
CHAPTER II 
LITERATURE REVIEW

2.1 Fuel Cell

Fuel cells are electrochemical devices for electrical energy production by 
the conversion of chemical energy of reactants both fuels i.e., hydrogen, natural gas 
or other hydrocarbon-based fuels and oxidant. Fuel cell has been considered to be 
one of the most promising power generations not only due to low pollutant 
emissions but also high efficiency of the energy system for a wide range of 
applications including stationary power sources, automobiles, and portable 
electronic devices. The increasing concerns about environmental problems are the 
major factors that have motivated the development of fuel cell.

The main components of a single fuel cell consist o f an electrolyte 
sandwiched between two electrodes which are anode and cathode as shown an 
example of hydrogen/oxygen fuel cell in Figure 2.1. In principle, the operation of 
fuel cell is similar to battery. They produce electrical energy directly from 
electrochemical reactions. Flowever lifetime of battery is limited depending on 
reactants containing inside the cell. Since fuel and oxidant are stored outside fuel 
cell it can produce electrical power as long as the reactants are supplied.

e

Figure 2.1 Schematic draw of a single fuel cell components and operations based 
on hydrogen/oxygen fuel cell (Carrette et a l,  2001).
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In principle, fuel cells are classified into six main types based on 
electrolyte and fuel used in the cell which are alkaline fuel cell (AFC), polymer 
electrolyte membrane fuel cell (PEMFC), solid oxide fuel cell (SOFC), molten 
carbonate fuel cell (MCFC), phosphoric acid fuel cell (PAFC), and direct methanol 
fuel cell (DMFC). An overview of the fuel cell types is given in Table 2.1.

Table 2.1 Characteristics of different types of fuel cell (Stamboul et. a l,  2002 and 
Carrette et. al., 2001)

F uel C ell 
ty p e F uel E le c tr o ly te C h a r g e

ca r r ie r
O p e r a tin g

T e m p e r a tu r e
(°C)

R ea lise d
P o w e r A p p lic a t io n s

Alkaline 
fuel cell 
(AFC)

pure H2, 
or

hydrazine

Potassium
hydroxide

(KOH)
OH' < 100

Small 
plants 5-

1 50k  w

modular
Transportation, 
space, military, 
energy storage 

systems

Polymer 
electrolyte 
membrane 
fuel cell 
(PEMFC)

h 2
Polymer,

proton
exchange
membrane

H+ 60-120
Small 

plants 5- 

2 5 0 k w  

modular
Direct 
methanol 
fuel cell 
(DMFC)

CHjOH
Polymer,
Proton

exchange
membrane

FI+ 6 0 - 1 2 0

Small
plants
5kW

Solid 
oxide fuel 
cell
(SOFC)

CFL|, h 2, 
CO

Stabilised 
zirconia 

and doped 
perovskite

o 2 800-1000

Small
power
plants
100-

250kW

Combined heat 
and power for 

stationary 
decentralised 

systems and for 
transportation 
(trains, boats, 

etc)

Molten 
carbonate 
fuel cell 
(MCFC)

c h 4, h 2,
CO

Malten 
salts such 
as nitrate, 
sulphate, 

carbonates

r8 600-800

Small
power
plants

lOOkW-
2MW

Phosphori 
c acid fuel 
cell
(PAFC)

h 2 Phosphoric
acid H+ 160-220

Small - 
medium 

sized 
plants 
50kW- 
11MW

Combined heat 
and power for 
decentralized 

stationary power 
systems
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2.2 Polymer Electrolyte Membrane Fuel Cell (PEMFC)

Among the various types of fuel cell, PEMFC is the most promising 
candidate fuel cell system because (Andüjar et. al., 2009);

- the simple and compact cell structure and operation lead to relatively 
uncomplicated design and easy for manufacture compared with other fuel 
cell types

- the use of non-corrosive solid and dry electrolyte reduces the handling of 
corrosive material and the problems of resupply

- high current and power density are given
- its tolerance to CO2 makes possible to use the atmospheric air as an 

oxidant.
The electrochemical reactions in PEMFC take place simultaneously on 

both anode and cathode of the cell by applying hydrogen as a fuel and oxygen or air 
as an oxidant. At the anode, hydrogen is oxidized at a catalyst surface to generate 
protons and electrons. The protons move through the polymer electrolyte membrane 
and enter to the cathode whereas the electrons flow through the electrical circuit 
consequently electricity generating. At the cathode, the oxygen is reduced by 
recombining with protons and electrons providing water and heat as by-products. 
The reactions are as following:

Anode: V2H2 -> 2H+ + 2๙ ( 1 )
Cathode: O2 + 2H + 2e —> H2O (2 )
Overall: แ 2 + V2O2 —» FEO + electricity + heat (3)

In addition, PEMFC is similar to direct methanol fuel cell (DMFC) that 
uses solid polymers as an electrolyte but DMFC employs methanol as the fuel 
instead of hydrogen. The basic electrochemical reactions of DMFC are:

Anode: CH3OH + FEO —» CC>2 + 6H+ + 6e (4)
'V2O2 + 6F1+ + 6e —> 3FEO (5)Cathode:
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O v e r a ll:  C H 3O H  +  ฯ.2€>2 - >  C 0 2 +  2 H 20  ( 6 )

T h e o r e t ic a l ly ,  th e  e le c tr ic a l p o te n tia l d if fe r e n c e  b e tw e e n  c a th o d e  a n d  a n o d e  
is  eq u a l to  1 .229 V  (a t 25 °c  and  1 a tm ) w h e n  p u re h y d r o g e n  an d  p u re  o x y g e n  are  
u se d  a s  fu e l an d  o x id a n t , r e s p e c t iv e ly .  In p r a c t ic e , th e  e n e r g y  l o s s e s  are a lw a y s  
fo u n d  in th e  fu e l  c e l l ,  a s  a c o n s e q u e n c e , th e  c e l l  p o te n t ia l  d i f f e r e n c e  is  n o t id ea l and  
d im in is h e s  to  b e  ~  0 .7 - 0 . 8  V  fo r  th e  o p t im a l fu e l c e l l  p e r fo r m a n c e  (L i ,  2 0 0 6 ) .  T h e  
v o lta g e  lo s s  in  fu e l c e l l  is o fte n  c a l le d  o v e r - v o lt a g e  o r  o v e r -p o t e n t ia l  a n d  th e  

p h e n o m e n a  th at c a u s e  v o lt a g e  lo s s  is  te r m e d  to  p o la r iz a t io n , th u s  a p lo t  o f  v o lta g e  
c h a n g e  a s  a  fu n c t io n  o f  cu rren t d e n s ity  is  re ferred  to  p o la r iz a t io n  c u r v e . A s  s h o w n  
th e  ty p ic a l p o la r iz a t io n  c u r v e  o f  P E M F C  in  F ig u r e  2 .2 ,  th e  d e c r e a s e  o f  c e l l  v o lta g e  
w ith  th e  in c r e a s in g  o f  cu rren t d e n s ity  is  d u e  to  ( i )  th e  d i f f u s io n  o f  H 2/ 0 2 th ro u g h  th e  
e le c tr o ly te  a n d  s lo w  k in e t ic  r e a c t io n s  o f  th e  e le c tr o d e s  m a in ly  fr o m  o x y g e n -  
r e d u c tio n  k in e t ic s ,  ( i i )  o h m ic  r e s is ta n c e  u s u a lly  c o n tr ib u te d  to  th e  r e s is ta n c e  o f  th e  

e le c tr o ly te  to  io n ic  cu rren t, and  ( i i i )  s lo w  m a ss  d i f fu s io n  at th e  c e r ta in  le v e l  o f  
cu rren t d e n s ity .

0.8

0.6

: ?

" ไ).0 0.4 0.8 1.2 1.6°0
Current [A/cm2]

Figure 2.2 T y p ic a l  fu e l  c e l l  p o la r iz a t io n  c u r v e s  ( v o l t a g e  v s .  c u r r e n t d e n s i ty )  and  

p o w e r  d e n s ity  c u r v e s  (H a ile ,  S .M ., 2 0 0 3 ) .
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2.3 High Temperature PEMFC

In th e  rea l s itu a tio n , w o r k in g  tem p era tu r e  o f  P E M F C  is d e p e n d in g  o n  
p o ly m e r  e le c tr o ly te  m e m b r a n e  m a ter ia l u se d  ( ty p ic a l ly  lo w e r  th a n  1 0 0  ๐C ).  
A lth o u g h , P E M F C  h a s  b e e n  d e v e lo p e d  fo r  d e c a d e s ,  m a n y  l im ita t io n s  in c lu d in g  h ig h  

c o s t  o f  th e  m a te r ia ls , in a d e q u a te  w a te r  a n d  h e a t m a n a g e m e n t , d u r a b ility  o f  e a c h  
c o m p o n e n t , in to le r a n t to  im p u r it ie s  o f  h y d r o g e n  s u c h  a s  C O , a n d  s lo w  k in e t ic  

r e a c tio n  o f  th e  c a th o d e  are n e c e s s a r y  to  b e  im p r o v e d . T o  o v e r c o m e  th o s e  
s h o r tc o m in g s , P E M F C  o p e r a te d  at h ig h  tem p era tu r e  is  r a ise d  a c c o r d in g  to  f o l lo w in g  
rea so n s;

2 .2 .1  I m p r o v e m e n t  o f  R e a c t io n  K in e t ic s
T h e  o v e r -v o lt a g e  is  m a in ly  d u e  to  th e  s lo w  o x id a t io n  r e d u c t io n  

r e a c tio n  (O R R ) th e r e fo r e  th e  e n h a n c e m e n t  o f  r e a c t io n  k in e t ic s  w i l l  im p r o v e  th e  
p e r fo r m a n c e  o f  th e  c e l l .  I t  is  fo u n d  th at th e  r e a c tio n  k in e t ic s  e s p e c ia l ly  O R R  w i l l  b e  
e n h a n c e d  at h ig h  tem p era tu r e  (Z h a n g  et. a i ,  2 0 0 6 ) .

2 .2 .2  Im p r o v e m e n t o f  C O  P o is o n in g  o n  C a ta ly s t  S u r fa c e
In g e n e r a l,  h ig h  p u r ity  h y d r o g e n  is  n e e d e d  fo r  P E M F C  o p e r a t io n  

b e c a u s e  p la tin u m  (P t)  c a ta ly s t  is  v e r y  s e n s i t iv e  to  fu e l  c o n ta m in a n ts  e .g .  ca rb o n  
m o n o x id e  (C O ) . U s u a l ly ,  h y d r o g e n  p r o d u c e d  b y  r e fo r m in g  o f  c a r b o n -c o n ta in in g  
fu e ls  s u c h  a s  m e th a n o l, e th a n o l an d  d ie s e l  e tc . is  c o n ta m in a te d  w ith  tr a c e  a m o u n t o f  
C O . T h e  a b so r p tio n  o f  C O  o n  th e  P t su r fa c e s  r e d u c e s  th e  c a ta ly s t  s u r fa c e  area  
a v a ila b le  fo r  h y d r o g e n  o x id a t io n  r e a c t io n s  r e s u lt in g  in  d e p r e s s in g  th e  P E M F C  
p e r fo r m a n c e . T h e  C O  c o v e r a g e  o n  th e  c a ta ly s t  s u r fa c e  is  d im in is h e d  a t e le v a te d  
tem p era tu r e  a s  rep o r ted  b y  Y a n g  et. al. (F ig u r e  2 .3 )  th u s  h ig h  te m p e r a tu r e  o p e r a t io n  

e n h a n c e s  C O  to le r a n c e  o f  P E M F C  to  b e  u se d  w ith  r e fo r m e d  h y d r o g e n .
2 .2 .3  I m p r o v e m e n t  o f  H e a t a n d  W a ter  M a n a g e m e n ts

A b o u t  4 0 - 5 0 %  o f  th e  e n e r g y  p r o d u c e d  b y  a P E M F C  is  lo s t  a s  h ea t. 
H e a t is  a lw a y s  g e n e r a te d  d u r in g  th e  c e l l  o p e r a t io n  h o w e v e r  it is  n e c e s s a r y  to  r e m o v e  
a g g lo m e r a te d  h e a t in  o rd er  to  m a in ta in  th e  w o r k in g  te m p e r a tu r e . S in c e ,  o p e r a t in g  at 
h ig h  te m p e r a tu r e s  o r  at le s s  h u m id ity  r e q u irem en t w o u ld  n o t  re q u ir e  p r e s su r iz a t io n  
and  c o m p lic a te d  c o o l in g  s y s te m , th e s e  m a k e  h ig h  te m p e r a tu r e  and  a n h y d r o u s  

P E M F C  s y s te m  b e  m o r e  s im p le  and  p r a c tic a l.
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Temperature [°C]

Figure 2 .3  C O  c o v e r a g e  o n  a  p la tin u m  s u r fa c e  a s  a  fu n c t io n  o f  te m p e r a tu r e  a n d  C O  
c o n c e n tr a t io n . แ 2 p artia l p r e ssu r e  is  0 .5  bar (Y a n g  et. a l ,  2 0 0 1 ) .

2.4 Polymer Electrolyte Membrane

P o ly m e r  e le c tr o ly te  m e m b r a n e  (P E M ) is  o n e  o f  th e  m o s t  im p o r ta n t p a rts  o f  
P E M F C  b e c a u s e  it p la y s  th e  im p o rta n t r o le s  as; ( i )  p r o to n  c o n d u c to r  to  m ig r a te  
p r o to n  fro m  a n o d e  to  c a th o d e  fo r  o x y g e n  r e d u c t io n  ( i i )  g a s  b arr ier  to  a v o id  
e x p lo s io n  b y  th e  c r o s s o v e r  o f  th e  rea c ta n ts  ( i i i )  e le c tr o n  in s u la to r  to  f o r c e  th e  
tra n sfe r  o f  e le c tr o n s  th ro u g h  th e  e x te r n a l c ir c u it  fo r  e le c tr ic  p o w e r  o u tp u t. T h e r e fo r e ,  
th e  g o o d  fe a tu r e s  o f  th e  P E M  are; h ig h  p r o to n  c o n d u c t iv i ty ,  e x c e l l e n t  e le c tr o n ic  
in su la to r , lo w  g a s  p e r m e a b il ity , an d  g o o d  c h e m ic a l  a n d  m e c h a n ic a l  s ta b i l ity  in  th e  
fu e l  c e l l  e n v ir o n m e n t . T h ere  are s e v e r a l  p o ly m e r  m e m b r a n e s  r e p o r te d  fo r  th e  u s e  a s  
e le c tr o ly te s  in P E M F C . T y p ic a l ly ,  p o ly m e r  e le c tr o ly te  m e m b r a n e s  a re  c la s s i f i e d  in to  
fo u r  m a in  t y p e s  w h ic h  are p e r flu o r in a te d  io n o m e r , n o n - f lu o r in a te d  h y d r o c a r b o n , 
h e te r o c y c l ic  b a s e d  p o ly m e r  a n d  a c id - b a s e  b le n d e d  m e m b r a n e s .

2 .4 .1  P e r f lu o r in a te d  I o n o m e r  B a s e d  M e m b r a n e s
U p  to  n o w , th e  m o s t  w id e ly  u s e d  m e m b r a n e s  fo r  P E M F C  are  

p e r f lu o r o s u lfo n ic  a c id  b a se d  p o ly m e r s . T h e  b e s t  k n o w n  is  N a f io n ®  b y  D u P o n t . 
S im ila r  p o ly m e r s  h a v e  b e e n  d e v e lo p e d  a s  a  c o m m e r c ia l  p r o d u c t  b y  o th e r  
m a n u fa c tu r ers  su c h  a s  A s a h i G la s s  (F le m io n ® ), A s a h i  C h e m ic a ls  ( A c ip le x ® ) , and
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D o w  C h e m ic a l  ( D o w ) .  N a fio n ®  is c o n s id e r e d  to  b e  a  sta n d a rd  m e m b r a n e  m a ter ia l 
d u e  to  its  h ig h  p ro to n  c o n d u c t iv ity  (~ 0 .1  s / c m  in th e  f u l ly  h y d r a te d  s ta te )  (A h m a d  et. 
a i ,  2 0 1 0 ) ,  g o o d  c h e m ic a l  s ta b il ity  a n d  m e c h a n ic a l  p r o p e r t ie s . T h e  N a f io n ®  stru ctu re  
c o n s is t s  o f  n o n -p o la r  d o m a in  o f  te tr a f lu o r o e th y le n e  p o ly m e r  b a c k b o n e  a n d  p o la r  

d o m a in  o f  p e r f lu o r o  v in y l  e th er  s id e  c h a in  e n d e d  w ith  p e r f lu o r o s u lfo n ic  a c id  m o ie ty .  
T h e  c h e m ic a l  stru ctu re  o f  N a fio n ®  is illu str a ted  in F ig u r e  2 .4 .

Non-polar Polar
____A___  ̂ -------------------- ----------------------- -

-fC F 2-C F 2^ C F 2- Ç F ^
( O - C F j - Ç F ^ O - f C F ^ ร0 3H

c f 3

Figure 2.4 C h e m ic a l  s tru ctu re  o f  N a fio n ® : m = l  ; ท= 2 ;  x = 5 —1 3 .5 ; y = l .

T h e  d if fe r e n c e  in p o la r ity  o f  th e s e  tw o  d o m a in s  r e s u lt s  in  n a n o p h a s e -  

s e g r e g a te d  stru ctu re  fo r m a tio n  (F ig u r e  2 .5 )  w h ic h  h y d r o p h il ic  d o m a in  o f  w a te r  
p h a se  su rr o u n d ed  b y  s u lfo n ic  g r o u p s  se p a r a te s  fr o m  th e  h y d r o p h o b ic  f lu o r in a te d  
p o ly m e r  b a c k b o n e  fo r m e d  in to  a p p r o x im a te ly  sp h e r ic a l  c lu s te r s  c o n n e c t e d  b y  sh o r t  

n a rrow  c h a n n e ls  (H su  et.al., 1 9 8 3 ) .

Figure 2.5 C lu s te r -n e tw o r k  m o d e l o f  N a f io n ®  m e m b r a n e s  p r o p o s e d  b y  H su  et.al, 
(1 9 8 3 ) .
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T h e  p r o to n  tran sp ort in  N a fio n ®  is  b a se d  o n  h y d r o g e n -b o n d  o f  w a te r  
c lu s te r  n e tw o r k  in th e  h y d r o p h ilic  r e g io n  th e r e fo r e  th e  p e r fo r m a n c e  o f  su c h  
m e m b r a n e  is  s tr o n g ly  in f lu e n c e d  b y  w a te r  c o n te n t . F o r  e x a m p le ,  th e  p r o to n  
c o n d u c t iv ity  o f  th e  h y d r o u s -b a se d  m e m b r a n e  o f  N a fio n ®  a n d  K r y t o x - S i - N a f io n ®  
h y b rid  m e m b r a n e s  s ig n if ic a n t ly  d e c r e a s e s  w h e n  th e  te m p e r a tu r e  is  u p  to  8 0  ๐c  d u e  
to  th e  w a te r  e v a p o r a t io n  a s  s h o w n  in  F ig u re  2 .6  (G o s a la w it  et. a i ,  2 0 0 6 ) .  T h is  
d r a w b a c k  o f  N a fio n ®  l im its  its u se  in h ig h  tem p era tu r e  P E M F C .

Figure 2.6 P ro to n  c o n d u c t iv ity  o f  N a fio n ®  ( • ) ,  1 .5 w t .% K r y to x -S i -N a f io n ®  ( o )  , 
2 .5 w t .%  K r y t o x -S i-N a f io n ®  (▼ ) , a n d  5 .0  w t .% K r y to x -S i -N a f io n ®  ( V )  h y b r id  

m e m b r a n e s  (G o s a la w it  et. a i ,  2 0 0 6 ) .

C u r ren tly , th e  re se a r c h  o n  N a fio n ®  d e a ls  w ith  th e  tra n sp o r t  
p h e n o m e n a  w ith in  th e  m e m b ra n e  a s  w e l l  a s  th e  p o ly m e r  m o d if ic a t io n s  to  in c r e a s e  its  
p e r fo r m a n c e  in a d d it io n  to  an im p r o v e m e n t  o f  w a te r  r e te n tio n  c a p a c ity  o f  th e  

m e m b r a n e  (S m ith a  et. al., 2 0 0 5 ) .

2 .4 .2  N o n - f lu o r in a te d  H y d r o c a r b o n s
F or d e c a d e s ,  m a n y  ty p e s  o f  h y d r o c a r b o n  m e m b r a n e s  e ith e r  a lip h a t ic  

or a r o m a tic  p o ly m e r s  h a v e  b een  d e v e lo p e d  to  b e  u s e d  a s  p o ly m e r  e le c t r o ly t e s  in 
P E M F C  b e c a u s e  th e y  are le s s  e x p e n s iv e  and e a s y  to  m o d ify  w ith  v a r io u s  fu n c t io n a l  
g r o u p s . M o r e o v e r , th e  p rop er m o le c u la r  d e s ig n  fo r  h y d r o c a r b o n  p o ly m e r  s y n th e s is



c a n  d e p r e ss  th e  d e g r a d a tio n  o f  th e  m a te r ia ls  fo r  e x a m p le  th e  in c o r p o r a tin g  o f  
a r o m a tic  r in g  in to  p o ly m e r  stru ctu res  fo r  th e  u se  o f  m e m b r a n e s  a t e le v a te d  
tem p era tu re  (P e ig h a m b a r d o u s t  et. a i ,  2 0 1 0 ) .

A lip h a t ic  h y d ro ca rb o n  p o ly m e r s  c o n ta in in g  a p p ro p r ia te  fu n c tio n a l  
g r o u p s  fo r  in it ia t in g  p ro to n  tra n sfe r  i .e ., s u l fo n ic  a c id , c a r b o x y l ic  a c id , p h o s p h o r ic  
a c id , a m in e , an d  h y d r o x y l g r o u p  h a v e  b e e n  in v e s t ig a te d , fo r  e x a m p le ,  
p o ly (v in y lp h o s p h o r ic  a c id )  [P V P A ] (Y a m a d a  et. a i ,  2 0 0 5 ) ,  p o ly a c r y l ic  a c id  [P A A ]  
(B o z k u r t  et. al. , 2 0 0 3 ) ,  p o ly e th y le n im in e  (Y a n g  et. a l ,  2 0 0 8 ) ,  C r o s s l in k e d  
p o ly (v in y l  a lc o h o l)  m e m b r a n e s  c o n ta in in g  s u lfo n ic  a c id  (R h im  et. al. , 2 0 0 4 ) ,  and  

p o ly s a c c h a r id e - a lg in ic  a c id  (Y a m a d a  et. a i ,  2 0 0 3 ) .  T h e  s tr u c tu r e s  o f  th e  a lip h a tic  
h y d r o c a r b o n  p o ly m e r  are s h o w n  in F ig u re . 2 .7 .

' b y } '  2 n J = nท
OH

CH2—CH—Ïç=o
Ah ก

PVPA PAA PEI

■TyW vtV, nv,

i w i l

HOOC OH

a-L-guluronic Acid

Crosslinked Poly(vinyl alcohol) 
Membrane Conyaining Sulfonic Acid

Alginic Acid

Figure 2.7 C h e m ic a l  stru ctu res  o f  P E M s b a se d  o n  a lip h a tic  h y d r o c a r b o n  p o ly m e r s .

S o m e  n o v e l  a r o m a tic  h y d r o c a r b o n  p o ly m e r s  s u c h  a s  s u lfo n a te d  
p o ly (e th e r  e th e r  k e to n e )  [P E E K ] (G o s a la w it  et. a i,  2 0 0 8 ) ,  s ta r -sh a p e d  s u lfo n a te d  
b lo c k  c o p o ly (e th e r  k e to n e )s  (M a ts u m o to  et. a i,  2 0 0 8 ) ,  h y p e r b r a n c h e d  p o ly m e r s  
w ith  b o th  d ie th y l  p h o s p h a te  and  a c r y lo y l  g r o u p s  at th e  c h a in  e n d s  [I 1 B P -P E -A c ]
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(I to h  et. a l,  2008), p o ly s u l f o n e s  g r a fte d  w ith  p o ly ( v in y lp h o s p h o n ic  a c id )  (P a r v o le  
et. al., 2008), su lfo n a te d  p o ly im id e  c o p o ly m e r s  c o n t a in in g  f lu o r e n y l  g r o u p s  
(M iy a ta k e  et. a l., 2004), and  d e n s e ly  su lfo n a te d  p o ly (e th e r  s u l f o n e ) s  b e a r in g  10 
s u lfo n ic  a c id  m o ie t ie s  (M a ts u m o to  et. al., 2009) are s u m m a r iz e d  in  F ig u r e  2.8.

Sulfonated PEEK

Block Copoly(ether ketone)s

o
CH2l=(OH)2

Polysulfones Grafted with 
Poly(vinylphosphonic acid)

SO,H SO,H

s o 3h  ร ๐ 3แ

Densely sulfonated poly(ether sulfone)s

Figure 2 .8  C h e m ic a l  s tru c tu re s  o f  P E M s b a se d  o n  a r o m a tic  h y d r o c a r b o n  p o ly m e r s .
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2 .4 .3  H e te r o c y c l ic  b a se d  p o ly m e r s
K reu er  et. a i ,  s ta rted  to  in v e s t ig a te  th e  u se  o f  h e t e r o c y c le s  i .e .,  

im id a z o le ,  p y r a z o le  an d  b e n z im id a z o le  a s  p ro to n  r e s e r v o ir  in th e  s o l id  p o ly m e r  

e le c tr o ly te  fo r  fu e l c e l l  (K r e u e r  et. a l ,  2 0 0 4 ) .  S o  fa r , h e t e r o c y c l ic  b a se d  p o ly m e r  
e le c tr o ly te s  h a v e  b e e n  w id e ly  s tu d ie d  fo r  u s in g  in h ig h  te m p e r a tu r e  P E M F C . D u e  to  
th e  c h a r a c te r is t ic  fe a tu r e s  o f  h e te r o c y c le s  w h ic h  are ( i )  a m p h o te r ic  s tru ctu re  w h ic h  
ca n  e ith e r  d o n a te  or  a c c e p t  p r o to n s  ( i i )  h ig h  th e r m a l s ta b i l ity  le a d in g  to  a 
d e v e lo p m e n t  o f  h e te r o c y c le s  to  u se  a s  p ro to n  c o n d u c t iv e  s p e c ie s  in s te a d  o f  w a te r  in 

a n h y d r o u s  P E M . T h e  p r o to n  tra n sfer  in  h e te r o c y c le s  is  g e n e r a te d  b y  th e  tra n sp o rt o f  
e x c e s s  p r o to n  th ro u g h  p r o to n  tra n sfe r - a n d  r e o r ie n ta t io n  s te p s  u n d e r  h y d r o g e n  b o n d  

n e tw o r k  ( M ü n c h  et. a l,  2 0 0 1 ) .  T h e  p r o to n  tra n sfe r  o f  im id a z o le  m o le c u le s  is s h o w n  

in F ig u re  2 .9 .

. n  ^  r \
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protontransfer
step I  ■
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Figure 2 .9  P ro to n  tra n sfe r  m e c h a n ism  o f  im id a z o le .

T h e  m o d if ic a t io n  o f  h e te r o c y c l ic  p o ly m e r s  ca n  b e  c la s s i f i e d  in to  tw o  
m a in  ty p e s  w h ic h  are th e  in c o r p o r a tio n  o f  th e  h e t e r o c y c le s  in th e  p o ly m e r  b a c k b o n e
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and in the pendent groups. Examples of polymer containing heterocycle as a 
polymer main chain are polybenzimidazole [PB1] (Bouchet et. al., 1999), 
benzimidazol-2-yl substituted PB1 [BPBI] (Leykin et. al., 2010), hyperbranched 
polybenzimidazoles [HBPBIs] (Xu et. a i, 2007), and poly(benzimidazole-co- 
aniline) [PBIANI] (Bhadra et. a l ,  2010) (Figure 2.10). However, most of these 
polymers required protonic sources for initiating proton transfer of the systems such 
as strong 0 X 0  acid.

Figure 2.10 Chemical structures of PEMs based on heterocycle main chains.

Another challenge of heterocyclic based membranes is a 
modification of heterocycle in the polymer structure as a pending group. There are 
some reports showing that these kinds of material can act as self-proton conductive 
polymers for example benzimidazole tethered ethylene oxide oligomers [bimi-EO]
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(Persson et. a i ,  2003), benzimidazole tethered on linear poly(ethylene glycol) 
[bimiPEOAGE] (Persson et. a i ,  2006), and benzimidazole-grafted 
polydimethylsiloxane [bimiPVMS] (Persson et. a i,  2005) with the highest proton 
conductivity of 70 pS/cm at 110 °c, 80 pS/cm at 160 ๐c , and 7 pS/cm at 140 °c, 
respectively (Figure 2.11).

Figure 2.11 Chemical structures of self conductive polymers based on heterocycle 
pendent group.

2.4.4 Acid-base Blended Membranes

membranes which show the high proton conductivity, high thermal stability and 
good mechanical strength. Generally, polymers having basic functional groups such 
as ether, alcohol, imine, amide, or imide perform their reaction with polymers 
having acid such as phosphoric acid, sulfuric acid or carboxylic acid functional 
groups to form hydrogen bond interaction between acid and base by which the basic 
polymers act as solvent for acid dissociation (Li et. a i,  2003). Figure 2.12 show 
some examples of acid-base blended membranes.

bimiPEOAGE

Acid-base blended membrane is a type of proton conductive
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Acidic Polymer, Poly(acrylic acid)(PAA)

Poly(vinylphosphonic acid) 

(PVIm) and Poly(2,5-benzimidazole)
HO—H p— H O-r-Hp— แ^- H p — H c —H p -H C '

c✓  \ A
? 0

fC J'\ ร00 ๐  0 ๐  o o o- T i l l
H __H H .. .  H

O H '

H H J c h 2
ป ีน ( H p

iP O a A o  -
— AjH ..... 4,. H

© -U p  
( ว - ร y  ^ A H NHj

\  A  /  \  /
c  COO- c c o o -c o o -I I I I I

- H f — HC—  HÇ— H c—  Hp— H e - H p -  H C - H p - H C ' '

Sulfonated Polysulfone and Chitosan and Poly(acrylic acid)

Polybenzimidazole

Figure 2.12 Examples of acid-based blended membrane.

2.5 Points of Study

Heterocycles are attractive for using as electrolyte membranes under high 
temperature or relatively low humidity not only due to their proton conductive 
behavior and high boiling point compared with water but also ease of molecular 
design and modification. Although many types o f heterocyclic based membranes
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have been developed for several decades, their conductive properties are still limited 
for the practical use.

Based on our viewpoint, an understanding of the molecular structures of the 
materials as well as the factors related to the proton transfer efficiency would lead US 

to a fundamental knowledge for PEM development. The present work proposes a 
molecular design containing multifunctional-benzimidazole with an ultimate goal to 
enhance the proton conductivity of the heterocyclic membrane with the high order 
structure of the benzimidazole molecules (Chapter III). In this work, a series of 
benzimidazole model compounds are developed and the factors of molecular 
packing structure and hydrogen bond network formation related to the proton 
conductivity are clarified. Moreover, we extend our work to the multi-benzimidazole 
branching with an expectation to enhance the proton conductivity of the heterocyclic 
membrane with a proper level of multi-direction proton transfer groups along with 
chain mobility of the polymers (Chapter IV). In this work, a varied multi
benzimidazole branchings are prepared and the factors o f chain mobility and 
hydrogen bond interaction correlated with proton transfer effectiveness are 
investigated. Based on the studies of hydrogen bonding-molecular packing structure- 
chain mobility with proton conductivity relationship, tri-benzimidazole compound of 
aminotris[2-(benzimidazol-2-yl)ethyl]methane is designed to enhance proton 
transfer effectiveness with its lots of proton conductive species and flexible chain 
mobility. The synthesis method is presented in Chapter V.
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