
CHAPTER II 
LITERATURE REVIEW

2.1 Background of Fuel Cell

Fuel cell, an electrochemical device, converts chemical energy between a 
fuel and an oxidant directly to electrical and thermal energy. In addition, fuel cells 
have the potential to be reliable, inexpensive and environmentally friendly sources of 
energy. Generally, fuel cell operates like a battery. Unlike a battery, it does not run 
down or require recharging. However, it will produce energy in the form of 
electricity and heat as long as fuel, hydrogen, is supplied.

Fuel cell is composed of two electrodes sandwiched around an electrolyte as 
shown in Figure 2.1.

Exhaust

Figure 2.1 The simple diagram of the fuel cell.
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แ 2 fuel is fed into the anode of the fuel cell, whereas O2 from air enters the 
fuel cell through the cathode. The H2 atom splits into a proton and an electron taking 
different paths to the cathode. The protons pass through the electrolyte. The 
membrane is impermeable to the electron and thus the electron travels through the 
external electrical circuit to the cathode. At the cathode the proton, the electron and 
the oxygen atom are reunited to produce a water molecule as shown in equations 1 -3 
below.

Anode reaction : แ 2 —» 2H+ + 2e" (1)
Cathode reaction : Vz O2 + 2H+ + 2e' -» H2O (2)
Overall reaction : แ 2 + Vz O2 —> H20  (3)

Generally, there are six main fuel cell systems that are in various stages of 
development. These fuel cell systems are given in Table 2.1. Polymer electrolyte 
fuel cell (PEFC) technology, as used in electric vehicles operates at low temperatures 
between 50 and 125°c, seems to be the most appropriate for terrestrial transport 
applications. There are many advantages of PEFC which are high efficiency, solid 
non-corrosive electrolyte, low temperature, rapid start-up, high power density, 
insensitive to differential pressure and insensitive to CO2.

Although H2 can be used as a fuel, it is not suitable for transportation as a 
compressed gas or a liquid due to its low boiling point. Consequently, on board- 
conversion of carbonaceous fuel to แ 2 is necessary. CH3OH not only is regarded as 
the most desirable chemical existing as liquid at ambient temperatures but also is 
used for fuel cell-powered vehicles due to its high energy density, ease of transport, 
absence of sulfur contamination, and possibility of conversion at moderate 
temperatures (200-400°C). Steam reforming of CH3OH is a well-established 
technology for แ 2 production. However, a small amount of CO in the reformed fuel 
deteriorates the Pt electrode and the cell performance in the application to PEFC. 
Trace amount of CO in reformed gas must be reduced to less than 10 ppm before 
entering to fuel cell.
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Table 2.1 Main types of fuel cell (Acres e t a l . , 1997)

Fuel cell type Electrolyte Operating 
temperature (°C)

1. Alkaline (AFC) Potassium hydroxide 50-90

2. Proton exchange membrane 

or Polymer electrolyte 

(PEMFC) or (PEFC)

Solid proton 
conducting polymer

50-125

3. Phosphoric acid (PAFC) Orthophosphoric acid 190-210

4. Molten carbonate (MCFC) Lithium/potassium 
carbonate mixture

630-650

5. Solid oxide (SOFC) Stabilized zirconia 900-1000

6 . Direct methanol (DMFC) Sulphuric acid or solid 
polymer

50-120

2.2 Selective CO Oxidation

Selective CO oxidation has been studied by many researchers because of 
its importance in fuel cell applications.

Oh and Sinkevitch (1993) observed activity and selectivity of Ruthenium 
(Ru), Rhodium (Rh) and Platinum (Pt) supported on alumina (AI2O3) catalyst for 
selective CO oxidation in H2 rich stream. They discovered that R11/AI2O3 and 
RI1/AI2O3 gave the best result of CO oxidation with nearly 100% CO conversion at 
temperatures as low as 100°c while Pt/Al203 gave 90% CO conversion at 
temperature 180°c. However, the gas reaction mixtures, which were different from
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N2.
The Cu/Cr/Ba and Cu/Cr/Ba/Si catalysts were studied for the selective CO 

oxidation with a mixed gas of 80%แ2, 2%CO, and 18%air. It was found that the 
Cu/Cr/Ba/Si catalyst appeared to have a higher CO conversion and slightly lower H2 

conversion than Cu/Cr/Ba catalyst of 85% and 67% at 140°c (Cheng, 1996).
Pt supported on zeolite catalysts have higher selectivity than conventional 

PTAI2O3 catalyst. Especially, Pt supported on mordenite showed the highest 
selectivity with high conversion from CO to CO2 at 200°c. The composition of 
gaseous mixture used was l%CO, 500 ppm or 2%02 and แ 2 balance (Igarashi e t a l.,
1997).

Torres Sanchez e t al. (1997) reported that Au/MnOx catalyst was one of the 
best catalysts for removal of CO from แ 2 rich fuel gases. They found that CO 
oxidation over Au/MnOx catalyst reached 100% CO conversion at temperatures 
below 0 °c  while แ 2 oxidation took place only at temperatures above 0°c. However, 
the gas composition used in this work was far away from realistic gas composition 
that was l%CO, 1 % 0 2  and balance with H2.

Kahlich et a l. (1997) studied the kinetics of the selective CO oxidation in 
H2 rich gas on Pt/Al203 with l%CO, 1 %Ü2, 75%H2 and balance with N2 in the gas 
stream. The selectivity was about 40% at maximum CO conversion of 80% in the 
temperature range of 200 to 250°c.

The kinetics of selective CO oxidation was รณdied by using 3.15%Au/a- 
Fe203 catalyst at temperature 80°c in simulated reformed gas. A high selectivity of 
75% was reached at large CO partial pressures but decreased considerably with 
reducing partial pressure of CO (Kahlich et a l., 1999).

Ito e t al. (2000) รณdied the strong rhodium-niobia interaction in niobia- 
supported Rh (Rh/Nb205), niobia-promoted Rh/Si02 (Nb2 0 s-Rh/Si0 2) and 
RhNb04/Si02 catalysts in selective CO oxidation. They found that nobia (NbOx) 
increased the activity and selectivity for selective CO oxidation.

Bethke and Kung (2000) investigated the supported Au catalyst that focused 
on a series of A11/Y-AI2O3 catalyst. They discovered that the presence of Mg citrate

the reformed gas consisted of 900 ppm CO, 800 ppm O2 , 0.85% H2 and balance with
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in the preparation solution had an important effect on the properties of the catalyst. 
In order to obtain the best activity and selectivity, there appeared to be an optimal 
average Au particle size about 5-10 nm. The selectivity of this catalyst of 50% was 
obtained at 100°c with the reactant gas of 48%แ2, 1%C0, 0.5%c>2 and 50.5%He at 
near atmospheric pressure.

Furthermore, three different catalysts, namely Pt/y-Al203, Au/oi-Fe2C>3 and 
CuO-CeC>2 were evaluated and compared for their catalytic performance. Among the 
three catalysts tested, the Au/a-Fe2C>3 sample was the most active while the CuO- 
CeC>2 was the most selective. Regardless of whether CO2 or both CO2 and FI2O were 
presented in the reactant feed, the maximum CO conversion achieved over the Au/a- 
Fe2Û3 sample was 99% with 40% selectivity at 110°c. The CuO-Ce0 2  and Pt/y- 
AI2O3 were reached maximum CO conversion of 99% with 66% and 41% selectivity 
at 200°c, respectively. The effects of the presence of CO2 and H2O in the reactant 
gas were also investigated. The presence of 10% แ20  caused a significant decrease 
on their activity, while the presence of both CO2 and H2O had a beneficial effect on 
the activity of this sample at lower reaction temperatures. (Avgouropoulos e t a l., 
2002).

2.3 Properties of Gold

Gold (Au) is unique among metallic elements. It has high resistance to 
oxidation and corrosion. Au (Z=79) has the atomic configuration [ X e ^ /^ d ’̂ s 1, 
and lies in Group 11 (IB) of the periodic classification of the elements with copper 
(Cu) and silver (Ag). The three metals are often being referred to as the “coinage 
metals” and Au lies between Pt in Group 10 and Fig in Group 12. Common 
oxidation states are 0, 1, and 3. Au exhibits all the expected properties of a metal in 
terms of luster, hardness, ductility (ability to be drawn into wire), malleability 
(ability to be beaten of rolled into sheets), high thermal and electrical conductance, 
having the highest electronegativity especially when compared to selenium (Se), and 
being only slightly more electropositive than sulfur (ร) and iodine (I). The high 
electronegativity of Au gives rise to another unique feature of its chemistry. Au does
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n o t react d ir e c tly  w ith  o th er e le c tr o n e g a tiv e  e le m e n ts  su ch  as su lfu r  an d  o x y g e n , and  
it is  o n ly  d is s o lv e d  in  h y d ro ch lo r ic  ac id  w h e n  a stro n g  o x id iz in g  a g e n t su c h  as nitrate  
io n  is  p resen t (B o n d  and  T h o m p so n , 1 9 9 9 ).

2.4 Catalyst Preparation Method

H e te r o g e n e o u s  ca ta ly s ts  are o fte n  prep ared  b y  w e t  c h e m istr y  m e th o d s  su ch  
as, c o -p r e c ip ita t io n , d ep o sit io n -p r e c ip ita tio n , h yd ro th erm al s y n th e s is  or s o l-g e l  
p r o c e ss  (L iv a g e , 1 9 9 8 ). T h e  ca ta ly tic  p rop erties  are s tr o n g ly  a f fe c te d  b y  e v e r y  step  
o f  p rep ara tion  to g e th er  w ith  the q u a lity  o f  th e  raw  m ater ia ls . T h e  c h o ic e  o f  a  
lab oratory  m e th o d  for p rep arin g  a g iv e n  c a ta ly s t  d e p e n d s  o n  th e  p h y s ic a l and  
c h e m ic a l ch a ra c ter is tic s  d esired  in  the fin a l c o m p o s it io n . It is  e a s i ly  u n d er sto o d  that 
the p rep ara tion  m e th o d s  are a lso  d ep en d en t o n  th e c h o ic e  o f  th e  b a se  m a ter ia ls  and  
e x p e r ie n c e  s h o w s  that sev era l w a y s  o f  p rep aration  can  b e  c o n s id e r e d , e v e n  for a 
g iv e n  s e le c t io n  o f  th e  b a se  m ateria l (P e r e g o  and V illa , 1 9 9 7 ). D e p o s it io n -  
p rec ip ita tio n  and  im p reg n a tio n  o n  s o l-g e l  m eth o d s  are co n cen tra ted  in  th is  w ork .

2 .4 .1  D e p o s itio n -p r e c ip ita tio n  M eth o d  (D P )
T h is  p roced u re  is , in  p r in c ip le , s im ila r  to  th e  c o -p r e c ip ita t io n  m eth o d . 

T h e p r e c ip ita tio n  o f  a m eta l h y d r o x id e  or carb on ate  is  fo rm ed  o n  th e  p a rtic le s  o f  a 
p o w d e r  su p p ort th ro u gh  the rea c tio n  o f  a b a se  w ith  th e A u  p recu rsor. T h e m ain  
c h a lle n g e  is  to  b rin g  ab ou t the p rec ip ita tio n  o f  th e  m eta l h y d r o x id e  p a rtic le s  in sid e  
th e  p o res o f  th e  su p port. T h erefore , th e  n u c lé a t io n  and g ro w th  o n  th e  su p port su rfa ce  
w ill resu lt in  a u n ifo rm  d istr ib u tio n  o f  sm a ll p a r tic le s  o n  th e  su p port. O n  the  
con trary , rap id  n u c lé a tio n  and gro w th  in  b u lk  s o lu t io n  w il l  lea d  to  la rge  cr y sta llite s  
and  in h o m o g e n e o u s  d istr ib u tio n , s in c e  th e  la st p a r tic le s  w ill  b e  u n a b le  to  en ter in to  
th e  p o res , b u t w ill  d e p o s it  o n ly  o n  th e  ex tern a l su rfa ce . In ord er to  ob ta in  the b est  
resu lts , an e f f ic ie n t  m ix in g  m eth o d  sh o u ld  b e u se d  to g e th e r  w ith  a  s lo w  a d d itio n  o f  
th e  a lk a li so lu t io n  to  a v o id  the b u ild  up o f  lo c a l co n cen tra tio n . It h a s b e e n  fou n d  that 
th e  b est b a se  is  urea, w h ic h  is  u su a lly  ad d ed  at ro o m  tem p era tu re, b y  ra is in g  the  
tem p era tu re to  90°c, urea is  s lo w ly  h y d r o ly z e d  to  g en era te  a m m o n iu m  h y d ro x id e  

h o m o g e n e o u s ly  th ro u gh  th e so lu tio n . T h e pH  o f  th e  s o lu t io n  rem a in ed  p ractica lly
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co n sta n t an d  th e rate o f  p rec ip ita tio n  b e in g  h ig h e r  th an  that o f  h y d r o ly s is . T h e  b est  
resu lt in  term s o f  h o m o g e n e o u s  d istr ib u tio n  w a s  a lso  o b ta in e d  w h e n  an  in teraction  
b e tw e e n  th e  su p p ort and  the a c t iv e  p recu rsor to o k  p la c e  (P in n a , 1 9 9 8 ).

A u  sh o w e d  a u n iq u e ca ta ly tic  nature and  a c tio n  w h e n  it w a s  d ep o s ite d  
as n a n o p a rtic le s  o n  v a riety  o f  m eta l o x id e s . M o st  r ea c tio n s  w e r e  n o t ic e a b ly  structure  
se n s it iv e  o v e r  su ch  su p p orted  A u  ca ta ly s ts . D e p o s it io n -p r e c ip ita tio n  w a s  e f fe c t iv e  to  
d e p o s it  A u  w ith  h ig h  d isp ers io n  o n  T iC b. T h is  m e th o d  w a s  a p p lic a b le  to  an y  form s  
o f  su p p ort in c lu d in g  b ea d s , h o n e y c o m b s , and  th in  f ilm s . A n  im p o rtan t req u irem en t 
w a s th e su p p o rt m a ter ia ls  sh o u ld  h a v e  h ig h  su rfa ce  areas, p re fera b ly  h ig h e r  than  5 0  
m 2/g . S in c e  g o ld  h y d r o x id e  c o u ld  n ot b e  d e p o s ite d  at lo w  p H , th is  m eth o d  w a s  
u s e le s s  for  m eta l o x id e s  h a v in g  lo w  p o in t  o f  zero  ch a rg e , for  e x a m p le , S iC b -A b C b  
su p p ort (H aru ta, 19 9 7 c).

G o ld  h y d ro x id e  p rec ip ita te s  w ith  h ig h  h o m o g e n e o u s  d isp e r s io n  on  
TiC>2, m o st  p rob a b ly  o n  sp e c if ic  su rfa ce  s ite s , in  th e  p H  ran g e  6  to  10. T h e  
c a lc in a tio n  o f  TiC>2 w ith  A u (O H )3 in  a red u c in g  g a s  a tm o sp h ere , su ch  as H 2 and  C O  
led  to sm a lle r  A u  p artic le s  than in  air. A n  in crea se  in  c a lc in a t io n  tem p era tu re not 
o n ly  c a u se d  p a rtic le  c o a g u la tio n  but a lso  b rou gh t ab o u t stro n ger  in tera ctio n  w ith  the  
T i0 2  su p p o rt (T su b o ta  e t a l ,  1 9 9 5 ).

T h e  ca ta ly tic  a c tiv ity  o f  su p p o rted  A u  c a ta ly s ts  h as b e e n  in v e stig a te d  
b y  H aru ta e t a l. (1 9 9 6 ) ,  a c t iv ity  o f  A u /T i0 2 , s tr o n g ly  d e p e n d e d  o n  th e  p H  o f  a 
starting so lu t io n , m eta l lo a d in g , th e  ad d itio n  o f  M g  citrate  and  c a lc in a tio n  
atm o sp h ere . T h e  u n iq u e ro le  o f  M g  citrate m ig h t b e , f ir s tly , to  p rev en t co a g u la tio n  
d u rin g  c a lc in a t io n  d u e  to b lo c k a g e  b y  citrate  a n io n s  s t ic k in g  o n  TiC >2 su rfa ce . T h e  
se c o n d  ro le  can  b e a ssu m ed  to  su p p ress  earth q u ak e e f fe c t  c a u se d  b y  c r y s ta lliz a tio n  o f  
T i(O H )4 to  TiC>2 b e c a u se  M g 2+ io n  w a s  fo u n d  to  retard th e  c r y s ta lliz a tio n  o f  
a m o rp h o u s TiC>2, and f in a lly , it ca n  red u ce  the p a rtic le  s iz e  o f  A u  for  p rep aration  o f  
A u /T iC b  (S ak u ra i and H aruta, 1 9 9 6 ).

2 .4 .2  Im p regn atio n  o n  S o l - g e l  M eth o d  (IS G )
S u pp ort p repared  b y  s o l - g e l  m eth o d  h a s se v e r a l p r o m is in g  ad v a n ta g es  

o v e r  p r e c ip ita tio n  m eth o d . In g en era l, s o l -g e l  s y n th e s is  o ffe r s  b etter  con tro l ov er
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su rfa ce  area , p ore  v o lu m e , and p ore  s iz e  d istr ib u tion . M o r e o v e r , s o l - g e l  m eth o d  

a llo w s  th e  fo rm u la tio n  o f  q u ite  a n u m b er o f  g e l w ith  h ig h  u n ifo r m ity  and  sta b ility  
(P e r e g o  an d  V illa , 1 9 9 7 ).

K o  (1 9 9 4 )  fou n d  that th e  s in g le  m o st  im p ortan t ch a ra cter istic  o f  s o l -  
g e l p rep ara tion  o f  c a ta ly t ic  m ater ia ls  is  its  e a se  o f  co n tro l that re fers  to  th e  fo llo w in g  
a d v an ta ges: ( i)  th e  ab ility  to  m a in ta in  h ig h  p u rity  b e c a u se  o f  p u rity  o f  starting  
m ateria ls; ( ii)  th e  a b ility  o f  c h a n g e  p h y s ic a l ch ara c ter is tic s  su c h  a s  p ore s iz e  
d istr ib u tio n  and  p ore v o lu m e ; ( iii)  th e  a b ility  to  vary  c o m p o s it io n a l h o m o g e n e ity  at a 
m o le c u la r  le v e l;  ( iv )  th e  a b ility  to  p repare sa m p le s  at lo w  tem p era tu res; (v )  the  
a b ility  to  in trod u ce  sev era l c o m p o n e n ts  in  a s in g le  step; and  (v i)  th e  a b ility  to  
p ro d u ce  sa m p le s  in  d ifferen t p h y s ic a l form s.

T h e  s o l - g e l  p ro c e ss  in v o lv e s  first fo rm a tio n  o f  a  so l fo l lo w e d  b y  that 

a  g e l. T h e  h y d r o ly s is  and  partial c o n d e n sa t io n  o f  a  p recu rsor  ca n  o b ta in  a so l, w h ic h  
is  a liq u id  su sp e n s io n  o f  so lid  p a rtic le s  ran g in g  in  s iz e  from  1 n m  to  1 p m . T h e  

further c o n d e n sa t io n  o f  so l p artic le s  in to  a th r e e -d im e n s io n a l n e tw o rk  p ro d u ces  a g e l. 
S o l-g e l ch e m istr y  w ith  m eta l a lk o x id e s  can  b e  d e sc r ib e d  in  term  o f  tw o  c la s se s  o f  
reac tio n s.

H y d r o ly s is :  M -O R  +  H 2O ---------- >  -M -O H  +  R O H
C o n d e n sa tio n : M -O H  +  X O - M - --------- ►  -M -O -M - +  X O H

w here:
M  =  m eta l co rr esp o n d in g  to th e  a lk o x id e  
X  =  H  or R  (an  a lk y l grou p )

T h e  re la tiv e  rates o f  h y d r o ly s is  and  c o n d e n sa t io n  d eterm in e  th e ex ten t  
o f  b ra n ch in g  o f  the in o rg a n ic  p o ly m e r  and c o llo id a l a g g r e g a tio n  in  th e  g e la tio n  
m ix tu re . T h e se  r e la tiv e  rates are fu n c tio n s  o f  m a n y  p ara m eters, su c h  as tem peratu re, 
pH  and c o n cen tra tio n  o f  the m eta l io n  p recu rsors. In a d d itio n , d r y in g  and  c a lc in a tio n  
c o n d it io n s  a lso  a ffe c t  th e  ex ten t o f  b ran ch in g  and  c r o ss - lin k in g , and  th e  p rop erties  o f  
the f in a l o x id e  (K u n g  and  K o , 1 9 9 6 ).

F in a lly , th is  p roced u re  req u ires that th e  su p p ort is  c o n ta c ted  w ith  a 
certa in  am o u n t o f  so lu t io n  o f  m eta l p recu rsor, th en  it is  d r ied  and  ca lc in e d . T h e
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v o lu m e  o f  th e  so lu tio n  co n ta in in g  the p recu rsor d o e s  n o t e x c e e d  th e p ore v o lu m e  o f  
th e  su p port. In th e  s im p le s t  w a y , th e  im p reg n a tio n  so lu tio n  is  sp rayed  on  the  
su p port, w h ic h  is  m a in ta in ed  under stirring and h a s b e e n  p r e v io u s ly  ev a cu a ted . In 
p rin c ip le  th is  m eth o d  appears to  b e  s im p le , e c o n o m ic a l (e sp e c ia lly  w h e n  u sin g  
so lu t io n s  o f  c o s t ly  a c tiv e  co m p o n e n ts )  and ab le  to  g iv e  a rep rod u cib le  m eta l lo a d in g  
w h ic h  is  lim ite d  b y  th e so lu b ility  o f  th e  m eta l p recu rsor (P in n a , 1 9 9 8 ). Furtherm ore, 
th is  m eth o d  is  to  d e p o s it  A u  p artic les  on  a p refo rm ed  support b y  so a k in g  th e  support 
in a s o lu t io n  o f  g o ld  sa lt, fo llo w e d  b y  d ry in g  and c a lc in a tio n . T h is  m a y  b e d on e  
e ith er  b y  ju s t  f ill in g  th e  p ores o f  th e  su p p ort w ith  the so lu tio n  or b y su sp en d in g  the  
su p port in  a larger v o lu m e  o f  so lu tio n , from  w h ic h  th e so lv e n t  is  th en  rem ov ed .

Im p regn ation  is  th e  s im p le s t  c la ss ic a l m eth o d  to  m ak e su p p orted  A u  
ca ta ly sts . T h e g en era lly  u sed  sa lt is  e ith er  ch lo roau ric  ac id  or h yd rogen  
tetrach loroau rate . Im p regn ation  u su a lly  lea d s  to th e  fo rm atio n  o f  so m e w h a t large A u  
p a rtic le s, d u e to the n eed  to ap p ly  c a lc in a tio n  or red u ction  in  order to a c h ie v e  the  
m e ta llic  sta te , and to th e  lo w  m e lt in g  p o in t o f  A u  (1 3 3 7  K ) w h ic h  a l lo w s  a to m ic  
m o b ility  at q u ite  lo w  tem p eratu res (B o n d  and T h o m p so n , 1 9 9 9 ).
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