e s iz e  n a n o s iz e d  c e r ia  p o w d e rs .
2.5.2.1 Solid-state Reaction

In  2 0 0 0 , X in  et al. d e v e lo p e d  a n o v e l m e th o d , so lid -s ta te  
re a c tio n , to  sy n th e s iz e  c e r ia  u ltra f in e  p a r tic le s  (a ro u n d  3 rnn), A m m o n iu m  
c e r iu m (IV ) n itra te  [ (N H 4)2C e (N 0 3 )6] o r c e r iu m (III)  n itra te  h e x a h y d ra te
[ C e ( N 0 2)2.6 H 20 ]  can  b e  u se  to  p re p a re  c e r ia  by  m ix in g  w ith  so d iu m  h y d ro x id e  
(N a O H ). T h e  a d v a n ta g e s  o f  th e  so lid -s ta te -re a c tio n  m e th o d  a re  s im p le , ch e a p  an d
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c o n v e n ie n t. In a d d itio n , th is  m e th o d  a lso  g iv e  h ig h  y ie ld s  o f  p ro d u c ts  an d  d im in ish  
c o n ta m in a te  d u e  to  in v o lv in g  a few  so lv en ts .

2.5.2.2 Mechanochemical Processing
T h e  sy n th e s is  o f  ce r ia  n a n o p a r t ic le s  v ia  m e c h a n o c h e m ic a l 

p ro c e s s in g  w as  re p o r te d  b y  T su z u k i an d  M c C o rm ic k  (2 0 0 1 ). T h e  u ltra f in e  c e r ia  w e re  
o b ta in  b y  c a lc in e d  th e  a s -m ille d  p o w d e rs  o f  c e r iu m (III)  h y d ro x id e  [C e (O H )i] , w h ic h  
w e re  fo rm e d  b y  a so lid -s ta te  re a c tio n  b e tw e e n  c e r iu m (III)  c h lo r id e  (C e C lj)  and  
so d iu m  h y d ro x id e  (N a O H ) in  a so d iu m  c h lo r id e  (N a C l)  m a tr ix .

2.5.2.3 Sol-gel
In  2 0 0 6 , P a rin y a sw a n  et al. re p o r te d  th a t th e  c e r ia  s u p p o r t  w as 

s u c c e s s fu l ly  p re p a re d  b y  so l-g e l m e th o d . A n a q u e o u s  so lu tio n  o f  u re a  [C O (N H 2)2] 
w as  m ix e d  w ith  a C e (N 0 3 )3.6 H 2 0  so lu tio n  an d  ag ed  a t 1 0 0 °c  fo r 50h . T h e  so l-g e l 
c e r ia  s u p p o rte d  c a ta ly s ts  sh o w e d  h ig h e r  C O  c o n v e rs io n  an d  s e le c tiv ity  th an  
c o m m e rc ia l ce ria . H o w e v e r, th e  m a x im u m  C O  c o n v e rs io n  a n d  se le c t iv i ty  o f  ce r ia  
th a t s y n th e s iz e d  v ia  so l-g e l m e th o d  (4 1 %  a t 1 3 0 °c  an d  6 5 %  a t 5 0 nc ,  re sp e c tiv e ly )  
s till m u c h  lo w e r th a n  o th e r  sy n th e s is  m e th o d s .

2.5.2.4 Precipitation
P re c ip ita tio n  m e th o d  is th e  s im p le  o n e  fo r c e r ia  sy n th e s is  

b e c a u se  th is  m e th o d  re q u ire s  o n ly  c e r iu m  p re c u rso r  an d  p re c ip ita t in g  a g en t. D iffe re n t 
p re c ip ita t in g  a g e n ts  a re  u se d  to p re p a re d  c e r ia  p o w d e r  u n d e r  b a s ic  c o n d itio n s  e .g . 
N H 3 (Z h a n g  el al. , 2 0 0 9 ), N a O H  (P in ja r i a n d  P a n d it, 2 0 1 1 ), N a^C O i (S a k w a ra th o m  
et al., 2 0 1 1 ). M o re o v e r , so m e  o f  th e  a d d itiv e s  o r  su rfa c ta n ts  can  be  a d d e d  to  m o d ify  
th e  p ro p e rtie s  o f  c e r ia  su c h  as c ry s ta llin e  s tru c tu re , p o ro s ity  an d  p o re  s iz e  (T e rr ib ile  
et al., 1998).

2 .6  P o ly e le c t ro ly te s

P o ly e le c tro ly te  h a s  b e e n  u se d  in v a rio u s  p u rp o se s , on e  o f  its in te re s tin g  
a d v a n ta g e s  is to  u se  as a c a p p in g  a g e n t fo r n a n o p a rtic le  sy n th e s is . In  2 0 0 6 , 
L im s a v a m  et al. s y n th e s iz e d  s ilv e r  n a n o p a rtic le s  b y  u s in g  a c o p o ly m e r  o f  s ty re n e  
s u lfo n a te  an d  m a le ic  m o n o m e rs . T h e  fo rm a tio n  o f  s ilv e r  n a n o p a rtic le  w a s  c o n firm e d  
b y  th e  s ilv e r  p la sm o n  a b so rb a n c e  (4 0 0  n m ) in U V -V is  sp ec tra .
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T h e  s ilv e r  n a n o p a r t ic le  w as  a lso  s u c c e s s fu l ly  p re p a re d  b y  th e  c h e m ic a l 
re d u c tio n  o f  s ilv e r  n itra te  in th e  p re se n c e  o f  h u m ic  ac id . H u m ic  a c id  w as  u se d  as a 
c a p p in g  a g e n t b e c a u se  it h a s  c a rb o x y la te  g ro u p  th a t can  s ta b iliz e d  s ilv e r  ions. (D u b a s  
an d  P im p a n , 2 0 0 8 )

D u b a s  et al. (2 0 1 1 ) a lso  s tu d ie d  on  su rg ic a l su tu re s  c o a tin g  fo r  a n tim ic ro b ia l 
p ro p e rtie s . U s in g  th e  L b L  te c h n iq u e , th e  s ilv e r  n a n o p a rtic le s  c a p p e d  w ith  so d iu m  
a lg in a te  (1 : 0.1 m M ) w e re  d e p o s ite d  on th e  p o ly a m id e  su rg ic a l su tu re s  a n d  sh o w e d  
th e  h ig h e s t a n tim ic ro b ia l e f fic ie n c y .

T h e  m o le c u la r  s tru c tu re s  o f  m o s t c o m m o n  u se d  p o ly e le c tro ly te s  a re  sh o w e d  
in F ig u re  2 .4 .

so] Na 

PSS

CO O H

PA A
F ig u r e  2 .4  S tru c tu re s  o f  m o s t c o m m o n ly  u se d  p o ly e le c tro ly te s  (S h i et al. , 2 0 0 4 ).
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