
CHAPTER III
K R Y T O X -S IL IC A -N A F IO N ®  C O M P O S IT E  M E M B R A N E : A  H Y B R ID  

S Y S T E M  F O R  M A IN T A IN IN G  P R O T O N  C O N D U C T IV IT Y  IN  A  W ID E  
R A N G E  O F  O P E R A T IN G  T E M P E R A T U R E

A b str a c t

A homogeneous Krytox-Si-Nafion® hybrid membrane is proposed. The 
hybrid material is successfully prepared using Krytox 157 FSL whose structure is 
similar to that of Nafion®. Krytox 157 FSL is coupled onto a silica surface via a 
silane coupling agent to obtain the Krytox-Si. Krytox-Si-Nafion® hybrid membranes 
show improvement in water retention and an increase in degradation temperature as 
identified by thermogravimetry analysis. Scanning electron micrographs reveal good 
dispersion of silica through the membrane. The fully hydrated Krytox-Si-Nafion® 
hybrid membranes maintain their proton conductivity in the wide range of high 
temperatures (80-130°C) in ambient condition of closed system (without additional 
moisture feeding) as clarified from the plot of conductivity versus temperature.

K ey w o rd s: Nafion; Silica; Composite Membrane; Proton Exchange Membrane Fuel 
Cells; Krytox; Proton Conductivity; High Operation Temperature

1. In tro d u c tio n

For decades, the Proton Exchange Membrane Fuel Cell (PEMFCs) has been 
developed as a compact-sized environmental friendly energy resource with high 
power density and energy conversion efficiency without polluting the environment
[1]. One concern is about the sensitivity to CO tolerance of the electrodes. It is 
known that at only 10 ppm of CO in the แ 2 feed gas, the Pt electrocatalyst is 
deactivated. The problem can primarily be solved by increasing the operating 
temperature over 100°c or using a CO tolerable electrocatalyst, such as PtRu [2-4], 
Not only is the CO tolerance improved when PEMFCs operate at high temperature, 
but also the reaction rates in both electrodes and the proton exchanging rate in the
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membrane are enhanced. PEMFC with an operating temperature above 100°c is an 
alternative way to solve the above problem [5].

PEMFCs, however, work ideally in high moisture atmosphere when the 
Nafion® membrane is used. DuPont’s Nafion® (perfluorosulfonic acid polymer) and 
other perfluorinated sulfonic acid based polymers (e.g. Aciplex from Asahi 
Chemicals) [6] are accepted as effective polymer electrolyte membranes functioning 
for PEMFCs due to their high proton conductivity, lO’MO’1 s/cm in the hydrated 
state, excellent chemical and electrochemical stability, low reactant permeability, and 
retention of mechanical stability. The membranes have a specific multi-phase 
structure of the hydrophobic alkyl chain region together with a hydrophilic sulfonic 
acid part. There, proton conductivity is satisfied by water molecules transferring 
among the sulfonic acid groups in the hydrophilic region [7]. Generally, at 
temperature above boiling point of water, the hydrated membranes show the water 
removal with a significant decrease in proton conductivity. Membranes functioning 
at high temperature is, thus, worthy theme to be challenged.

The approaches to apply proton exchange membrane at high operation 
temperature (>100°C) mainly use heterocyclic-structured and/or composite 
membranes. The former one is achieved by replacing water with high boiling point 
protonic molecules, such as liquid imidazole (Tb ~ 257°C). and the latter one is 
known as an organic-inorganic hybrid structure to promote water retaining at high 
temperature.

It is important to note that a composite membrane can be prepared via either 
the sol-gel or the blending process. Preliminary investigation has shown that 
polymer-inorganic composites improve proton conductivity, water retention, 
operating temperature and they reduce the permeability of molecular species [8]. 
Recently, phosphotungstic acid (PWA) doped with organic polymer (polyethylene 
oxide, PEO; polypropylene oxide, PPO; polytetramethylene oxide, PTMO) prepared 
via the sol-gel process was reported by Honma et al. [9]. In the sol-gel process, 
alkoxysilane was used as a precursor and monophenyltriethoxysilane as an inorganic 
network. The hybrid membrane was stabilized up to 250°c and had proton
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conductivity of 10~4 s/cm at 160°c. However, the fact that the sol-gel process 
requires a high quantity of alkoxysilane and that the reaction condition is severe, 
practical application are limited.

For the blending process, Nafion® with silicon oxide and Nafion® with 
silicon oxide doped with Phosphorictungstic acid (PWA) composite membranes were 
good example reported by Shao et al. [10]. It was found that silicon oxide and PWA 
improved the crystallinity and degradation temperature of Nafion® 115 membrane 
while the proton conductivity (~10'2 s/cm) was similar to that of Nafion® 115 
membrane at high temperature in 100% relative humidity (RH). Nevertheless, the 
SEM photograph showed significant organic-inorganic phase separation.

In this study, we consider the hybrid composite membrane under the 
concept of ‘like dissolves like’ of Nafion®-Silica hybrid material for the miscible 
blend system. Because Krytox 157 FSL (carboxylic acid terminated 
perfluoropolyether, Scheme 3.2) is a type of fluorocarbon polymer, we propose the 
immobilization of silica particles onto Krytox 157 FSL and blend with Nafion® as 
illustrated in Scheme 3.1.

S c h e m e  3.1 Krytox-Silica-Nafion® hybrid structure

SOjH
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2. E x p e r im e n ta l

Five percent weight Nafion® in aliphatic alcohol solution was purchased 
from Aldrich, Germany. (3-Aminopropyl) triethoxysilane was obtained from Fluka, 
Switzerland. Krytox 157 FSL was provided from DuPont, USA. A water 
conjugating agent (WSC), l-(3-dimethylaminopropyl)- 3-ethylcarbodiimide 
hydrochloride 98%, was purchased from Acros, Belgium. Fumed silica was obtained 
from Degussa, Germany. All chemicals were used without further purification.
2.1 Preparation of the Krytox-Si-Nafion® hybrid materials (Scheme 3.2)

Fumed silica (Aerosil 380, surface area of 380 m2g'') was heated at 230°c 
in a vacuum for 3 h before use. The hydrolyzed (3-aminopropyl) triethoxysilane, 1 
(0.1427 g), was mixed with the pretreated silica (0.5107 g) in 100 ml of 90% ethanol. 
The mixture was stirred vigorously at 80°c for 8 h and washed several times to 
obtain silica coupled with aminosilane, 2 (eq. (2)). Compound 2 was stirred with 
WSC (0.13 g, 6.5x10‘4 mol), in aqueous solution at room temperature for 6 h. 
Krytox 157 FSL (1.625 g) was added with the molar ratio of Krytox: silane: WSC 
1:1:1. The mixture was stirred overnight at room temperature to obtain Krytox-Si, 3 
(eq. (3)). Nafion® 5%wt in aliphatic alcohol solution was mixed with various 
quantities of 3 , i.e., 1.5, 2.5 and 5%wt, in DMSO for 2 days and sonicated at ambient 
temperature for 1 h to obtain Krytox-Si-Nafion® hybrid solution, 4 (eq. (4)).
2.2 Membrane preparation

All hybrid solutions of 4 (4a , 4b , and 4c with quantities of 3 for 1.5, 2.5, 
and 5%wt, respectively) for 4 ml were casted onto a teflon mold (3 cm X 3 cm X 3 
cm) and isothermally treated at 160°c for 3 h to obtain 4 a , 4b , and 4c membranes. 
The membranes were detached after overnight soaking in water. Five percent weight 
of Nafion® in aliphatic alcohol solution was casted by the same procedures to obtain
5.
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Scheme 3.2 Krytox-Silica-Nafion® hybrid material
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2.3 S tru c tu ra l a n a ly s is

T h e  c h e m ic a l s tru c tu re  o f  e a c h  p ro d u c t w as  id en tif ied  b y  u s in g  a  T h erm o  
N ic o le t  N e x u s  6 7 0  F o u r ie r  tran sfo rm  in fra red  (F T IR ) sp ec tro m e te r. E lem en ta l 
an a ly s is  (E A ) w a s  c a rr ie d  o u t by  a P E R K IN  E L M E R  2 4 0 0  C H N . A n a l. C a lcd . fo r  2 
(H 2N (C H 2) 3 S i(0 H ) 2 - 0 -S i (% ): c ,  2 1 .9 5 ; H , 6 .1 0 ; an d  N , 8 .54. F o u n d : (% ) c ,  7 .17 ; 
H , 1 .33; an d  N , 1.75 : F T IR  (Z n S e , c m '1): 3 5 0 0 -3 4 0 0  (O H ), 3 3 5 0 -3 2 0 0  (N H ), 2 9 0 0 - 
2 8 0 0  (C H 2), a n d  1 1 5 0 -1 0 5 0  (S i-O -S i).

F T IR  fo r  4 (Z n S e , c m '1): 3 5 0 0 -3 4 0 0  (O H ), 3 3 5 0 -3 2 0 0  (N H ), 2 9 0 0 -2 8 0 0  
(C H 2), 1774 ( 0 = 0  c a rb o x y lic  ac id ), 1680  ( C = 0  am id e), an d  1 1 5 0 -1 0 5 0  (S i-O -S i).

2 .4  W a te r u p ta k e  an d  th e rm a l s tab ility

T h e  p e rc e n t w a te r  u p tak e  an d  d e g rad a tio n  te m p e ra tu re  o f  th e  m em b ran es  
w ere  c la r if ie d  b y  u s in g  a  T G A  2 950  D u P o n t. T h e  h y b rid  m e m b ra n e s  w ere  d ried  in  a 
v a c u u m  o v en  a t 7 0 ° c  fo r  2 4  h  an d  e q u ilib ra te d  in  w a te r  v a p o r  a t 6 0 ° c  fo r  24  h 
b e fo re  m e a su rin g  th e  w a te r  u p take . T h e  a m o u n t o f  w a te r  in  th e  h y b rid  m em b ran e  
w as e v a lu a ted  b y  th e  p e rc e n t w e ig h t lo ss  o f  w a te r  a t 8 0 -1 0 0 ° c .  D e g rad a tio n  
te m p e ra tu re s  w e re  c a rr ie d  o u t at 2 5 -7 0 0 °C  w ith  a  h e a tin g  ra te  o f  1 0 ° c /m in  u n d e r 
n itro g e n  a tm o sp h e re . D iffe re n tia l S can n in g  C a lo rim e try  (D S C ) w as c a rried  ou t 
u s in g  a  D S C 7  P E R K IN  E L M E R . T h e  m e m b ra n e s  w ere  h ea ted  to  5 0 0 ° c  a t a h ea tin g  
ra te  o f  1 0 ° c /m in  u n d e r  n itro g e n  a tm o sp h ere .

2.5 M o rp h o lo g y  a n d  s ilic a  d is tr ib u tio n

T h e  m o rp h o lo g y  a n d  s ilica  d is tr ib u tio n  o f  th e  c o m p o s ite  m e m b ra n e s  w ere  
o b se rv e d  b y  a  JE O L  JS M -6 4 0 0  S can n in g  E le c tro n  M ic ro sc o p e . S ilic a -m ap p in g  
m o d e  u s in g  a  L in g  IS IS  S e rie s  300  w a s  a p p lie d  fo r  e v a lu a tio n  o f  s ilic a  d is tr ib u tio n .

2 .6  P ro to n  c o n d u c tiv ity  m e a su re m e n t

T h e  m e m b ra n e s  w e re  so ak ed  in  3% v /v  o f  H 2 0 2 a t 8 0 ° c  fo r  1 h , d is tilled  
w a te r  a t 1 0 0 ° c  fo r  1 h , 1M  H 2 SC>4 a t 8 0 ° c  fo r 1 h  an d  d is tille d  w a te r  a t 1 0 0 ° c  fo r  15
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m in  b e fo re  m e a su r in g  th e  p ro to n  co n d u c tiv ity . T he m e m b ra n e s  o b ta in e d  w ere  
h y d ra te d  an d  p la c e d  in  th e  te s t ce ll, w h ere  th e y  w e re  c lam p ed  b e tw e e n  tw o  p la tin u m  
e lec tro d es . P ro to n  c o n d u c tiv ity  w a s  m e a su re d  b y  a S o la r tro n  1260 im p ed an ce  
sp e c tro m e te r  o v e r  10 H z  to  1 M H z  a t 2 0 -1 4 0 °C  in  a m b ie n t c o n d itio n  o f  c lo sed  
sy stem  (w ith o u t m o is tu re  feed ing ).

3. R esu lts  an d  D isc u ss io n

3.1 C o u p lin g  re a c tio n  o f  s ilic a  an d  K ry to x  157 F S L

C o m p o u n d  1 sh o w s th e  C H 2 p eak  a t 2 9 0 0 -2 8 0 0  c m '1, O H  p eak  a t  3 5 0 0 - 
3 400  c m ' 1 an d  N H  p e a k  a t 3 3 5 0 -3 2 0 0  cm ’ 1 (F ig u re  3.1 (a)). T h is  im p lie s  the  
su ccessfu l h y d ro ly z a tio n  o f  (3 -am in o p ro p y l)  tr ie th o x y s ilan e . In  th e  case  o f  2, the  
s tro n g  S i-O -S i p e a k  a t 1 1 5 0 -1 0 5 0  c r r f ’w ith  m o s t p eak s  s im ila r  to  1 in fo rm s  th a t  th e  
co u p lin g  re a c tio n  o f  s i l ic a  and  s ila n e  co u p lin g  ag en t is  s a tis f ie d  (F ig u re  3.1 (b)). 
A fte r  c o n ju g a tin g  2 w ith  K ry to x  157 F S L , th e  o b ta in e d  c o m p o u n d  g ives 
c h a ra c te ris tic  p e a k s  a t 1774  cm ' 1 ( C = 0  o f  K ry to x ), a t 1680 c m ' 1 ( C = 0  o f  am id e ), and  
at 1 1 0 0 -1 0 4 0  c m ' 1 (S i-O ) (F ig u re  3.1 (d)) su g g e s tin g  th a t  K ry to x  157 F S L  is 
d e v e lo p e d  o n  th e  s ilic a  p a r tic le s  as sh o w n  in  eq . 4  (S ch em e  3 .2).
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F ig u re  3 .1  F T IR  sp e c tra  o f  1 (a), 2 (b), K ry to x  157 F S L  (c), a n d  4 (d).

T h e  c o n te n t o f  a m in o s ila n e  co u p le d  o n to  s ilic a  p a r tic le s  w a s  q u an tita tiv e ly  
an a ly zed  as fo llo w s . S c h e m e  3.1 sh o w s a  s im p lif ie d  s tru c tu re  to  ca lcu la te  the  
co u p lin g  e ffic ie n cy . H e n c e , th e  p e rc e n t c  an d  N  can  b e  ap p lied  to  ca lcu la te  th e  X 

c o n te n t b a se d  o n  th e  re la tio n sh ip  b e lo w .

% N  = 1 0 Q x l4 x
4 5 ( l-x )+ 1 6 4 x and % c  =  11° 3 — "X—4 5 ( l - x ) + l6 4 x

A s th e  e le m e n ta l a n a ly s is  g iv e s  N  an d  c  fo r  1.75 an d  7 .1 7 % , re sp e c tiv e ly , th e  X 

v a lu e  is th en  e q u a l to  0 .1 . T h e  v a lu e  o f  X im p lied  th a t o n e -te n th  o f  th e  am in o s ilan e  
w as su c c e ss fu lly  c o u p le d  o n to  s ilica  su rface .

3 .2  W a te r c o n te n t an d  th e rm a l s tab ility

T ab le  3.1 sh o w s th e  w a te r  c o n te n t and  d e g ra d a tio n  te m p e ra tu re  o f  4a , 4 b , 4c, 
an d  5. Y an g  e t  a l .  [11] re p o r te d  th a t th e  w a te r  c o n te n t in  th e  N afion®  115 m em b ran e  
a t 8 0 ° c  w as a b o u t 18% . In  th is  w o rk , 5  w as  u se d  as a  re fe ren c e  to  c o m p are  w ith
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o th e r m e m b ra n e s . T h e  w a te r  c o n te n t e v a lu a ted  fro m  8 0 -1 0 0 °C  rev ea ls  th a t 5 re ta in s  
a w a te r  c o n te n t o f  8 %  w h e re a s  4c sh o w s  the  w a te r  co n ten t fo r  50% . F o r 4 a  a n d  4b , 
th e  w a te r  u p tak es  a re  22  a n d  42 , re sp e c tiv e ly  (T a b le  3 .1 ). T h is  im p lie s  th a t in o rg an ic  
co n ten t in d u ces  th e  w a te r  u p tak e  in  th e  m e m b ra n e  e ffe c tiv e ly . K im  e t  a l. [5] 
d e m o n s tra te d  th a t th e  O H  g ro u p s  o n  th e  s ilica  p a r tic le s  fo rm  th e  h y d ro g e n  b o n d  w ith  
w a te r  m o le c u le s  to  m a in ta in  w a te r  in  th e  m em b ran e . T a k in g  th is  to  th e  co n s id e ra tio n  
o f  4 a -4 c  m e m b ra n e s , th e  h ig h  c o n te n t o f  3 m ig h t g ive  th e  p re fe rab le  c o n d itio n  to 
s tab ilize  m o re  n u m b e r  o f  w a te r  in  th e  m em b ran e . T ab le  3.1 sh o w s th a t th e  th e rm a l 
d e g ra d a tio n  o f  4a , 4b , 4 c , an d  5 are at 3 3 3 .8 ° , 3 3 6 .2 ° , 3 4 7 .4 ° , an d  3 2 7 ° c ,  
re sp ec tiv e ly . W ilk ie  C .A . e t  a l . [12] rep o rted  th a t th e  in c rea se  o f  d e g ra d a tio n  
te m p e ra tu re , w h en  an  in o rg a n ic  c o n te n t w as ad d e d  in to  th e  N afion®  115 m em b ran e , 
m ig h t b e  d u e  to  th e  s ilic a  f ra m e w o rk  fu n c tio n in g  as  a  h ea t-  to le ra n t in  th e  m em b ran e . 
H ere , th e  d ec o m p o s itio n s  o f  4 a -4 c  sh if ted  to  th e  h ig h e r te m p e ra tu re  as c o m p a re d  to  
th a t o f  5  re fle c t th e  ro le  o f  s ilic a  con ten t. T h e  e n e rg y  co n su m e d  fo r w a te r  
e v a p o ra tio n  fro m  4 a -4 c  a n d  5 w as fu rth e r s tu d ie d  by  D S C . It w as  ex p e c te d  th a t 
w h en  s ilic a  w as h y b rid iz e d  in  th e  m e m b ra n e , th e  O H  g ro u p s  o f  s ilic a  m ig h t fo rm  the 
s trong  h y d ro g e n  b o n d  w ith  w a te r  m o lecu le s  y ie ld in g  th e  in c rea se  o f  th e  w a te r  
e v a p o ra tio n  en th a lp y , AHwater- T a b le  3.1 sh o w s AHwater fo r  4a , 4b , 4c , an d  5 
m e m b ra n e s  at 6 6 3 .9 7 , 6 8 5 , 7 9 7 .7 3 , an d  442.31 J /g , re sp e c tiv e ly . T h is  su p p o rts  the  
abo v e  sp e c u la tio n , o r  in  o th e r  w o rd s , 3 m ig h t p la y  an  im p o rta n t ro le  in  w a te r 
re te n tio n . S tu d ies  o n  o th e r p h y s ic a l an d  m e c h a n ic a l p ro p e rtie s  o f  th e  m e m b ra n e s  are 
in  p ro g re ss .
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T a b le  3 .1  W a te r  u p ta k e  a t 60°c, d e g rad a tio n  te m p e ra tu re  (Td), an d  e n th a lp y  o f  
w a te r  e v a p o ra tio n  (AHwater)

M e m b ra n e W a te r  u p ta k e  a t 60°c (%) Td (°C ) AHwater (J /g )

4a 2 2 333 .8 6 6 3 .9 7
4b 42 3 3 6 .2 685
4c 5 1 .5 3 4 7 .4 7 97 .73
5 8 3 27 442.31

3.3 M e m b ra n e  m o rp h o lo g y  a n d  s ilica  d is tr ib u tio n

S hao  e t  a l. [10] re p o r te d  th e  p re p a ra tio n  o f  th e  N afion®  w ith  s ilico n  ox id e  
c o m p o s ite  m e m b ra n e  p re p a re d  v ia  th e  b le n d in g  p ro c e ss . H o w e v e r , th e  S E M  
p h o to g ra p h  in s is te d  th e  p h a se  sep a ra tio n . In  th e  p re se n t w o rk , th e  K ry to x  157 F S L  
is fo c u se d  so  as  to  a ch iev e  th e  m isc ib ility  b e tw e e n  N afion®  an d  s ilic a . I t w as  fo u n d  
th a t s ilic a  p a r tic le s  are w e ll d isp e rse d  w ith  g o o d  h o m o g e n e ity  b e tw e e n  th e  o rg an ic  
p a r t  o f  N afion®  p o ly m e r  a n d  th e  in o rg an ic  p a r t o f  s ilic a  p a r tic le s . F ig u re  3 .2  sh o w s 
th e  m e m b ra n e  m o rp h o lo g y  o f  4c to  ex p ress  c ro ss -se c tio n  an d  s ilic a  d is trb u tio n . 
F ig u re  3 .2  (a) e x h ib its  th e  g o o d  d is tr ib u tio n  o f  s ilic a  o n  th e  m e m b ra n e  su rface . In 
o rd e r to  c o n firm  th e  e x is ta n c e  o f  s ilic a  th ro u g h o u t th e  m e m b ra n e , S E M  m a p p in g  
m o d e  w a s  c a rr ie d  o u t. F ig u re  3 .2  (b ) g iv es th e  in fo rm a tio n  ab o u t th e  d isp e rs io n  o f  
s ilic a  o n  th e  m e m b ra n e . A lth o u g h  th e re  are  so m e  lo ca l a g g re g a tio n  o f  s ilica , o v er 
85%  o f  th e  m e m b ra n e  is  o c c u p ie d  b y  silica . T h e  c ro ss -se c tio n  o b se rv a tio n  su g g ests  
th a t K ry to x -S i a n d  N afion®  a re  in  g o o d  m isc ib ility  an d  s ilic a  a g g re g a tio n  is h a rd ly  
o b se rv e d  (F ig u re  3 .2  (c)).
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F ig u re  3 .2  S E M  m ic ro g ra p h s  of: m em b ran e  su rfa c e  (a), s ilica  m a p p in g  m o d e  (b), 
and  c ro ss -se c tio n  (c ) o f  4c.

3.4 P ro to n  c o n d u c tiv ity

In  o rd e r  to  e v a lu a te  th e  e lec trica l p ro p e rtie s  o f  c o m p o s ite  m e m b ra n e s  
fa b r ic a ted  fro m  p o ly m e r  m a tric e s  an d  s ilica  p a rtic le s , the  c o m p le x  im p ed an ces  w ere  
m e a su re d  b y  a p p ly in g  a lte rn a tin g  c u rre n t w ith  v a r io u s  freq u en c ies . F ig u re  3.3 sh o w s 
the  ty p ic a l im p e d a n c e  re sp o n se  (Z ’-Z ” p lo t)  o f  4 b  at v a rio u s  te m p e ra tu re s  o f  4 0 , 60, 
80, 100, an d  1 3 0 ° c .  T h e  p lo t  on  F ig u re  3.3 w a s  o b ta in ed  by  v a ry in g  th e  fre q u e n c y  
to  o b se rv e  Z ’ an d  Z ” . T h e  im p ed an ce  p lo t is k n o w n  as in d irec t in fo rm a tio n  ab o u t the  
m e m b ra n e  h o m o g in e ity  an d  co n d u c tiv ity . F ig u re  3.3 co n firm s  th a t  th e  c o m p lex  
im p e d a n c e  o f  e a c h  te m p e ra tu re  is g rad u a lly  in c re a se d  to  g iv e  th e  Z ’-Z ” a  cu rv e  
co n tin u o u s  in c re m e n t th ro u g h  all freq u en c ies . T h is  re su lt im p lie s  th a t  th e re  w a s  no  
ion ic  c a p a c ity  in  th e  c o m p o s ite  m em b ran e . In o th e r  w o rd s , it c a n  b e  ex p e c te d  th a t all 
p ro to n s  m ig h t d if fu se  th o ro u g h ly  in  th e  h o m o g en eo u s  m em b ran e . X ie  e t  a l. [13] 
rep o rted  th a t th e  Z ’-Z ” p lo t  g iv es a  sem ic irc le  to  ev a lu a te  the  c h a rg e  tra n s fe r  in  the
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m e m b ra n e ; h o w e v e r , th e  re la tio n sh ip  m ig h t b e  in te ru p te d  b y  th e  n o ise s  a t lo w  
freq u en cy . In  o u r  case  it w a s  found  th a t th e  n o ises  w e re  so  s ig n if ic a n t th a t  th e  
e v a lu a tio n  w a s  d iff ic u lt. H e re , th e  p ro to n  c o n d u c tiv ity , cx, w as  c a lc u la te d  fro m  th e  
c o m p le x  im p e d a n c e  v a lu e s  a t v a rio u s  te m p e ra tu re s  b a se d  o n  a  =  L /R A , w h e re  L  an d  
A  a re  th e  th ic k n e s s  an d  su rfa c e  a rea  o f  th e  m em b ran e , re sp e c tiv e ly . M e m b ra n e s  4a , 
4 b , 4 c , an d  5 sh o w e d  th e  th ic k n e ss  fo r  an  av e rag e  o f  0 .105  m m . T h e  b u lk  re s is tan ce , 
R , o f  th e  sam p le  w a s  o b ta in e d  from  th e  in te rse c tio n  o f  Z ’ a x is  [14].

F ig u r e  3 .3  C o m p le x  im p e d a n c e  o f  4 b  a t 4 0 ° c  ( • ) ,  6 0 ° c  (o ), 8 0 ° c  (A), 1 0 0 ° c  (A), 
a n d  1 3 0 ° c  (■ ).

F ro m  F ig u re  3 .3 , th e  p ro to n  co n d u c tiv itie s  o f  4 b  a t v a r io u s  te m p e ra tu re s  
w ere  c a lc u la te d  a n d  su m m a riz e d  in  T ab le  3 .2 . A lth o u g h  th e  b u lk  re s is ta n c e  
in c re a se s  at e le v a te d  te m p e ra tu re , it is o n ly  an  o rd e r o f  m a g n itu d e  o f  c o n d u c tiv ity  
re d u c tio n  o c c u rr in g  fo r te m p e ra tu re  ch a n g in g  fro m  6 0 ° to  8 0 ° c .  T h is  m ig h t b e  d u e  
to  th e  e v a p o ra tio n  o f  so m e  w a te r  m o le c u le s  in  th e  in o rg a n ic  p a rt, i .e ., s ilic a  p a rtic le s . 
C o m p a re d  to  th e  c o n d u c tiv ity  at ro o m  te m p e ra tu re  an d  100%  re la tiv e  h u m id ity  o f  
N ation®  117 (1 0 ' 2 s /c m )  [15 ], o u r m em b ra n e  rev ea ls  lo w e r p ro to n  co n d u c tiv e  
e ff ic ien cy . I t is  im p o rta n t to  n o te  th a t  th e  co n d u c tiv ity  o f  o u r  m e m b ra n e  is
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m a in ta in e d  a t 10 ‘4 s /c m , e v e n  th o u g h  th e  te m p e ra tu re  w as u p  to  1 3 0 °c . A lth o u g h  it 
is d iff ic u lt to  c o m p a re  th e  co n d u c tiv ity  o f  4a, 4 b , and  4c to  th a t o f  N afion®  117 due 
to  th e  d iffe re n ce s  in  e x p e rim e n ta l co n d itio n , th e  co n d u c tiv ity  o f  N afion®  117 sh o w n  
in  T a b le  3 .2  is ra ise d  as a  g u id e lin e  to  d iscu ss h o w  th e  m e m b ra n e s  (4a , 4 b , an d  4c)  
sh o w  th e ir  p o te n tia l a p p lic a tio n . S u b seq u en tly , th e  m e a su re m e n ts  o f  th e  te m p e ra tu re  
d e p e n d e n t c o m p lex  im p e d a n c e  o f  o th e r  m em b ran es  w ere  in v e s tig a te d  and  ca lcu la ted  
re su tin g  in  th e  p lo t o f  p ro to n  co n d u c tiv ity  v e rsu s  tem p e ra tu re . It sh o u ld  be p o in ted  
o u t th a t  as  o u r in s tru m e n t h as  th e  lim ita tio n  in  c o n tro llin g  th e  h u m id ity ; all te s ts  w ere  
ru n  in  a m b ie n t co n d itio n . H ere , th e  h y b rid  m e m b ra n e s  w ere  fu lly  h y d ra te d  in 
ad v an ce  and  it w a s  a ssu m e d  th a t th e  ab so rb ed  w a te r  m o le c u le s  in  th e  m em b ran e  
m ig h t p la y  th e  im p o rta n t ro le  in  th e  p ro to n  co n d u c tiv ity  as  re p o rte d  b y  V o n a  e t  al.
[16].

T a b le  3 .2  P ro to n  c o n d u c tiv ity  o f  4b

T e m p e ra tu re  (°C ) B u lk  re s is tan ce  (CÏ) P ro to n  co n d u c tiv ity  (S /cm )

40 15.457 1 .9 7 x 1 0 ' 3
60 17.801 1 .71X 10 '3
80 137.40 2 .2 2 x 1  O' 4

1 0 0 137.41 2 .22X 10 ' 4
130 177.74 1 .7 2 x l0 ‘4

(N afion®  1 1 7 )2 5 n /a Iff*

F ig u re  3 .4  sh o w s  th a t the  p ro to n  co n d u c tiv ity  o f  5 is 10 ' 2  s /c m  w h e n  the 
te m p e ra tu re  is lo w e r th a n  8 0 ° c  an d  d ec rea ses  g ra d u a lly  to  5x1 O' 6 s /c m  at 
te m p e ra tu re s  a b o v e  8 0 ° c .  In th e  case  o f  4a , th e  p ro to n  c o n d u c tiv ity  is  d e c re a sed  
ab o v e  8 0 ° c ,  s im ila r  to  th a t  o f  5. It sh o u ld  be n o te d  th a t th e  c o n d u c tiv ity  o f  4 b  and  
4c are  fo u n d  to  b e  re ta in e d  at 10 ‘3 an d  5x1 O' 4 s /c m , re sp e c tiv e ly , e v e n th o u g h  the  
te m p e ra tu re  w as u p  to  13 0 ° c .  T h e  re su lts  in d ic a te d  th a t th e  p ro to n  c o n d u c tiv ity  at 
te m p e ra tu re s  a b o v e  1 0 0 ° c  w as im p ro v ed  w hen  th e  K ry to x -S i c o n te n t w as in c rea sed . 
P re v io u s ly , M iy a k e  e t  a l. re p o rte d  th a t the  p ro to n  c o n d u c tiv ity  o f  th e  p o ly m e r 
m e m b ra n e  w a s  s tro n g ly  d e p e n d e n t o n  the  w a te r  c o n te n t o f  th e  m e m b ra n e  [17],
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M o re o v e r , th e  w a te r  c o n te n t w a s  in c re a se d  w ith  th e  s ilic a  c o n te n t [18]. T ak in g  th is  
in to  c o n s id e ra tio n , w e  su sp ec t th a t th e  im p ro v e m e n t in  p ro to n  co n d u c tiv ity  a t 
te m p e ra tu re s  a b o v e  1 0 0 ° c  m ig h t re su lt fro m  th e  fu n c tio n s  o f  s ilic a  p a rtic le s  and  th e ir  
h o m o g e n e o u s  d is tr ib u tio n  o n  th e  N afion®  m atrices.

F ig u r e  3 .4  P ro to n  c o n d u c tiv ity  o f  5 ( • ) ,  4a (o ), 4b (A), an d  4c (A) a t 2 0 -1 4 0 ° c  w ith  
n o  m o is tu re  c o n d itio n in g .

4. C o n c lu s io n s

(3 -A m in o p ro p y l)  tr ie th o x y s ila n e  w as u sed  as a  c o u p lin g  a g e n t to  in c o rp e ra te  
K ry to x  157 F S L  o n to  s ilic a  su rface . K ry to x  157 F S L  w a s  a p p lie d  as  a  p o ly m e r ch a in  
to  o ffe r  th e  c a m p a tib ility  w ith  N afion®  b ased  o n  th e ir  s im ila r  s tru c tu re . T h e  su rface  
o f  s ilic a  w a s  su c c e ss fu lly  fu n c tio n a liz e d  w ith  K ry to x  157 F S L  b y  u s in g  th e  
c a rb o d iim id e  c o n ju g a tin g  ag en t to  o b ta in  K ry to x -S i. T h e  c o m p o s ite  m e m b ra n e s  
o b ta in e d  fro m  c a s tin g  th e  m ix in g  so lu tio n s  o f  K ry to x -S i and  N afion®  d e m o n s tra te d  
h o m o g e n e o u s  p h a se  w ith  a  g o o d  d isp e rs io n  o f  s ilic a  as o b se rv e d  b y  S E M  
p h o to g ra p h s . T h e  w a te r  re te n tio n  and  d e g rad a tio n  te m p e ra tu re  w e re  in c rea sed  w h en  
th e  K ry to x -S i c o n te n t w a s  in c reased . T h e  co n tin u o u s  im p e d a n c e  re sp o n se s  in d ica ted
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th a t th e  b u lk  N afion®  p h a se  w as ra re ly  in te rru p ted  by  th e  s ilic a  in o rg a n ic  p h ase . 
W h en  th e  K ry to x -S i w as  as h ig h  as 5 % w t, the  p ro to n  co n d u c tiv e  s tu d ie s  in  a m b ie n t 
c o n d itio n  sh o w e d  th a t  th e  co m p o site  m em b ran es  m a in ta in e d  th e ir  c o n d u c tiv ity  at 
1 0 ‘3 s /c m  e v e n  th e  te m p e ra tu re  w as up  to  1 3 0 °c .

A c k n o w le d g e m e n t
T h e  a u th o rs  w o u ld  lik e  to  e x p re ss  th e ir  a p p re c ia tio n  to  th e  R a tc h a d a p isa e k  

S o m p h o t E n d o w m e n t R e se a rc h  T ask  F o rc e  2 006 , C h u la lo n g k o rn  U n iv e rs ity . O n e  o f  
th e  a u th o rs  w o u ld  like  to  a c k n o w le d g e  th e  sch o la rsh ip  fro m  th e  In s titu te  fo r th e  
P ro m o tio n  o f  T e a c h in g  S c ie n c e  and  T ech n o lo g y  (IP S T ). A  p a rt o f  th is  w o rk  is 
su p p o rted  b y  th e  N a tio n a l M e ta l and  M a te ria l T e c h n o lo g y  C e n te r  (M T E C ) u n d e r T h e  
D e v e lo p m e n t o f  P ro to n  E x c h a n g e  M e m b ra n e  F uel C ell (M T -B -4 9 -0 0 9 -G ) w ith  th e  
c o lla b o ra tio n  fro m  T h e  F a s t N e u tro n  R e se a rc h  F ac ility . T h e  a u th o r  w o u ld  like  to  
ex ten d  th e ir  g ra titu d e  to  D r. A n g e lo  B as ile , Institu te  on  M em b ran e  T ech n o lo g y , IT M - 
C N R , U n iv e rs ity  o f  C a lab ria , R en d e  (C S ), Ita ly  fo r th e  c o lla b o ra tiv e  re se a rch .

R eferen ces

[1] M . W a k iz o e , O .A . V e le v , ร . S rin iv asan , E le c tro c h im ica  A c ta , 40  (1 9 9 5 )  335.
[2] w .p .  T e a g a n , J. B en tley , B . B arn e tt, Jo u rn a l o f  P o w e r  S o u rce s , 71 (1 9 9 8 )  80.

[3] B . H a m m e r, O .H . N e ilse n , J .K . N o rsk o v , C a ta ly s is  L e tte r , 46  (1 9 9 7 )  31.

[4] R . Ia rm ie llo , V .M . S c h m id t, บ . S tim m in g , J. S tu m p er, A . W a llau , E le c tro c h im ic a  
A c ta , 39  (1 9 9 4 ) 1863.

[5] Y o u  M e e  K im , S eo n g  H o  C h o i, H e u n g  C han  L ee , M in g  Z i H o n g , K e o n  K im , 
H o -In  L ee , E le c tro c h im ic a  A c ta , 49  (2 0 0 4 ) 4 787 .

[6 ] c .  Y a n g , p . C o s ta m a g n a , ร . S rin iv a san , J. B en z ig e r, A .B . B o c a rs ly , Jo u rn a l o f  
P o w e r  S o u rc e s , 103 (2 0 0 1 )  1.

[7] T .D . G ie rk e , W .Y . H su , M a c ro m o le c u le s , 15 (1 9 8 2 ) 101.

[8 ] B . K u m a r , J .p . F e lln e r, Jo u rn a l o f  P o w e r  S o u rces, 123 (2 0 0 3 ) 132.



44

[9] I. H o n m a , ร. N o m u ra , H . N a k a jim a , Jo u rn a l o f  M e m b ra n e  S c ien ce , 185 (2 0 0 1 )
83.

[10] Z h i-G a n g  S h ao , P ra b h u ra m  Jo g h ee , I-M in g  H s in g , Jo u rn a l o f  M e m b ra n e
S c ie n c e , 2 2 9  (2 0 0 4 )  43.

[11] c .  Y a n g , ร. S r in iv a sa n , A .B . B o ca rs ly , ร. T u ly a n i, B .J. B e n z ig e r , Jo u rn a l o f  
M e m b ra n e  S c ie n c e , 2 3 7  (2 0 0 4 ) 145.

[12] Q . D e n g , C .A . W ilk ie , R .F . S av in e ll, Jo u rn a l o f  E le c tro c h em ic a l S o c ie ty , 143
(1 9 9 6 )  1498.

[13] Z h o n g  X ie , S te v e n  H o ld c ro ft, Jo u rn a l o f  E le c tro a n a ly tic a l C h e m is try , 568
(2 0 0 4 )  247.

[14] M a ry  c . ,  W in te rsg ill ,  Jo h n  J. F o n tan e lla , E le c tro c h im ic a  A c ta , 43  (1 9 9 8 ) 1533.

[15] M . R ik u k a w a , K . S an u i, P ro g re ss  in  P o ly m e r S c ien ce , 25  (2 0 0 0 ) 1463.

[16] M . L u isa  D i V o n a , D e b o ra  M aran i, A le ssa n d ra  D ’E p ifa n io , E n ric o  T rav e rsa , 
M a rc e lla  T ro m b e tta , S ilv ia  L ico c ia , P o ly m er, 4 6  (2 0 0 5 ) 1754.

[17] T .A . Z a w o d z in sk i, T .E . S p rin g e r, J. D avy , R . Je s te l, c .  L o p e z , J. V a le r io , ร.
G o tte s fe ld , Jo u rn a l o f  E le c tro c h em ic a l S o c ie ty , 140 (1 9 9 3 ) 1981.

[18] M iy a k e , N ., W a in rig h t, J .S ., an d  S av in e ll, R .F , Jo u rn a l o f  E le c tro c h em ic a l 
S o c ie ty , 148 (2 0 0 1 )  898.


	CHAPTER III KRYTOX-SILICA-NAFION® COMPOSITE MEMBRANE: A HYBRID SYSTEM FOR MAINTAINING PROTON CONDUCTIVITY IN A WIDE RANGE OF OPERATING TEMPERATURE
	3.1 Abstract
	3.2 Introduction
	3.3 Experimental
	3.4 Results and Discussion
	3.5 Conclusions
	3.6 Acknowledgement
	3.7 References


