
P O L Y E L E C T R O L Y T E S  A S S IS T E D  S Y N T H E S IS  O F  G O L D /C E R I A  
C A T A L Y S T  F O R  C O  R E M O V A L

CHAPTER IV

4.1 A b s t r a c t

C e r ia  su p p o rt w a s  s u c c e s s fu l ly  s y n th e s iz e d  b y  u s in g  a n io n ic  p o ly e le c tro ly te  
as a c a p p in g  ag en t. In  th is  w o rk , th e  e ffe c ts  o f  c a p p in g  a g e n t c o n c e n tra t io n  and  
sy n th e s is  m e th o d  u se d  on  c e r ia  p a r tic le  s ize  w a s  in v e s tig a te d  b y  u s in g  v a r io u s  
c o n c e n tra tio n s  o f  p o ly (4 -s ty re n e su lfo n ic  a c id -c o -m a le ic  ac id ) (PS S -C O -M A ) u n d e r  
m a g n e tic  s tir r in g  o r  so n ic a tio n . T h e  s ilv e r /c e r ia  w as  p re p a re d  v ia  so d iu m  
b o ro h y d r id e  re d u c tio n  a n d  c o n v e r te d  to  g o ld /c e r ia  v ia  th e  red o x  re a c tio n  in  an 
a tte m p t to  re d u c e  a m o u n t o f  g o ld  u se d  c o m p a re d  to c o n v e n tio n a l c a ta ly s t 
p re p a ra tio n s . C e r iu m (III)  n itra te  h e x a h y d ra te , s i lv e r  n itra te , an d  h y d ro g e n  
te tra c h lo ro a u ra te (I I I )  a c id  w e re  u se d  a s  th e  so u rc e s  o f  c e r iu m , s ilv e r , a n d  g o ld , 
re sp e c tiv e ly . T h e  p re p a re d  c a ta ly s ts  w e re  c h a ra c te r iz e d  b y  p a r tic le  s iz e  a n a ly z e r , 
n i tro g e n  a d so rp tio n -d e so rp tio n , F T IR , X R D , an d  A A S . T h e  c a ta ly tic  a c tiv ity  an d  
se le c t iv i ty  o f  th e  c a ta ly s ts  w e re  a lso  s tu d ie d . T h e  e x p e rim e n ta l re su lts  sh o w e d  th a t 
th e  p a r tic le  s ize  o f  c e r ia  w a s  a ffe c te d  by  th e  sy n th e s is  m e th o d  an d  PSS-CO-M A. 
c o n c e n tra tio n . T h e  in c re a se  in PSS-C O -M A  c o n c e n tra t io n  in d u c e d  a m o re  n e g a tiv e ly  
c h a rg e d  sp re a d  o v e r  th e  ce r ia  su rfa c e  to s ta b iliz e  th e  sp h e re  in  so lu tio n . T h e  s m a lle s t 
c e r ia  p a r tic le s  (0 .5 8± 0 .0 1  m ic ro n )  w e re  o b ta in e d  b y  u s in g  10 m M  PSS-C O -M A  u n d e r  
m a g n e tic  s tirr in g .

K e y w o rd s :  P o ly e le c tro ly te , C e ria , G o ld , S ilv e r, C O  rem o v a l
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4 .2  I n t r o d u c t i o n

P o ly m e r e le c tro ly te  m e m b ra n e  fue l ce ll (P E M F C ) h as  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  a n d  b e c o m e  an in te re s tin g  fu e l cell in  th e  a p p lic a tio n  o f  p o w e r  
g e n e ra t io n  [1 -4 ], H o w e v e r, th e  h y d ro g e n  fu e l, w h ic h  is a so u rc e  o f  p o w e r , u su a lly  
c o n ta in  0 .3 -1 %  o f  c a rb o n  m o n o x id e  (C O ) [5] an d  th e  a n o d e  o f  P E M F C  is re s tr ic te d  
b y  th e  sm a ll a m o u n ts  o f  th is  c a rb o n  m o n o x id e  in th e  h y d ro g e n  rich  s tream .

T h e re  a re  sev e ra l a p p ro a c h e s  to  re m o v e  C O , in c lu d in g  s e le c tiv e  m e m b ra n e  
[6 ], c a ta ly tic  m e th a n a tio n  [7], an d  p re fe re n tia l o x id a tio n  o f  C O  in H i-r ic h  s tre a m  
(P R O X ) [8 , 9], A m o n g  th e  th re e  m e th o d s , P R O X  a p p e a rs  to  be th e  m o s t p ro m is in g  
o n e  b e c a u se  o f  its a b ility  to  re m o v e  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 p m  lev e l. M eta l n a n o p a rtic le s  a re  p a r tic u la r ly  a ttra c tiv e  c a ta ly s ts  fo r  C O  
o x id a tio n , w h ic h  a re  u su a lly  im m o b iliz e d  on th e  su p p o rts  su c h  as C e 0 2 [1 0 -1 3 ], S i 0 2 

[14 , 15], T iO l [16 , 17] an d  A F O , [18 , 19] (e .g . A g /C e 0 2, A g /S i0 2, A u /T iO i an d  
P t/A F O } ). C e ria  is on e  o f  th e  m o s t e ffe c tiv e  su p p o rts  fo r  C O  o x id a tio n  d u e  to  its 
re d o x  p ro p e rtie s  a llo w in g  h ig h  o x y g e n  m o b ili ty  [11], T h e  c a ta ly tic  a c tiv ity  in P R O X  
re a c tio n  o f  g o ld  c a ta ly s ts  on  v a r io u s  ty p e  o f  o x id e  su p p o rts  in c lu d in g  T iO l, C e 0 2, 
C 03O 4 an d  C o 20 .4- C e 0 2 m ix e d  o x id e  w e re  s tu d ie d  b y  L io tta  a n d  c o -w o rk e rs  [20]. 
T h e  s a m e  h ig h  C O  c o n v e rs io n  v a lu e  o f  7 6 %  an d  80%  fo r  A u /C e 0 2 an d  A u/C o^C f}- 
C e 0 2, re sp e c tiv e ly , w e re  o b ta in e d  a t 100 °c. In 2 0 0 6 , 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 0 2 w e re  p re p a re d  b y  P illa i an d  D eev i [21] 
b y  u s in g  d e p o s i tio n -p re c ip i ta tio n  te c h n iq u e , bu t th e  c a ta ly s ts  sh o w e d  lo w  su rfa c e  
a rea . In 2 0 0 7 , Z h a n g  an d  c o -w o rk e rs  [22] fo u n d  th a t s i lv e r  (A g ) c o u ld  e n h a n c e  th e  
o x id a tiv e  p ro p e rtie s  o f  c e r ia  w h ile  s tu d y in g  A g /C e 0 2 p re p a re d  b y  im p re g n a tio n  
m e th o d . H o w e v e r , A g /C 'e 0 2 c a ta ly s t is s till in c o n v e n ie n c e  fo r  p ra c tic a l u se  d u e  to 
th e ir  lo w  su rfa c e  a rea  an d  e a sy  to o x id iz e  w h en  e x p o se d  to  a ir. T o  o v e rc o m e  th is  
p ro b le m , a n io n ic  p o ly e le c tro ly te s , w h ic h  h a v e  c a rb o x y la te  g ro u p , w ill be  u se d  a s  a 
c h e la tin g  lig a n d  fo r  s ta b iliz e  C e 0 2 su p p o rts . T h e  A g /C e O i w as  fu r th e r  p re p a re d  v ia  
so d iu m  b o ro h y d r id e  re d u c tio n  an d  c o n v e r te d  to  A u /C e 0 2 v ia  th e  re d o x  re a c tio n  in  an  
a tte m p t to  re d u c e  a m o u n t o f  g o ld  u se d  c o m p a re d  to  c o n v e n tio n a l c a ta ly s t 
p re p a ra tio n s . In th is  s tu d y , p o ly (4 -s ty re n e su lfo n ic  a c id -c o -m a le ic  ac id ) so d iu m  sa lt 
o r PSS-C O -M A  w ill b e  u se d  to  c a p p e d  th e  C e 0 2 p a r tic le s  an d  d e c re a s in g  th e  s ize  o f
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o x id e  p a r tic le s  d o w n  to  su b m ic ro n  ra n g e . T h is  te c h n iq u e  c a n  p ro d u c e  c e r ia  su p p o rts  
(n a n o  o r  m ic ro m e te r )  w ith  h ig h ly  tu n a b le  su rfa c e s  p ro p e rtie s .

T h e  p u rp o se s  o f  th is  w o rk  are  to  sy n th e s iz e  C e O : su p p o rts  b y  u s in g  a n io n ic  
p o ly e le c tro ly te  as a c a p p in g  a g e n t an d  to  p re p a re  A g /C eC b  a n d  A u /C eC >2 fo r  u se  as 
c a ta ly s t fo r C O  m in im iz in g  in P E M F C . T h e  e ffe c t o f  s y n th e s is  m e th o d s  an d  
p o ly e le c tro ly te  c o n c e n tra tio n s  on C e O j p a r tic le  s ize  a re  a lso  s tu d ie d  in  th is  w o rk . 
M o re o v e r , th e  c a ta ly tic  a c tiv ity  o f  A u /C eC b  c a ta ly s t in  C O  o x id a tio n  an d  m e th a n o l 
re fo rm in g  re a c tio n s  a re  s tu d ie d , as w ell.

4 .3  E x p e r im e n ta l

4.3.1 M a te ria ls
P o ly (4 -s ty re n e su lfo n ic  a c id -c o -m a le ic  ac id ) so d iu m  sa lt w ith  1:1 

s ty re n e su lfo n ic  a c id  : m a le ic  a c id  m o le  ra tio  (1:1 PSS-C O -M A , M w - 2 0 0 0 0 ,  S ig m a - 
A ld ric h , U S A ), p o ly (4 -s ty re n e su lfo n ic  a c id -c o -m a le ic  ac id ) so d iu m  sa lt w ith  3:1 
s ty re n e su lfo n ic  a c id  : m a le ic  a c id  m o le  ra tio  (3:1 PSS-C O -M A , M w - 2 0 0 0 0 ,  S ig m a - 
A ld ric h , U S A ), c e r iu m  (III)  n itra te  h e x a h y d ra te  (C e (N 0 3 )_v6 H 2 0 , 9 9 .5 % , A c ro s  
O rg a n ic s , U S A ), s ilv e r  n itra te  (A g N O î, 9 9 .8 % , S ig m a -A ld r ic h , U S A ), g o ld  (III) 
c h lo r id e  tr ih y d ra te  (H A U C I4.3 H 2O , 9 9 .9 % , S ig m a -A ld r ic h , U S A ), so d iu m  
b o ro h y d r id e  (N aB Fhj, F ish e r  S c ie n tif ic , U K ) an d  so d iu m  c a rb o n a te  a n h y d ro u s  
(N a iC C h , 9 9 .5 % , C a rlo  E rb a , F ran ce ) w e re  u se d  w ith o u t fu r th e r  p u rif ic a tio n .

4 .3 .2  S y n th e s is  M e th o d
4.3.2.1 Chemical Preparation

D e -io n iz e d  w a te r  w as  u se d  as so lv e n t fo r  all so lu tio n s . A  
d e s ire d  a m o u n t o f  CeCNCbXvôFEO w a s  d is so lv e d  in d e - io n iz e d  w a te r  to  o b ta in  a 
c o n c e n tra t io n  o f  10 m M . T h e  so lu tio n  o f  1:1 PSS-CO -M A  a n io n ic  p o ly e le c tro ly te  at 
c o n c e n tra tio n  o f  0 .5 , 1 ,5 ,  10, 50  an d  100 m M  w as  p re p a re d  fo r u se  as c a p p in g  ag en t. 
A  so d iu m  c a rb o n a te  a q u e o u s  so lu tio n  a t c o n c e n tra t io n  o f  0.1 M  w a s  u se d  as th e  
p re c ip ita t in g  agen t.

4.3.2.2 Synthesis o f Ceria Support
T w o  m e th o d s  o f  th e  su p p o rt p re p a ra tio n , q u ic k  m ix in g  an d  

d ro p -b y -d ro p , w e re  u se d  in  th is  w o rk  to in v e s tig a te  th e  e ffe c t o f  p re p a ra tio n  m e th o d  
o n  c e r ia  p a r tic le  size .
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4.3.2.2.1 Quick Mixing
All a q u e o u s  s o lu tio n  o f  10 m M  C e(N C h )3 .6 H 2 0  

w a s  im m e d ia te ly  m ix  w ith  0 m M  a n d  10 m M  o f  1:1 PSS-C O -M A  s o lu tio n  u n d e r  
g e n tle  s ti r r in g  b y  u s in g  a m a g n e tic  s tirre r . T h e  m ix e d  a q u e o u s  so lu tio n  w as  k e p t at 
pH  9 .0  b y  a d d in g  a so d iu m  c a rb o n a te  a q u e o u s  so lu tio n  a n d  a g in g  a t 6 0 ๐c  fo r 1 h o u r.

4.3.2.2.2 Drop-by-drop
A n a q u e o u s  so lu tio n  o f  10 m M  C e (N 0 3 ) 3.6 H 2 0  

w as p o u re d  in to  b u re tte  an d  th e n  a d d e d  d ro p w ise  to  a PSS-C O -M A  so lu tio n  at 
c o n c e n tra t io n  o f  0 m M  an d  10 m M  u n d e r  g e n tle  s ti r r in g  b y  u s in g  a m a g n e tic  s tirre r. 
T h e  m ix e d  a q u e o u s  so lu tio n  w as  k e p t at p H  9 .0  by  a d d in g  a so d iu m  c a rb o n a te  
a q u e o u s  s o lu tio n  an d  ag in g  a t 60  ° c  fo r  1 ho u r.

T o  e x a m in e  th e  e f fe c t o f  th e  so n o c h e m ic a l m e th o d , an  
u ltra so n ic  in s tru m e n t w a s  u se d  as a re p la c e m e n t fo r  th e  m a g n e tic  s tirre r . A f te r  th a t, 
th e  w h ite  p re c ip ita te  o f  ce r ia  w a s  f ilte re d  an d  w a sh e d  b y  d e io n iz e d  w a te r. T h e  
s a m p le  w a s  th en  d r ie d  o v e rn ig h t a t 100 ° c .  M o re o v e r , th e  v a r io u s  c o n c e n tra tio n  o f  
1:1 PSS-C O -M A  so lu tio n  (0 , 0 .5 , 1 ,5 ,  10, 50 , an d  100 m M ) w a s  u se d  to  in v e s tig a te  
th e  e ffe c t o f  p o ly e le c tro ly te  c o n c e n tra tio n s  on th e  s ize  o f  c e r ia  su p p o rt.

4.3.2.3 Synthesis o f Gold/Ceria Catalyst
T h e  p re p a re d  ce r ia  w a s  s u sp e n d e d  in an  a q u e o u s  so lu tio n  o f  1 

m M  A g N C h , fo llo w e d  b y  N aB H .) re d u c tio n . T h e  A g /C eC b  c a ta ly s t w a s  w a s h e d  b y  
d e io n iz e d  w a te r  to  re m o v e  e x c e ss  ions an d  th en  d r ie d  o v e rn ig h t at 100 ° c .  T h e  
A u /C e O i c a ta ly s t w as  fu r th e r  p re p a re d  b y  a d d in g  th e  A g /C eC >2 p o w d e r  to  an  a q u e o u s  
so lu tio n  o f  1 m M  H A u C B  u n d e r  g e n tle  s tir r in g  at ro o m  te m p e ra tu re . T h e  A u /C eC h  
c a ta ly s t w as  w a sh e d  b y  d e io n iz e d  w a te r  an d  th e n  d r ie d  o v e rn ig h t a t 100 ° c .  F or 
c o m p a riso n , th e  A u /C eC >2 c a ta ly s t w ith  3:1 PSS-C O -M A  a lso  p re p a re d  b y  u s in g  th e  
s a m e  p ro c e d u re .

4 .3 .3  M a te ria ls  C h a ra c te r iz a tio n
T h e  p a r tic le  s ize  d is tr ib u tio n  o f  ce r ia  su p p o rt w a s  c h a ra c te r iz e d  on  a 

M a lv e rn  M a s te rs iz e r  X  P a rtic le  S ize  A n a ly z e r  (P S A ). T h e  a v e ra g e  s iz e  o f  ce r ia  
su p p o rt p a r tic le s  w a s  a lso  c a lc u la te d . T h e  X -ra y  d iff ra c tio n  (X R D ) o f  c a ta ly s ts  w e re  
re c o rd e d  on a R ig a k u  Sm artlab '*  an d  C u K a  so u rc e  a t 4 0  k v  an d  30  m A  in  a ra n g e  o f
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2 0  =  2 0 -8 0 °  w ith  a sc a n n in g  sp e e d  o f  2 7 m in . T h e  B r u n a u e r -E m m e t-T e l le r  (B E T ) 
m e th o d  on  a Q u a n ta so rb  Jr. (A u to so rb -1 )  w as  u se d  to  m e a su re  th e  s u r fa c e  a re a  o f  
A g /C eC ri a n d  A u /C eC b  c a ta ly s ts . P r io r  to  each  a n a ly s is , th e  p ro d u c t w a s  d e g a s se d  at 
2 0 0  ° c  fo r 12 h. V a r ia n , S p e c trA A  3 0 0  A to m ic  a b so rp tio n  s p e c tro p h o to m e te r  (A A S ) 
w a s  u se d  to  d e te rm in e  th e  s ilv e r  an d  g o ld  c o n te n ts  o n  th e  c e r ia  su p p o rt. A  N ic o le t 
6 7 0 0  F o u rie r  tra n s fo rm  in fra re d  s p e c tro m e te r  (F T IR ) w a s  u se d  to  c o lle c t  th e  sp e c tra  
an d  th e  w a v e n u m b e r  ra n g e  o f  th e  fu n c tio n a l g ro u p  o f  c e r ia  su p p o rt a n d  c a ta ly s ts .

4 .3 .4  A c tiv ity  S tu d y
T h e  c a ta ly tic  a c tiv ity  m e a su re m e n ts  o f  A u /C eC b  c a ta ly s ts  in C O  

o x id a tio n  w e re  fo llo w e d  S a k w a ra th o rn  an d  c o -w o rk e rs ’ m e th o d  [27] b y  u s in g  the  
p a c k e d -b e d  q u a rtz  U -tu b e  re a c to r  w ith  a 0 .6  m m  in n e r  d ia m e te r  an d  a 100 m g  sa m p le  
o f  each  c a ta ly s t w a s  p a c k e d  b e tw e e n  tw o  lay e rs  o f  g la ss  w o o l. T h e  a c tiv ity  w as  
o b se rv e d  a t v a r io u s  re a c tio n  te m p e ra tu re s  o v e r  th e  ra n g e  o f  50  -  190 ° c .  T h e  feed  
s tre a m  c o n ta in e d  4 0 %  FL, 1% O 2 an d  1% C O  in h e liu m  b a la n c e . T h e se  
m e a su re m e n ts  w e re  d o n e  u n d e r  a tm o sp h e r ic  p re ssu re  in  a c o n tin u o u s  f lo w  w ith  a 
to ta l f lo w  ra te  o f  50  m L /m in . T h e  re a c ta n t an d  p ro d u c t g a se s  w e re  d e te c te d  b y  an  o n ­
line  g as  c h ro m a to g ra p h . T h e  c a ta ly tic  a c tiv ity  o f  A u /C e O i c a ta ly s ts  in m e th a n o l 
re fo rm in g  w as  a lso  c o lle c te d  a t v a r io u s  re a c tio n  te m p e ra tu re s  o v e r  th e  ra n g e  o f  2 0 0  -  
4 0 0  ° c  fo llo w e d  P o ja n a v a ra p h a n  an d  c o -w o rk e rs ’ m e th o d  [23]. A  m ix tu re  o f  
m e th a n o l an d  d is til le d  w a te r  w as  in je c te d  to  a v a p o r iz e r  a t a ra te  o f  1.5 m L /h . A  
v a p o r  o f  m e th a n o l a n d  s te a m  p ro d u c e d  fro m  a  v a p o r iz e r  w a s  m ix e d  w ith  h e liu m  
c a r r ie r  g as  fo r  c a rry in g  th e  re a c ta n t g ases  to  m ix  w ith  o x y g e n  b e fo re  e n te r in g  th e  
c a ta ly tic  re a c to r . T h e  g as  h o u r ly  sp ace  v e lo c i ty  w as  k e p t a t 3 0 0 0 0  m L /g -c a t.h  a n d  th e  
to ta l f lo w  ra te  w as  50  m L /m in  u n d e r  p re s su re  o f  1 a tm . T h e  re a c ta n t an d  p ro d u c t 
g a se s  w e re  d e te c te d  b y  an  o n -lin e  g as  c h ro m a to g ra p h , as w e ll.

4 .4  R e s u lts  a n d  D isc u s s io n

4.4 .1  E ffe c t o f  S y n th e s is  M e th o d  on  C e ria  S u p p o rt
T o  s tu d y  th e  e ffe c t o f  th e  sy n th e s is  m e th o d  on  th e  p a r tic le  s ize  o f  c e r ia  

su p p o rt, th e  q u ic k  m ix in g  an d  d ro p -b y -d ro p  m e th o d  w e re  u se d  w ith  m a g n e tic  s tir r in g
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T a b le  4 .1  T h e  a v e ra g e  p a r tic le  s ize  o f  ce r ia  su p p o rts  p re p a re d  b y  u s in g  d iffe re n t 
m e th o d  w ith  0 an d  10 m M  p o ly e le c tro ly te

or sonication. In addition, the effect of polyelectrolyte concentration on ceria particle
size was also investigated. The average particle size of prepared ceria supports are
shown in Table 4.1 and Figure 4.1.

S y n th e s is  m e th o d
A v e ra g e  p a r tic le  s ize  o f  c e r ia  (p m )

0 m M  PSS-CO -M A 10 m M  PSS-C O -M A

Q u ic k  m ix in g
m a g n e tic  s tir r in g 2 .1 6  ± 0 .0 3 0 .58  ±  0.01

so n ic a tio n 0.91 ± 0 .0 8 3 .8 0  ± 0 .2 1

D ro p -b y -d ro p
m a g n e tic  s tir r in g 3 .8 6  ± 0 .1 8 0 .5 9  ± 0 .0 3

so n ic a tio n 0 .7 6  ± 0 .0 1 8.05 ± 0 .0 6

F ro m  th e  re su lts  o f  th e  p a r tic le  s ize  a n a ly z e r , th e  s y n th e s is  m e th o d  h as  
a s ig n if ic a n t e f fe c t on th e  a v e ra g e  p a r tic le  s ize  o f  c e r ia  su p p o rt. In  th e  a b se n c e  o f  
p o ly e le c tro ly te  c a p p in g  a g en t, th e  q u ic k  m ix in g  a n d  th e  d ro p -b y -d ro p  m e th o d  u n d e r  
so n ic a tio n  g a v e  sm a lle r  ce r ia  p a r tic le  c o m p a re d  to  th o se  s y n th e s iz e d  u n d e r  m a g n e tic  
s ti r r in g  du e  to  th e  h ig h  e n e rg y  d is s ip a tio n  o f  u ltra so n ic  to  d isp e rse  ce r ia  p a r tic le . O n 
th e  o th e r  h a n d , th e  sm a lle s t p a r tic le  s ize  o f  ce r ia  su p p o rt w ith  10 m M  p o ly e le c tro ly te  
w as  o b ta in e d  b y  u s in g  q u ick  m ix in g  an d  d ro p -b y -d ro p  m e th o d  w ith  c o n s ta n t 
m a g n e tic  s ti r r in g  w h ile  th e  p re p a re d  ce r ia  u n d e r  so n ic a tio n  sh o w e d  la rg e r  p a r tic le  
size . T h is  m a y  b e  b e c a u se  o f  p o ly m e r  b r id g in g  a n d  fa c ili ta tin g  a g g lo m e ra tio n  d u rin g  
so n ic a tio n , n o t a llo w in g  th e  c e r ia  d isp e rs io n  to  o c c u r  fu lly .
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F ig u r e  4.1 P lo t o f  the  c e r ia  a v e ra g e  p a r tic le  s ize  p re p a re d  b y  0 an d  10 m M  
p o ly e le c tro ly te  w ith  d iffe re n t m e th o d .

T h e  s ize  d is tr ib u tio n s  o f  c e r ia  su p p o rts  p re p a re d  b y  d iffe re n t m e th o d  
a re  sh o w n  in  F ig u re  4 .2  a n d  F ig u re  4 .3 . It w as  fo u n d  th a t th e  sm a ll p a r tic le  w ith  less 
th a n  1 m ic ro n  d ia m e te r  w as  o b ta in e d  b y  u s in g  q u ic k  m ix in g  a n d  d ro p -b y -d ro p  
m e th o d  u n d e r  g e n tle  s tir r in g  w ith  m a g n e tic  s tir re r  w h ile  s o n ic a tio n  g a v e  v a r io u s  s ize  
o f  c a r ia  su p p o rt w h ic h  m a jo r  s ize  a re  la rg e  p a r tic le  (1 -1 0  m ic ro n ) . H e n c e , th e  
su ita b le  sy n th e s is  m e th o d  ch o se n  w as  q u ic k  m ix in g  u n d e r  m a g n e tic  s ti r r in g  s in c e  it 
is th e  s im p le s t m e th o d .
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F ig u r e  4 .2  P a rtic le  s ize  d is tr ib u tio n  o f  c e r ia  su p p o rt p re p a re d  b y  u s in g  0 m M  
p o ly e le c tro ly te  w ith  d iffe re n t m e th o d : (a) q u ic k  m ix in g  u n d e r  m a g n e tic  s tir r in g , (b) 
q u ic k  m ix in g  u n d e r  so n ic a tio n , (c) d ro p -b y -d ro p  u n d e r  m a g n e tic  s tir r in g , an d  (d ) 
d ro p -b y -d ro p  u n d e r  so n ic a tio n .
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F ig u r e  4 .3  P a rtic le  s ize  d is tr ib u tio n  o f  c e r ia  su p p o rt p re p a re d  b y  u s in g  10 m M  
p o ly e le c tro ly te  w ith  d iffe re n t m e th o d : (a ) q u ic k  m ix in g  u n d e r  m a g n e tic  s tirr in g , (b) 
q u ic k  m ix in g  u n d e r  so n ic a tio n , (c) d ro p -b y -d ro p  u n d e r  m a g n e tic  s tir r in g , a n d  (d ) 
d ro p -b y -d ro p  u n d e r  so n ic a tio n .
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A s sh o w n  in  F ig u re  4.2 an d  F ig u re  4 .3 , th e  a m o u n t o f  c e r ia  p a r tic le s  
w ith  less th a n  1 m ic ro n  w e re  in c re a se d  w h ile  th e  a m o u n t o f  la rg e  p a r tic le s  ( la rg e r  
th a n  1 m ic ro n )  w e re  d e c re a se d  b y  u s in g  PSS-C O -M A  as a c a p p in g  a g e n t u n d e r  
m a g n e tic  s tirr in g . It c o n f irm e d  th a t th e  p re se n c e  o f  a n io n ic  p o ly e le c tro ly te  re su lts  in 
an  in c re a se  o f  th e  su rfa c e  c h a rg e  an d  co u ld  s ta b iliz e  c e r ia  p a r tic le s  th ro u g h  
e le c tro s ta tic  re p u ls io n . In  co n tra s t, th e  p re se n c e  o f  PSS-C O -M A  in c e r ia  su p p o rt 
p re p a ra tio n  u n d e r  s o n ic a tio n  re su lts  in  an  in c re a s in g  o f  c e r ia  p a r tic le s  w ith  la rg e r  
th a n  1 m ic ro n . T h is  p ro b a b ly  b e c a u se  o f  m o re  a b so rb e d  c e r ia  p a r tic le  on  
p o ly e le c tro ly te  c h a in . T h e  u ltra so n ic  w a v e  o f  so n ic a tio n  m ig h t be  a c c e le ra tin g  
c e r iu m  io n s to  in te ra c t w ith  an io n ic  p o ly e le c tro ly te  an d  c a u se d  ra p id ly  g ro w in g  o f  
c e r ia  p a r tic le s . T h u s , th e  so n ic a tio n  m e th o d  sh o u ld  be u se d  to  sy n th e s iz e  ce ria  
s u p p o rt in  th e  a b se n c e  o f  p o ly e le c tro ly te .

4 .4 .2  E ffe c t o f  P o ly e le c tro ly te  C o n c e n tra tio n  o n  C e r ia  S u p p o rt
T o  s tu d y  th e  e ffe c t o f  p o ly e le c tro ly te  c o n c e n tra tio n  on  th e  p a r tic le  s ize  

o f  c e r ia  su p p o rt, th e  a n io n ic  p o ly e le c tro ly te  w h ic h  c o n ta in s  a c ry la te  fu n c tio n a l g ro u p  
w as  c h o se n  b e c a u se  o f  th e ir  a b ility  to in te ra c t w ith  c e r iu m  c a tio n . C e r ia  su p p o rt w as 
p re p a re d  b y  m ix in g  an  a q u e o u s  s o lu tio n  o f  c e r iu m  n itra te  p re c u rso r  w ith  v a r io u s  
c o n c e n tra tio n s  o f  PSS-C O -M A , in c lu d in g  0 .5 , 1 ,5 ,  10, 50 , a n d  100 m M , u n d e r  g e n tle  
s ti r r in g  w ith  m a g n e tic  s tirre r . T h e  s ize  d is tr ib u tio n s  o f  ce r ia  su p p o rts  a re  sh o w n  in 
F ig u re  4 .4 .

T h e  s iz e  d is tr ib u tio n  o f  ce ria  su p p o rt th a t w a s  p re p a re d  b y  0.5 m M  
PSS-C O -M A  sh o w s  tw o  m a in  g ro u p s  o f  p a r tic le s , o n e  is sm a ll p a r tic le s  ( le s s  th a n  1 
m ic ro n )  a n d  a n o th e r  o n e  is la rg e r  p a rtic le s  (1 -1 0  m ic ro n ). It w a s  fo u n d  th a t th e  
a m o u n ts  o f  sm a ll p a r tic le s  in c re a se d  w h ile  th e  a m o u n ts  o f  la rg e  p a r tic le s  d e c re a se d  
w ith  in c re a s in g  PSS-C O -M A  c o n c e n tra tio n  b e c a u se  o f  m o re  a c ry la te  g ro u p  to 
s ta b iliz e  ce r ia  p a r tic le . O n  th e  o th e r  h an d , h ig h  c o n c e n tra tio n  (5 0  an d  100 m M ) o f  
PSS-C O -M A  p o iy e le c tro ly te  in c re a se d  th e  c e r ia  su p p o rt p a r tic le  s iz e  p ro b a b ly  
b e c a u se  o f  b r id g in g  o f  p o ly m e r  ch a in .
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F ig u r e  4 .4  P a rtic le  s ize  d is tr ib u tio n  o f  c e r ia  su p p o rt p re p a re d  b y  q u ic k  m ix in g  u n d e r  
m a g n e tic  s ti r r in g  w ith  v a r io u s  c o n c e n tra tio n s  o f  p o ly e le c tro ly te : (a) 0 .5  m M , (b) 1 
m M , (c) 5 m M , (d ) 10 m M , (e) 50  m M , an d  (f) 100 m M .
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0 .5  1 5 10 5 0  100
P S S-C O -M A  c o n c e n t r a t io n s  ( in M )

F ig u r e  4 .5  P lo t o f  th e  %  p a r tic le  c o n te n t o f  c e r ia  w ith  less th a n  l m ic ro n  d ia m e te r  
fo r  v a r io u s  p o ly e le c tro ly te  c o n c e n tra tio n s .

T h e  c e r ia  su p p o rt w ith  less th a n  1 m ic ro n  d ia m e te r  w a s  o b ta in e d  b y  
u s in g  PSS-C O -M A  as a c a p p in g  ag en t. T h e  e x p e rim e n ta l re su lts  fro m  th e  P a r t ic le  S ize  
A n a ly z e r  sh o w e d  th a t th e  p a r tic le  s ize  o f  c e r ia  w as  a ffe c te d  b y  th e  PSS-C O -M A  
c o n c e n tra tio n  as sh o w n  in F ig u re  4 .5 . T h e  ion  p a irs  fo rm a tio n  b e tw e e n  c e r ia  io n  an d  
a c ry la te  g ro u p  o f  PSS-C O -M A  lead s  to  sm a ll p a r tic le  s ize  o f  c e r ia  su p p o rt b y  p re v e n t 
th e  g ro w in g  o f  ce r ia  c ry s ta l. T h e  in c re a se  in PSS-CO -M A  c o n c e n tra tio n  f ro m  0 .5  to 
10 m M  c a u se d  m o re  n e g a tiv e ly  c h a rg e d  sp re a d  o v e r  th e  c e r ia  su rfa c e  to p ro d u c e  
sm a ll p a r tic le  an d  s ta b iliz e  th e  sp h e re  in so lu tio n . U n til at 50  an d  100 m M  o f  P S S - 
CO-M A, th e  a m o u n ts  o f  sm a ll p a r tic le  d e c re a se d  an d  la rg e  p a r tic le  a g g re g a te s  h a v in g  
a m e a n  s iz e  m o re  th a n  10 m ic ro n  a re  fo rm e d  s in c e  p o ly m e r  b r id g in g  fu sed  c e r ia  
p a r tic le  to g e th e r  an d  fo rm  b ig g e r  p a r tic le s . S o , it can  be  c o n c lu d e  th a t th e  o p tim u m  
c o n c e n tra tio n  o f  PSS-C O -M A  fo r  sy n th e s iz e  ce r ia  su p p o rt is 10 m M . V a rio u s  ty p e s  o f  
a n io n ic  p o ly e le c tro ly te s , su c h  as so d iu m  a lg in a te  an d  p o ly (a c ry lic  ac id ), c o u ld  also  
b e  u se d  as c a p p in g  a g e n t to  p ro d u c e  sm a ll s iz e d  ce r ia  th ro u g h  e le c tro s ta tic  re p u ls io n .



29

4 .4 .3  C a ta ly s t C h a ra c te r iz a tio n
C e ria  su p p o rt, s ilv e r /c e r ia  an d  g o ld /c e r ia  c a ta ly s ts  w e re  id e n tif ie d  b y  

F T IR . T h e  F T IR  sp e c tra  o f  c e r ia  su p p o rt p re p a re d  b y  d if fe re n t c o n c e n tra tio n s  o f  1:1 
PSS-C O -M A  are  sh o w n  in  F ig u re  4 .6 . A c c o rd in g  to  th e  li te ra tu re  [2 4 -2 6 ], the  
o b se rv e d  F T -IR  sp e c tra  c o n s is t o f  th re e  z o n e s  in  th e  ra n g e  o f  2 5 0 0  3 7 0 0 , 1 2 0 0 -1 7 0 0  
a n d  700  -1 1 0 0  c m '1, c o r re sp o n d  to  th e  O  H  s tre tc h in g  v ib ra tio n  o f  a h y d ro x y l b o n d s  
o r  re s id u a l w a te r , c a rb o n a te  sp e c ie s , a n d  c a rb o n -in v o lv e d  sp e c ie s , re sp e c tiv e ly . T h e  
b a n d s  lo c a te d  at a ro u n d  1400 c m '1 a re  a s s ig n e d  to  th e  b e n d in g  v ib ra tio n  o f  C - H  
b o n d s  o f  th e  c a p p in g  ag en t. T h e  p e a k s  at 1060 an d  85 0  c m '1 a re  a ttr ib u te d  to  th e  
b e n d in g  v ib ra tio n  o f  C O 32' a n d  th e  s tre tc h in g  v ib ra tio n  o f  c  o  b o n d s , re sp e c tiv e ly . 
In  a d d itio n , th e  b a n d  du e  to  th e  s tre tc h in g  v ib ra tio n  o f  C e - 0  b o n d s  can  b e  se e n  at 
a ro u n d  70 0  c m '1 in d ic a tin g  th e  fo rm a tio n  o f  C e O i.

W avenum ber (cm*1 )

F ig u r e  4 .6  F T IR  sp e c tra  o f  ce r ia  su p p o rt p re p a re d  b y  u s in g  v a r io u s  c o n c e n tra tio n s  
o f  PSS-C O -M A  c a p p in g  ag en t: (a) 0 m M , (b ) 1 m M , (c) 10 m M  a n d  (d ) 100 m M .
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Figure 4.7 illustrates the FTIR spectra of Ag/CeC>2 and Au/CeO: 
capped with 1:1 and 3:1 PSS-CO-MA. The data obtained were consistent with those 
reported previously [27]. The band of the hydroxyl groups stretching vibration in the 
range of 2500-3700 cnf1 was observed. The band in the range of 1200 -1700 cm'1 
confirms the formation of carbonate species, which could generate active sites for the 
CO oxidation.

W avenumber ( c m 1)

Figure 4.7 FTIR spectra of catalysts prepared by using 10 m M  of different type of 
polyelectrolytes capping agent: (a) Ag/CeÛ2 with 1:1 PSS-CO-M A, (b) Ag/Ce02 with 
3:1 PSS-CO-M A, (c) Au/Ce02 with 1:1 PSS-CO-M A and (d) Au/Ce02 with 3:1 P S S -  
CO-MA.
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The XRD patterns of Ag/CeO: and Au/CeCb catalysts are illustrated 
in Figure 4.8. Both Ag/CeCT and Au/CeCT catalysts exhibit the characteristic 
diffraction peaks of ceria corresponding to (111), (200), (220), (311), (222), (400), 
and (331) planes. The prepared Ag/CeCX shows the XRD peaks of Ag (111), Ag 
(200), Ag (220), and Ag (311) at 20 of 38.22°, 44.82°, 64.61°, and 77.35°, 
respectively. Moreover, the peaks correspond to (110), (111), (200), (220), (311), 
and (222) planes of Ag20  were detected, indicating that the synthesized catalyst 
contains Ag and Ag20  phases. After HAuCLi addition, the XRD peaks of Au (111), 
Au (200), Au (220), and Au (311) appear at 20 of 38.27°, 44.60°, 64.68°, and 77.55°, 
respectively, indicating the dispersion of Au over Ce02 support. 2

20 30 40 50 60 70 80
2 Theta (degree)

Figure 4.8 XRD patterns of (a) Ag/Ce02 and (b) Au/Ce02 catalysts.
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T abic 4.2 The m etal contents and BET analysis o f  A g/C eO i and Au/CeCT catalysts

Catalyst Metal loading (%) BET surface area (irf/g)

Ag/CeOi 0.55 78
Au/C eCX 0.22 110

The actual metal loading of the Ag/CeOi and Au/CeO? catalysts 
prepared by using 10 mM of 1:1 PSS-CO-M A as a capping agent was analyzed by 
Atomic Absorption Spectrophotometer (AAS) as shown in Table 4.2. The silver 
content of the Ag/CeO: catalyst was higher than gold content of the Au/CeCE, which 
prepared by converted silver on ceria to gold via redox reaction. Silver with no 
charge being oxidized to form a silver ion. Then, gold ion is being reduced trough the 
addition of three electrons from silver to form solid gold, according to the following 
reactions:

Ag" -> Ag' + e’ (oxidation)
Au3" + 3e" All" (reduction)
3Ag° -  Au3" -> Au° -  3Ag' (redox reaction)
According to XRF results, the Au7CeOn catalyst shows very low gold 

content (0.22%) compare to silver content (0.55%) in Ag/CeO:. This may result from 
incomplete redox reaction of silver and gold in unsuitable conditions such as the 
reaction time, the concentration of metal solution and the pH of solution. Table 4.2 
also shows the BET surface area of the Ag/CeCT (78 m2/g) and Au/CeCh (110 ทา2/g) 
catalysts. Moreover, the Au/CeO: catalyst prepared by using PSS-CO-M A shows 
higher surface area than those prepared by conventional methods [27],
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4.4.4 Catalytic Activity of Gold/Ceria
The study of catalytic activity of Au/CeO: catalyst was followed 

Luengnaruemitchai and coworkers’ method [27], To compare the ability of 
polyelectrolytes capping agent, PSS-CO-MA with different molar ratio of sulfonate 
and maleic group (1:1 and 3:1) were use to prepare the Au/CeO: catalysts. The 
catalytic activity was observed at various reaction temperatures over the range of 50 

190 uc  to obtain the optimum condition of CO oxidation reaction as shown in 
Figure 4.9 and 4.10.

Figure 4.9 Effect of the different polyelectrolytes on the CO conversion of Au/CeOi 
catalysts in CO oxidation reaction.
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Temperature (°C)

Figure 4.10 Effect of the different polyelectrolytes on the selectivity of Au/CeO: 
catalysts in CO oxidation reaction.

The CO conversions of both catalysts prepared by 1:1 and 3:1 PSS-CO- 
MA gradually increased with the increasing of reaction temperature and give a 
maximum conversion at 190 ° c . In contrast, lower reaction temperature lead to the 
catalyst having higher selectivity. A maximum selectivity of 68% was achieved at 
the reaction temperature of 50 °c  for the catalyst prepared using 1:1 PSS-CO-MA and 
higher than those reported previously [20, 27], However, the catalysts prepared by 
these two capping agents exhibited lower conversion than those prepared without 
capping agent [20, 27], The reason may comes from the presence of hydroxyl species 
from water on the surface of catalysts, which could limit the interfacial redox process 
and the catalytic activity by block the active sites.
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Stream reforming of methanol (SRM) is one of the reactions used to 
produce high H2 purity for PEMFC. It is necessary to obtain only trace amount of 
CO in the product stream due to the requirement in PEMFC. According to the 
purpose of this work is to minimize the CO concentration in PEMFC, the catalytic 
activity of Au/CeOi in SRM reaction was also studied.

As illustrated in Figure 4.11, there was no reaction occurring at 200 uc 
and the methanol conversion increased with increasing reaction temperatures from 
250 °c to 400 °c due to methanol decomposition at high temperature. A maximum 
methanol conversion of 69% was achieved at the reaction temperature of 400 °c. 
Figure 4.12 and Figure 4.13 present the product selectivity of Au/CeCF in SRM 
reaction. It was found that FF and CO selectivity increased with reaction temperature 
whereas COi selectivity decreased with reaction temperature. In terms of product 
composition, the concentration of FF and CO increased with reaction temperature 
and the highest FF yield (34%) was obtained at 400 °c as illustrated in Figure 4.14 
and Figure 4.15, respectively. This could be concluded that the Au/CeOi catalyst can 
be used in SRM at high reaction temperature with high catalytic activity. However, 
our catalyst is found to be less efficient than the literature [28] with the same reason 
in CO oxidation catalytic study.
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F ig u re  4.11 M ethanol conversion o f  Au/CeCh catalyst in m ethanol reform ing
d ifferen t tem peratures.
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Temperature (°C)

F ig u re  4.12 H: and CO selectiv ity  o f  A u/C eO i catalyst in m ethanol re fo n n in g  at
d ifferen t tem peratures.
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F ig u re  4.13 C O 2 and C H 4 selectiv ity  o f  Au/CeO? catalyst in m ethanol refo rm ing  at
d ifferen t tem peratures.
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F ig u re  4.14 Product com position o f  Au/CeCF catalyst in m ethanol refo rm ing  at
d ifferen t tem peratures.
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Figure 4.15 Hydrogen yield of Au/CeC>2 catalyst in methanol reforming at different 
temperatures.

From the results of catalytic activity study, the Au/CeC>2 catalyst 
shows low CO and methanol conversion in CO oxidation and methanol reforming 
reaction, respectively. This probably relate to very low gold content deposit on the 
support, resulting in low coordination active site on surface of the ceria support, and 
leads to low catalytic activities. So, The effect of metal loading on catalytic activities 
should be investigated in further study.
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4.5 Conclusions

Ceria support was successfully synthesized by using anionic polyelectrolyte, 
PSS-co-MA, as a capping agent. The smallest ceria particle of 0.58±0.01 micron was 
obtained by using 10 mM of 1:1 PSS-co-MA under magnetic stirring. This optimum 
concentration causes negatively charged spread over the ceria surface to stabilizing 
the sphere in solution. The Ag/CeCT was further synthesized via sodium borohydride 
reduction of Ag+ on prepared ceria support prior the addition of HAuCE for 
preparing Au/CeO: catalyst by redox reaction between Ag/CeCT and All' ' ion. The 
Au/CeCT catalyst for CO oxidation resulted in maximum CO conversion of 15% at 
190 uc with maximum selectivity of 68% at 50 °c. For methanol reforming, the 
catalytic activity of Au/CeCT catalyst resulted in 69% methanol conversion with 50% 
Ht selectivity and 34% Ht yield at 400 UC reaction temperature.
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