
CHAPTER VI
SOL-GEL DERIVED POROUS CERIA POWDERS USING CERIUM 

GLYCOLATE COMPLEX AND THEIR CHARACTERIZATION

Abstract
T h e  p re p a ra tio n  o f  c e ria  (ce riu m  d io x id e , C e O i)  p o w d e rs  v ia  a so l-ge l 

p ro cess  u s in g  c e r iu m  g ly c o la te  c o m p le x  as p re c u rso r  has b een  c o n s id e re d . W e have 
a lso  s tu d ied  th e  h y d ro ly s is  o f  c e r iu m  g ly c o la te  co m p lex . T h e  h y d ro ly s is  w as 
fo llo w e d  by  F T IR  sp e c tro sc o p y , an d  th e  e v o lu tio n  o f  th e  C e -O -C  b an d s  o f  the 
c e riu m  g ly c o la te  m o le c u le  w as an a ly zed . T h e  in ten s ity  o f  th e se  b a n d s  d e c re a sed  w ith  
th e  h y d ro ly s is  tim e . X -ray  d iffra c tio n  (X R D ), N 2 a d so rp tio n  (B E T  sp ec if ic  su rface  
a rea ), an d  sc a n n in g  e le c tro n  m ic ro sc o p y  (S E M ) te c h n iq u e s  h av e  b een  ap p lied  to  
c h a ra c te r iz e  th e  te x tu re  an d  s tru c tu re  o f  c e ria  sy s tem s p re p a re d  by  th e  so l-g e l m eth o d  
c o n ta in in g  d if fe re n t h y d ro ly s is  ra tio  and  ca lc in e d  a t te m p e ra tu re s  b e tw e e n  400 and  
1100°c. C ry s ta ll iz a tio n  is o b se rv e d  o n ly  a fte r  th e rm a l tre a tm e n t a t ab o v e  400°c. T h e  
th e rm a l s ta b ility  o f  c e r ia  sy s tem  is c o n firm e d  by  o b ta in in g  m o d e ra te  su rface  areas 
ev en  a f te r  th e  h ig h  te m p e ra tu re  o f  c a lc in a tio n .



100

Introduction
C e riu m  d io x id e  b a se d  m a te ria ls  hav e  b ec o m e  o n e  o f  th e  m o s t im p o rtan t 

c e ra m ic  m a te r ia ls . It has a n u m b er o f  m u ltip le  a p p lic a tio n s , su c h  as  an  e lec tro ly te  
m a te ria l o f  so lid  o x id e  fu e l ce lls  (S O F C s), a  m a te ria l o f  h ig h  re fra c tiv e  index , an 
ion ic  c o n d u c to r , a gas sen so r, an d  an  in su la tin g  la y e r  on  s ilico n  s u b s tra te s .1' 7 O th e r 
p ro m is in g  a p p lic a tio n s  o f  c e r ia -b a se d  m a te ria ls  in c lu d e  a u to m o tiv e  ca ta ly s ts , so lid  
e le c tro ly te  o x y g e n  p u m p s, S O F C s an o d e  m a te r ia ls , an d  m ix ed  co n d u c tin g  
m em b ra n e s  fo r  o x y g e n  sep a ra tio n  and  p artia l o x id a tio n  o f  h y d ro c a rb o n s .8"14 C eria  
p o w d e rs  h av e  b e e n  re p o rte d  to  be  sy n th e s iz e d  by  d if fe re n t te c h n iq u e s  in c lu d in g  
h y d ro th e rm a l sy n th e s is ,15 p re c ip ita tio n  m e th o d ,16"17 sp ray  p y ro ly s is  te c h n iq u e ,18 
th e rm a l d e c o m p o s itio n  o f  c a rb o n a te s ,19 e le c tro c h e m ic a l m e th o d ,20 and  
m ic ro e m u ls io n .21 In  th e  d e v e lo p m e n t o f  so ft c h e m is try , th e  so l-g e l p ro c e ss  is one  o f  
the  m o st p ro m is in g  w ay s to  ap p e n d  fu n c tio n a litie s  to  c e ra m ic  m a te r ia ls , b e c a u se  o f  a 
la rg e  n u m b e r o f  a d v a n ta g e s  th a t it o ffe rs , in c lu d in g  a  lo w  te m p e ra tu re  te ch n iq u e , a 
s im p le  p ro c e ss , an d  th e  m a in te n a n c e  o f  e x c e lle n t c o n tro l on  th e  m o le c u la r  level. 
T h is  p ro cess  u su a lly  c o n s is ts  o f  tw o  g o v e rn in g  re a c tio n s  in v o lv in g  th e  h y d ro ly s is  and  
c o n d e n sa tio n  o f  m o le c u la r  p re c u rso rs  such  as m e ta l a lk o x id e s  to  fo rm  th e  o x id e  
n e tw o r k .22 26

S ev e ra l re se a rc h e rs  re p o rte d  the  ap p ro a c h e s  fo r  m e ta l o x id e s  w h ich  are 
p rep a red  fro m  in o rg a n ic  sa lts  as p re c u rso r .25,27 29 H o w e v e r , th e  c o u n te r  an io n s  o f  the 
s ta rtin g  c e r iu m  sa lts  m ay  rem a in  in  th e  p ro d u c t an d  d e te r io ra te  th e  p u rity  o f  the 
p ro d u c ts  . T o  a v o id  c o u n te r  an io n  c o n ta m in a tio n , c e r iu m  a lk o x id e s  can  be  u sed  as 
th e  s ta rtin g  m a te r ia l fo r  th e  c e r ia  m a te ria ls . T h is  is ju s t if ie d  as a lk o x id e  h y d ro ly sis  
p ro d u c e d  H 2 O  an d  e v e n tu a lly  C O /C O 2 th a t a re  re a d ily  re m o v e d  fro m  th e  p ro d u c t by 
the  su b se q u e n t c a lc in a tio n s  fo llo w in g  so l-g e l sy n th e s is . O n ly  a  few  a p p ro ach es  to  
th e  fo rm a tio n  o f  tra n s itio n  m e ta l o x id e  g e ls  th ro u g h  th e  h y d ro ly s is  o f  tra n s itio n  m etal 
a lk o x id e s , th e  m a jo r  p ro b le m  is to  co n tro l h y d ro ly s is  an d  c o n d e n sa tio n  ra te s  w h ich  
a re  g e n e ra lly  to o  fast, re su ltin g  in  th e  p re c ip ita te s  w ith  a  h ig h  d eg ree  o f  
m ic ro s tru c tu ra l d iso rd e r .30 M azd iy asn i e t a l.31 h y d ro ly z e d  iso p ro p o x id e s  o f  
la n th a n id e s  to  fo rm  h y d ro x id e s . T h e  m a jo r p ro b le m  o f  th is  te c h n iq u e  is th a t the 
sy n th es is  o f  th e  a lk o x id e  p re c u rso r  is c o m p lic a te d  an d  re q u ire s  a ir- an d  w ate r- free 
w o rk in g  e n v iro n m e n ts . A d d itio n a lly , th ese  u su a l p re c u rso rs  are  e x p e n s iv e .
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D u e  to  th e  sh o rtc o m in g s  o f  m e ta l a lk o x id es  su ch  as re la tiv e ly  h ig h  to x ic ity , 
c o s t and  se n s itiv ity  to  m o is tu re , w e used  c e riu m  g ly c o la te  c o m p le x  as a s ta rtin g  
p re c u rso r  fo r  p re p a r in g  the  c e ria  m ate ria ls . C e riu m  g ly c o la te  is g ly c o la te  d e riv a tiv e s  
o f  c e r iu m  sy n th e s iz e d  d irec tly  fro m  th e  reac tio n  o f  in e x p e n s iv e  an d  re a d ily  av a ilab le  
c o m p o u n d s , c e r iu m  h y d ro x id e  an d  e th y len e  g ly co l, v ia  th e  o n e  s te p  p ro cess . Its 
p re se n c e  o f  g ly c o la te  lig an d s  is h y d ro ly tic a lly  s tab le , th u s  y ie ld in g  m o re  co n tro llab le  
c h e m is try  an d  m in im iz in g  sp ec ia l h an d lin g  re q u irem en t. T h u s , it c an  be u sed  as a 
c a n d id a te  p re c u rso r  fo r  c e ram ic  p ro cess in g  by so l-g e l te c h n iq u e . In  th is  co n trib u tio n , 
the  p u rp o se  o f  p re se n t w o rk  is to  in v es tig a te  th e  p re p a ra tio n  o f  h ig h  su rface  a rea  
p o ro u s  c e r ia  p o w d e rs  u s in g  so l-g e l ro u te  and  to  s tu d y  th e  h y d ro ly s is  o f  ce riu m  
g ly c o la te  sy n th e s iz e d  v ia  th e  o x id e  o n e  po t sy n th es is  p ro cess . T o  a c c o m p lish  tha t 
g oa l, the  in f lu e n c e  o f  h y d ro ly s is  ra tio  on  th e  c ro ss lin k in g  p ro c e ss  an d  su b seq u en t 
th e rm a l tre a tm e n t w ere  a lso  e lu c id a ted .

Experimental section
Materials. C e riu m  (IV ) h y d ro x id e  (C e (O H ) 4 ) c o n ta in in g  8 7 .4 %  CeC >2 as

d e te rm in e d  by  T G A  w as o b ta in e d  fro m  S ig m a -A ld ric h  C h e m ic a l C o . Inc . (U S A ) and  
so d iu m  h y d ro x id e  w as p u rc h a se d  fro m  M erck  C o m p a n y  C o . L td . (G e rm an y ). B oth  
w ere  u sed  as re c e iv e d . E th y le n e  g ly co l (E G ), u sed  as re a c ta n t an d  so lv e n t in the 
reac tio n , w as p u rc h a se d  fro m  F a rm ita lia  C a rlo  E rb a  (B a rc e lo n a )  an d  p u rif ied  by 
frac tio n a l d is til la tio n  a t 200°c, u n d e r  n itro g en  a t a tm o sp h e ric  p re s su re  p r io r  to  use. 
T r ie th y le n e te tra m in e  (T E T A ) w as o b ta in e d  fro m  F aca i P o ly tech . C o . L td . (B an g k o k , 
T h a ila n d ) an d  d is tille d  u n d e r v acu u m  (0.1 m m H g ) at 130°c b e fo re  use . A ce to n itrile  
w as p u rc h a se d  fro m  L ab -S can  C o m p a n y  C o. L td . an d  p u rif ie d  by  d is tillin g  o v e r 
c a lc iu m  h y d r id e  p o w d e r. N itric  ac id  u sed  as c a ta ly s t in so l-g e l p ro cess  w as 
p u rc h a se d  fro m  L a b -S c a n  C o m p a n y  C o. L td.

Instruments. F o u rie r  tra n s fo rm  in fra red  (F T -IR ) sp e c tra  w ere  re c o rd e d  on  a 
V E C T O R 3 .0  B R U K E R  sp e c tro p h o to m e te r  w ith  a  sp ec tra l re so lu tio n  o f  4  c m '1 to 
e x a m in e  fu n c tio n a l g ro u p s  o f  th e  sy n th e s iz e d  p re c u rso r. T h e  so lid  sam p le  w as 
o b ta in e d  u s in g  tra n sp a re n t K B r p e lle t co n ta in in g  1% o f  sam p le  m ix e d  w ith  99%
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d rie d  K B r. T h e rm a l b e h a v io r  and  stab ility  o f  th e  sy n th e s iz e d  p re c u rso r  w ere  
in v e s tig a te d  by  th e rm o g ra v im e tr ic  an a ly sis  (T G A ) an d  d iffe re n tia l scan n in g  
ca lo r im e try  (D S C ) an a ly s is . T G A  w as c o n d u c ted  on  a  T G A 7  P e rk in -E lm e r therm al 
a n a ly s is  sy s te m  w ith  a  h ea tin g  ra te  o f  10°c m i n 1 o v e r  30 -  1200°c tem p e ra tu re  
ran g e . D S C  a n a ly s is  w as o b ta in e d  on  a N e tz sch  D S C 2 0 0  (G e rm a n y ) fro m  25 to  500° 
c  at th e  h e a tin g  ra te  o f  10° c  m in '1. ‘H - and  13C -N M R  sp e c tra  o f  th e  sy n th esized  
p re c u rso r  w ere  p e rfo rm e d  w ith  a  B ru k e r 2 0 0  M H z sp e c tro m e te r  at th e  C h em istry  
D ep a rtm e n t, F a c u lty  o f  S c ien ce , C h u la lo n g k o m  U n iv e rs ity , u s in g  d eu te ra ted  
d im e th y l su lfo x id e  (D M S O -dô) as so lv en t an d  re fe re n c e  fo r c h e m ic a l sh ift 
m e a su re m e n ts  a t ro o m  tem p e ra tu re . V a riab le  te m p e ra tu re  N M R  sp e c tra  o f  the 
sy n th e s iz e d  p re c u rso r  w ere  c h a ra c te r iz e d  on  a JE O L  5 0 0  M H z  sp e c tro m e te r  in  the  
te m p e ra tu re  ra n g e  25 -  140°c. T o  ex am in e  th e  m o la r  m ass o f  sy n th e s iz e d  p recu rso r, 
m ass sp e c tru m  w as c a rrie d  o u t on  a F iso n  In s tru m e n t (V G  A u to sp e c -u ltim a  70 7 E ) 
w ith  V G  d a ta  sy s te m , u s in g  the  p o s itiv e  fast a to m ic  b o m b a rd m e n t m o d e  (F A B +-M S ) 
w ith  g ly ce ro l as th e  m a trix , c e s iu m  gun  as in itia to r , an d  c e s iu m  io d id e  (C s l)  as a 
s ta n d a rd  fo r p e a k  ca lib ra tio n . E lem en ta l a n a ly s is  (E A ) w as p e rfo rm e d  on  a C /H /N  
a n a ly z e r  (P e rk in  E lm e r P E 2 4 0 0  se rie s  II) to  o b ta in  th e  p ro d u c t c o m p o s itio n . T he 
g e la tio n  o f  c e r iu m  g ly c o la te  p re c u rso r  w as e x a m in e d  by  an  F T -IR  sp e c tro p h o to m e te r  
(N ico le t, N E X U S  6 7 0 ). T h e  ch an g e  o f  o b ta in e d  g e ls  d u rin g  th e  th e rm a l trea tm en t 
w as in v e s tig a te d  by  S im u lta n e o u s  th e rm al a n a ly s is  (S T A ) u s in g  a N e tz sc h  S T A  409  
In s tru m en t. T h e  tex tu ra l p ro p e rtie s  an d  p o ro s ity  o f  c e r ia  m a te ria ls  w e re  e x p lo re d  by 
a d so rp tio n  o f  n itro g e n  at 77  K  w ith  A u to so rb -1  gas so rp tio n  in s tru m e n t (Q u an ta so rb  
JR .). A R ig k u  D /M a x -2 2 0 0  P o w d e r  D iffra c tro m e te r  w as u sed  to  d e te rm in e  X -ray  
d iffra c tio n  p a tte rn s  o f  th e  c a lc in e d  p ro d u c ts .

Precursor preparation. C e riu m  g ly c o la te  p re c u rso r  w as p re p a re d  acco rd in g  
to  a  p re v io u s  w o rk .32 T h e  sy n th es is  o f  c e riu m  g ly c o la te  w as c a rr ie d  o u t in  o n e  step  
by  m ix in g  c e r iu m  h y d ro x id e  (5 .3  m m o l o f  CeC>2 ), an d  tr ie th y le n e te tra m in e  (5 m m ol) 
w ith  so d iu m  h y d ro x id e  a t ab o u t 12 m ol %  e q u iv a le n t to  c e r iu m  h y d ro x id e  in a 
s im p le  d is tilla tio n  se t u s in g  18 c m 3 o f  e th y le n e  g ly co l. T h e  re a c tio n  m ix tu re  w as 
h ea ted  to  the  b o ilin g  p o in t o f  e th y le n e  g lyco l fo r 18 h u n d e r n itro g e n  a tm o sp h e re  to 
re m o v e  th e  b y -p ro d u c t w a te r  an d  e th y le n e  g ly co l fro m  th e  re a c tio n . T h e  reac tio n
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m ix tu re  w as c o o le d  a t ro o m  tem p e ra tu re . T h e  p re c ip ita te d  p ro d u c t w as sep a ra ted , 
w ash ed  w ith  a c e to n itr i le  an d  d ried  u n d e r  v acu u m  (0.1 m m H g ) a t ro o m  tem p era tu re . 
T h e  re su ltin g  p ro d u c t w as c h a ra c te r iz e d  u s in g  F T -IR , T G A , D S C , E A , N M R  and  
M S.

Sol-gel process of synthesized cerium glycolate precursor. T h e  s tu d ied  
m a te ria ls  w e re  p re p a re d  v ia  th e  so l-g e l p ro ced u re  by  h y d ro ly z in g  c e riu m  g ly co la te  
p re c u rso r  w ith  th e  m ix tu re  o f  n itric  ac id  and  w a te r  a t v a rio u s  a c id  c o n ten ts . T h ree  
h y d ro ly s is  ra tio  (/z= [H 2 0 ]/[C e]) o f  4 , 8, 12 w ere  s tu d ie d  w h ile  th e  a c id  ra tio  (A = 
[ac id ]/[C e ])  w as  k e p t c o n s ta n t at th e  v a lu e  o f  0 .25  d u e  to  g e lla b ility  zone . T h e  
g e la tio n  re a c tio n  w as ca rried  o u t at ro o m  te m p e ra tu re  an d  m a in ta in in g  a s tirrin g  
d u rin g  th e  w h o le  p ro cess .

C e ria  p o w d e rs  w ere  p ro d u ced  by  h e a t tre a tm e n t o f  th e  re su ltin g  ge ls a t 
v a rio u s  h y d ro ly s is  ra tio  in  a  fu rn ace  in  th e  te m p e ra tu re  ra n g e  4 0 0  - 1 1 0 0 ° c  an d  h e ld  
at th e  f in a l te m p e ra tu re  fo r  7 hou rs.

FT-IR spectroscopic investigation of cerium glycolate gelation. T h e
h y d ro ly s is  an d  c o n d e n sa tio n  o f  c e r iu m  g ly c o la te  d u rin g  so l-g e l p ro c e ss  as a fu n c tio n  
o f  th e  re a c tio n  tim e  w ere  fo llo w ed  by  m ean s o f  F o u r ie r - tra n s fo rm  IR  sp e c tro sc o p y .33 
A n F T -IR  sp e c tro p h o to m e te r  (N ico le t, N E X U S  6 7 0 ) w ith  16 scan s  a t a  re so lu tio n  o f  
4  c m '1 u s in g  Z n -S e  w in d o w  ce ll w as u sed  in  th is  s tu d y . D a ta  a c q u is itio n  and  
p ro c e ss in g  w e re  p e rfo rm e d  u s in g  an  O m n ic  so ftw a re  p ack ag e .

Characterization of calcined products. T h e rm a l d e c o m p o s it io n  an d  ch an g e  
o f  th e  c e r ia -b a se d  g e ls  d u rin g  th e  th e rm al tre a tm e n t w e re  in v e s tig a te d  by  
th e rm o g ra v im e try  (T G /D S C ) u s in g  a  N e tzch  S T A 4 0 9  e q u ip m e n t. S am p le s  w ere  
h ea ted  in  an  a lu m in a  c ru c ib le  a t th e  te m p e ra tu re  ra n g e  fo r s c a n n in g  fro m  30  to  
1200°c an d  th e  sc a n n in g  sp eed  w as 10°c m in"1. T h e  p o ro u s  s tru c tu re  o f  c e ria  
o b ta in e d  a f te r  c a lc in a tio n  w as c h a ra c te r iz e d  by  n itro g e n  a d so rp tio n  tech n iq u e . T h e  
a d so rp tio n /d e so rp tio n  iso th e rm s o f  n itro g en  at 77  K  w ere  re c o rd e d  w ith  an A u to so rb - 
1 G as S o rp tio n  In s tru m e n t (Q u a n ta c h ro m e  C o rp o ra tio n ). A ll sa m p le  w ere  p rev io u s ly  
su b je c te d  to  an  o u tg a s  tre a tm e n t a t 250°c u n d e r a  re d u c e d  p re s su re  b e fo re  ad so rp tio n
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m e a su re m e n ts . S p e c if ic  su rfa c e  a rea  w as c a lc u la ted  a c c o rd in g  to  B E T  th eo ry , and  
the  to ta l p o re  v o lu m e  w as d e te rm in e d  fro m  th e  a m o u n t o f  n itro g e n  a d so rb ed  at 
p re ssu re  c lo se  to  sa tu ra tio n . P o re  s ize  d is tr ib u tio n  w as o b ta in e d  ta k in g  in to  acco u n t 
the  d e so rp tio n  b ra n c h  o f  th e  iso th e rm . S am p le  m ic ro s tru c tu re  w as in v e s tig a te d  by 
S can n in g  E le c tro n  M ic ro sc o p y  (S E M ) ca rried  o u t on  a  JE O L  5 2 0 0 -2 A E  ap p ara tu s. 
S am p le s  o f  th e  m a te ria ls  w ere  m e ch an ica lly  d e p o s ite d  on  th e  h o ld e rs  and  
su b se q u e n tly  g o ld  c o a te d  to  re d u c e  ch a rg e  b u ild u p . T h e  sam p le  w as th en  tran sp o rted  
to  th e  m ic ro sc o p e  s ta g e  an d  th e  eq u ip m e n t w as p u m p e d  d o w n  fo r a  p e rio d  befo re  
o b se rv a tio n . T h e  s tru c tu re  o f  th e  p h ases  in  th e  sa m p le s  c a lc in e d  a t v a rio u s 
te m p e ra tu re s  w as  id e n tif ie d  by  X -ray  d iffrac tio n  u s in g  a D /M A X  2 0 0 0  series 
(R ig ak u  C o .) p o w d e r  d iffra c to m e te r. T h e  sam p les  w e re  sc a n n e d  a t ro o m  tem p e ra tu re  
o v e r a n g u la r  ra n g e  5° <  20  <  90° at 5° m in '1 scan  ra te  u s in g  C u  K a  ra d ia tio n  ( k  =  

0 .1 5 4  n m ) by  p la c in g  sam p le s  in  g la ss  sam p le  h o ld e r. T h e  S c h e rre r  m e th o d  w as 
e m p lo y e d  to  e s tim a te  th e  g ra in  o r  c ry s ta llite  s ize  o f  th e  c ry s ta llin e  c a lc in e d  p ro d u c ts .

Results and Discussion
Precursor preparation. C eriu m  g ly c o la te  c o m p le x  w as su ccessfu lly  

sy n th e s iz e d  by  th e  o x id e  o n e  p o t sy n th es is  p ro c e ss  d ire c tly  f ro m  c e r iu m  h y d ro x id e  
and  e th y le n e  g ly co l. T h e  reac tio n  is th e  co n d e n sa tio n  rea c tio n , lib e ra tin g  w a te r  as a 
b y -p ro d u c t. T h e  h ig h  p e rc e n ta g e  y ie ld  o f  the  p ro d u c t w as  th u s  o b ta in e d  by  s lo w ly  
d is tillin g  o f f  th e  e x c e ss  e th y le n e  g ly co l at a tm o sp h e ric  p re s su re  to  re m o v e  w a te r 
fro m  th e  sy stem .

T h e  F T -IR  sp e c tru m  o f  th e  o b ta in ed  c e r iu m  g ly c o la te  c o m p le x  sh o w s the  
fo llo w in g  a b so p tio n  b an d s: 2 9 3 9 -2 8 7 3  cm "1 (y (C -H )) an d  1080  c m '1 (y (C -O -C e)). 
T h e  ‘H - N M R  sp e c tru m  sh o w s o n e  s in g le t p eak  a t 3 .4  p p m  re fe rr in g  to  ch e la ted  
g ly co la te  lig a n d s  o f  C H 2 -0 -C e . S im ila rly , o n e  s in g le t p eak  a p p e a rs  in  th e  l3C -N M R  
a t 62 .8  p p m  b e lo n g in g  to  th e  sy m m e tr ic a l ca rb o n s  o f  c h e la te d  g ly c o la te  lig an d  (C H 2 - 
O -C e). E le m e n ta l a n a ly s is  fo u n d  th a t the  re su ltin g  p e rc e n ta g es  o f  c a rb o n  and  
h y d ro g e n  a re  c o n s is te n t w ith  th e  th e o re tic a l v a lu es , fo u n d  (% ): c , 18.28 ; an d  H , 3 .08 
and  anal, ca lcd . (% ): c , 18.45 ; an d  H , 3 .08. F A B +-M S  sp e c tru m  sh o w s the  b ase  
p eak  a t m /e  184 b e lo n g in g  to  th e  s tru c tu re  o f  [C eC 2H 40 ] + an d  a p p ro x im a te ly  15% 
in ten s ity  o f  th e  m o le c u la r  p eak  a t m /e  2 6 2  c o rre sp o n d in g  to  [C eC 4 Hg0 4 ] - 2 H +. D S C
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re su lt e x h ib its  o n e  e x o th e rm  p eak  a t 410°c c o rre sp o n d in g  to  d e c o m p o s itio n  o f  all 
o rg an ic  lig an d s . S im ila rly , T G A  an a ly s is  a p p ea rs  o n e  th e rm a l d eco m p o sitio n  
tran s itio n  a t a ro u n d  3 5 0 -5 2 5 °C  w ith  6 5 . 9 %  c e ra m ic  y ie ld  in  a g re e m e n t w ith  
C e (0 C H 2 C H 20 )2  s tru c tu re  h a v in g  th e  c a lc u la ted  ce ra m ic  y ie ld  6 6 . 1 % .

Hydrolysis of cerium glycolate precursor by F T I R  technique. T he
h y d ro ly s is  o f  c e r iu m  g ly c o la te  m o le c u le  can  be  fo llo w e d  by  th e  F T IR  b an d s  s itu a ted  
at 1080 an d  6 9 0  c m '1 c o rre sp o n d in g  to  the  C e -O -C  an d  C e -O -C e  g ro u p s , re sp ec tiv e ly  
as it is sh o w n  in  F ig . 1. T h e  in te n s ity  o f  y (C e -O -C ) s tre tch in g  v ib ra tio n  o f  ce riu m  
g ly c o la te  c o m p le x  a t 1080  c m '1 d e c re a se d  c o n tin u o u s ly  w ith  th e  re a c tio n  tim e. T h e  
s ta rtin g  c e r iu m  g ly c o la te  p re c u rso r  can  a lso  be  o b se rv e d  a t 0  m in  in  the  sp ec tra l 
ran g e  8 0 0  -  5 0 0  c m '1. T h e se  b an d s  in d ica tin g  to  C -H , C - 0  an d  C e -O -C  d e fo rm a tio n  
v ib ra tio n s  d im in ish e d , w h ils t th e  in ten s ity  and  w id th  o f  th is  sp e c tra l ra n g e  in c rea sed  
as th e  re a c tio n  tim e  in c rea sed . T h is  re su lt c o rre sp o n d e d  to  the  fo rm a tio n  o f  C e -O -C e  
b o n d s d u e  to  th e  c o n d e n sa tio n  reac tio n . T h e  F T IR  sp e c tra  o f  h y d ro ly z e d  ce riu m  
g ly c o la te  p re c u rso r  a t d iffe re n t h y d ro ly s is  ra tio  w ere  e x h ib ite d  in  F ig . 1. T h e  in ten s ity  
o f  C e -O -C e  w as m a x im iz e d  a t h  =  12 w ith  d e c re a s in g  th e  in te n s ity  a t lo w er 
h y d ro ly s is  ra tio . T h e  d e c re a se  in in ten s ity  o f  C e -O -C  b an d  is a c c o m p a n ie d  w ith  the  
in c rea se  o f  C e -O -C e  b an d  as h y d ro ly s is  ra tio  in c rea se s . T h is  im p lie s  th a t th e  e ffe c t o f  
an  in c re a se  o f  th e  h y d ro ly s is  ra tio  is an  e n h a n c e m e n t o f  th e  h y d ro ly s is  k in e tic  ra te  
le ad in g  to  th e  re d u c tio n  o f  th e  g e l tim e.

T h e  ab o v e  re su lts  g iv e  o n ly  q u a lita tiv e  in fo rm a tio n  fo r  th e  h y d ro ly s is  o f  
c e r iu m  g ly c o la te  p re c u rso r. W e h a v e  c a rried  o u t a  se m iq u a n tita tiv e  ap p ro ach  by  a 
ca re fu l d e c o n v o lu tio n  o f  th e  F T IR  p ro file s  u s in g  a  c o m p u te r  p ro g ra m . T h e  re su lts  o f  
th e  a n a ly s is  a re  e x h ib ite d  in  th e  re la tio n sh ip  b e tw e e n  th e  p e a k  ra tio  o f  C e -O -C  b an d  
(1 0 8 0  c m '1) a n d  C e -O -C e  b an d  (6 9 0  c m '1) w ith  tim e  (F ig . 2 ). T h is  is o n ly  a 
se m iq u a n tita tiv e  p ro f ile  o f  the  g e la tio n  o f  c e r iu m  g ly c o la te  m o le c u le . G en e ra lly , the  
reac tio n  tim e  is d e c re a se d  by  fac to rs  th a t in c rea se  th e  c o n d e n sa tio n  ra te . It is o b v io u s  
tha t v a lu e  o f  h y d ro ly s is  ra tio  is an im p o rtan t fa c to r  a ffe c tin g  th e  gel tim e . T h e  resu lts  
o b ta in e d  h e re  c o m p a re d  fa v o ra b ly  w ith  e a r lie r  s tu d y  by  q u a lita tiv e  F T IR .
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Characterization of calcined gels. T o  p ro v id e  an  in d ic a tio n  o f  su itab le  heat 
tre a tm e n t te m p e ra tu re  fo r  c e ria  g e ls , b u lk  g e l sa m p le s  w ere  c h a ra c te r iz e d  by 
th e rm o g ra v im e try  (T G -D S C ) u sin g  a  N e tz sch  S T A  e q u ip m e n t. T h e  T G -D S C  
p a tte rn s  in  F ig .3 sh o w  th e  th e rm a l b e h a v io r  o f  th e  c e r ia  g e l h e a te d  up  to  1200°c. 
T h e  w e ig h t lo ss  in  th e  low  te m p e ra tu re  ran g e  (b e lo w  200°C) is d u e  to  th e  rem o v a l o f  
w a te r an d  g iv e s  r is e  to  an  e n d o th e rm ic  p eak  in th e  c o rre sp o n d in g  D S C  cu rv e . T he 
w e ig h t lo ss  in th e  te m p e ra tu re  ran g e  200-380°c is a ttr ib u te d  to  th e  co m b u stio n  o r 
d e c o m p o s itio n  o f  re s id u a l o rg a n ic s  fo rm ed  by  h y d ro ly s is  an d  c o n d e n sa tio n  d u rin g  
the  p re p a ra tio n  o f  g e ls . T h is  is su p p o rted  by  th e  p re se n c e  o f  o n e  e x o th e rm ic  p eak  at 
ab o v e  200°c to  a ro u n d  380°c in  th e  D S C  cu rv e . M o re o v e r, th is  e x o th e rm ic  peak  
e m e rg e d  w as a lso  c a u se d  by  th e  o x id a tio n  o f  C e  c o m p o u n d  an d  fo rm a tio n  o f  C e0 2 . 
T h is  is c o n f irm e d  by  th e  X R D  re su lts  g iv en  in  F ig . 4 , w h e re  th e  o rg a n ic  re s id u es  
w ere  c o m p le te ly  re m o v e d  fro m  the  c e r ia  gel an d  CeC >2 p h ase  is fo rm e d  ab o v e  400°C.

T h e  X R D  p a tte rn s  o f  c a lc in e d  sam p le s  a re  sh o w n  in F ig u re  4. F o r  th e  sam p le  
a n n e a le d  a t 400°C, th e  d iffra c tio n  p eak s  o f  o rg an ic  re s id u es  d isa p p e a r , and  the  
a m o rp h o u s  fe a tu re  em e rg e d . U p o n  fu r th e r  in c rea s in g  th e  an n e a lin g  te m p e ra tu re  to 
500°c, X R D  p a tte rn s  o f  th e  h ea ted  sam p le  sh o w  th e m  to  b e  s in g le  p h ase , all the  
re f le c tio n s  c o rre sp o n d in g  to  th o se  o f  cu b ic  c e ria  (JC P D S  file  N o . 3 4 -3 9 4 ) h av in g  a 
f lu o rite  ty p e  s tru c tu re  w ith  sp ace  g ro u p  F m 3 m  an d  fee  la ttic e  c o n s ta n t a  =  0.541 nm . 
A fte r  a p p ly in g  th e  S c h e rre r  fo rm u la  to  th e  (1 1 1 ) d iffra c tio n  p e a k  o f  c e r iu m  o x id e ,34 
th e  c ry s ta llite  s iz e s  o f  c e r iu m  o x id es  as a fu n c tio n  o f  c a lc in a tio n  te m p e ra tu re  are  
re p o rte d  in  F ig u re  5. T h e  s in te rin g  o f  CeCF c ry s ta llite s  is p a r tic u la r ly  e v id e n t in the  
te m p e ra tu re  a b o v e  700°c w ith  a n a rro w in g  o f  the  d iffra c tio n  p e a k s , in d ic a tin g  an 
in c rea se  o f  p a r t ic le  d im e n s io n s . T h is  is a lso  in a g re e m e n t w ith  th e  lo ss  o f  su rface  
a rea  o b se rv e d  fo llo w in g  ca lc in a tio n s  at te m p e ra tu re s  h ig h e r  th a n  700°c. T h e  p eak  
sh a rp n e ss  an d  in te n s ity  in c re a se d  w ith  te m p e ra tu re  in d ic a tin g  an  im p ro v e m e n t in 
c ry s ta llin ity  o f  ce ria . F ig . 6  sh o w s th e  X -ray  d iffra c tio n  p a tte rn  o f  th e  c a lc in e d  ce ria  
p o w d e rs  a t 600°c w ith  th e  d iffe re n t h y d ro ly s is  ra tio . In  a d d itio n , it is w o rth  to  n o te  
th a t th e  c ry s ta llin ity  d e c re a sed  w ith  in c rea s in g  h y d ro ly s is  ra tio . A c c o rd in g  to  the  
g e la tio n  p ro c e ss , w h en  th e  h y d ro ly s is  ra tio  w as in c re a se d , th e  g e la tio n  tim e 
d ec rea sed . T h e  in c re a se  in w a te r  a v a ilab le  fo r  h y d ro ly s is  in c re a se d  th e  n u m b er o f  
C e -O H  g ro u p s  p re sen t. T h e  in c rea se  in  th is  g ro u p  a c c e le ra te d  th e  co n d e n sa tio n
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re a c tio n , th u s  d e c re a s in g  th e  g e la tio n  tim e . T h e  h ig h e r  h y d ro ly s is  ra tio  p ro v id ed  less 
tim e  to  a rra n g e  i ts e lf  le ad in g  to  lo w e r c ry sta lliz a tio n .

B E T  su rfa c e  a rea s  o b ta in ed  a f te r  th e rm a l tre a tm e n t u n d e r  a ir  a t in c reas in g  
te m p e ra tu re s  a re  re p o r te d  in  F ig . 7. X R D  m e a su re m e n ts  in d ic a te  th a t th e  lo ss  in 
su rfa c e  a re a  a t h ig h  te m p e ra tu re s  is  d u e  to  an  in c re a se  in  th e  s ize  o f  c ry s ta llite  
d o m a in s  fro m  a v a lu e  o f  6-13 nm , o b se rv e d  a fte r  c a lc in a tio n s  a t 500°c to  32-35 nm , 
o b se rv e d  a f te r  c a lc in a tio n s  at 900 °c (F ig . 5). T h is  is a lso  in  a g re e m e n t w ith  the  loss 
o f  su rface  a rea  o b se rv e d  fo llo w in g  c a lc in a tio n s  at te m p e ra tu re s  h ig h e r  th an  700°c. It 
is a lso  n o ted  th a t th e  sm a lle r  th e  h y d ro ly s is  ra tio , th e  lo w e r  th e  su rfa c e  area . L o n g e r 
g e la tio n  tim es  in c re a se d  th e  c ry s ta llin ity  w h ile  d e c re a s in g  th e  su rfa c e  a rea . T h e  
g en e ra l sh ap e  o f  th e  c u rv e s  is th e  sam e. T h e  B E T  sp e c if ic  su rfa c e  a rea  in c rea se s  w ith  
the  h y d ro ly s is  ra tio  fro m  132 to  170 m 2 g '1 (F ig .7). I t can  be  im p lie d  th a t so l-ge l 
p ro cess  p ro v id e s  a la rg e r  sp ec ific  su rface  a rea  w h ic h  d e c re a se s  w ith  in c reas in g  
c a lc in a tio n s  te m p e ra tu re  an d  d e c re a s in g  h y d ro ly s is  ra tio . F ig u re  8 is an  ex a m p le  o f  
th e se  m e a su re m e n ts  fo r  th e  sy s tem  w ith  th e  h y d ro ly s is  ra tio  h  =  12 an d  ca lc in a tio n  
te m p e ra tu re  o f  900°c. T h e  a d so rp tio n -d e so rp tio n  iso th e rm  o f  th is  sam p le  sh o w ed  no 
s ig n if ic a n t h y s te re s is , an d  th e  p o re  d is tr ib u tio n  w as b ro a d  an d  co m p o se d  o f  
m eso p o re s .

F ig . 9 sh o w  S E M  o b se rv a tio n  re su lts  fo r  C e 0 2  p re p a re d  w ith  d iffe ren t 
h y d ro ly s is  ra tio . T h e  c a lc in e d  p ro d u c ts  o b ta in ed  fro m  c e r ia  g e ls  a t lo w e r h y d ro ly sis  
ra tio  fo rm e d  m o re  p e rfe c t c ry s ta llin e s , as sh o w n  in  F ig . 9, c o m p a re d  v e ry  w ell w ith  
th e  X R D  re su lts . W h en  th e  c a lc in a tio n s  te m p e ra tu re  is ra ised , S E M  m ic ro g rap h s  
(F ig . 10) in d ic a te d  th a t th e  c ry s ta ls  b e g in  to  s in te r  an d  a g g lo m e ra te  to g e th e r  a ffec tin g  
th e  c ry s ta llite  s iz e s  an d  su rface  a reas . F ro m  th e se  re su lts , it c a n  b e  c o n c lu d e d  tha t 
th e  lo w e r  h y d ro ly s is  ra tio  cau se s  th e  b e tte r  m o rp h o lo g y  th a t th e  h ig h e r  h y d ro ly sis  
ra tio  d u e  to  lo w e r  h y d ro ly s is  and  c o n d e n sa tio n  ra tes .

Conclusions
T h e  so l-g e l sy n th e s is  m e th o d  p ro v id es  the  c e r ia  sy s te m  w ith  th e rm a l s tab ility , 

u s in g  in e x p e n s iv e  an d  m o is tu re -s ta b le  c e riu m  g ly c o la te  c o m p le x  as  p recu rso r. T h e  
F T IR  te c h n iq u e  w as fo u n d  to  b e  e ffec tiv e  fo r  s tu d y in g  th e  g e la tio n  o f  ce riu m  
g ly c o la te  p re c u rso r. T h e  h y d ro ly s is  ra tio  a ffe c ted  th e  gel tim e . A n  in c rea se  o f
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h y d ro ly s is  ra tio  le ad s  to  th e  re d u c tio n  o f  gel tim e . H ig h e r  h y d ro ly s is  ra tio  a lso  
re su lte d  in la rg e r  B E T  sp ec ific  su rfa c e  area . W e sh o w  h e re  th a t fo r  m a te ria ls  w ith  a 
v ery  s tro n g  te n d e n c y  to  c ry s ta lliz e . It w as c o n c lu d e d  th a t th e  c u b ic  f lu o rite  s tru c tu re  
w as o n ly  e x is te d  in  sam p le s  fro m  re su lts  by X R D  w ith o u t o th e r  p h ase s . In all o f  the 
sam p le s , th e  c ry s ta llite  s ize  o f  sy n th e s iz e d  CeCE in c re a se d  w ith  in c reas in g  
c a lc in a tio n  te m p e ra tu re . H e a t tre a tm e n t o f  the  re su ltin g  c e r ia  g e ls  at 400°c p ro d u ces  
a h o m o g e n e o u s  c e r ia  h av in g  h ig h  su rface  area.
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Figure 5. (Ksapabutr et al.)
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Figure 7. (Ksapabutr et al.)
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Figure 8. (Ksapabutr et al.)
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Figure 9. (Ksapabutr et al.)
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Figure 10. (Ksapabutr et al.)
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