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Figure 1 Schematic of a simple fuel cell 
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Figure 2 (Left) Dynamic response of the STR PEM fuel cell for  switching the  
load resistance from 20 to 7 þ  at 80°C [3].  (Right) The Nafion membrane  
pressing in between the catalyst-coated carbon particles in the electrode. 
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2.  Fuel Cells
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Figure 4  CO coverage on a platinum sur face as a function of temperature  

and CO concentration.  H2 par tial pressure is 0.5 bar [5].
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Figure 6 Schematic representation of redistr ibution of ion exchange  
sites which occurs on dehydration of the polymer  [12].
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Figure 7 Three regions structural model for  Nafion [13]. 
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 Dynamic Studies 
(ca. 1 Hz) 

Calor imetr ic 
Studies1 

L inear  expansion 
by LVDT[14] 

PTFE (Teflon)[15] ca. 127   
(OH2O/SO3H) 111 104±1 122±112 
(3H2O/SO3H)3 109   

Table 1 Glass Transition temperature (in °°°°C) of Nafion in its  
acid form as determined by different techniques[11] 

                                                 
1 The temperature at which the slope of the lines changed (as determined by the intersection of the 
extrapolated straight line segments) was taken as the position of the transition or dispersion. 
2 Expansion coefficients above and below Tg were estimated as 8.2x10-3 deg-1 and 2.3x10-3 deg-1, 
respectively. 
3 This water content was determined at the end of the experiment 
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Figure 8 10-sec modulus (dynes/cm2) vs. temperature for  Nafion-H, Nafion-K, PS, PS 3.8 (Na)h, and 
PS 7.9 (Na)1.  Curves for styrene and two styrene ionomers are shown for  compar ison[11].
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Table 2 Physical proper ties of Nafion membranes.  MD stands for  machined direction, TD for  
transverse direction, and RH for  relative humidity [16] 
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Figure 9 Schematic of the cross-section of a fuel cell consisting of the gas-diffusion electrodes,  

catalyst layers, and the polymer  electrolyte membrane.  The gas-diffusion backing  
fibers are coated with PTFE so as to be not flooded with water , while the catalyst layers  

compr ise ionomer solution among Pt/C par ticles for  proton transport[17]. 
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Table 3  Descr iptions of the thir teen different line combinations 
that appear  on the mask to be transfer red to the silicon wafer . 
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4 Courtesy of Helena Gleskova.   
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5 Obtained from University Wafers, P-type doping, any resistivity, 380±20 ! m thick, one side polished 
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Figure 10a Schematic showing layer  of photoresist on top of Silicon wafer  

 
Figure 10b Schematic showing patterning in photoresist after  developing.  The developer  washes 

away the photoresist exposed to UV light, revealing the silicon wafer  beneath. 
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Figure 11a Schematic of photoresist and silicon wafer  after  RIE.   The photoresist acts as a mask so 
only the exposed areas of the silicon are etched. 

 

Figure 11b Schematic of the final etched silicon wafer  after  the photoresist is removed. 
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Figure 12 Diagram showing sequence of mater ials pressed on top of each other .  The lines etched in 
the Si wafer  are designed to mimic the spacing in the electrode pressed on the top side of the Nafion.
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      ETCH COND   PRESS COND   

Sample 
exp 
time 

etch 
time Nafion Temp Dry/Amb/Wet 

1 25 sec 30 min 1110 50°C Amb 

2 25 sec 30 min 1110 50°C Amb 

3 40 sec 30 min 1110 50°C Wet 

4 40 sec 30 min 1110 140°C Amb 

5 25 sec 25 min 1110 140°C Amb 

6 25 sec 25 min 1110 140°C Wet 

7 25 sec 30 min 1110 50°C Amb 

8 25 sec 30 min 1110 50°C Amb 

9-10 25 sec 25 min 1110 34°C Wet 

11-12 25 sec 25 min 1110 60°C Wet 

13-14 25 sec 25 min 1110 100°C Wet 

15-16 25 sec 25 min 1110 140°C Amb 

17-19 25 sec 25 min 1110 100°C Amb 

20-21 25 sec 25 min 1110 60°C Amb 

22-27 25 sec 25 min 1112 90°C Amb 

28-35 25 sec 25 min 1112 110°C Amb 
 

Table 4 Conditions under  which each sample was etched and pressed.   
All samples were pressed at a force of 2,000 lbf and a time of 90 seconds. 
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Image 1 Overview of how Nafion-silicon complex appears in the SEM.   

The Nafion is on the top, the etched silicon wafer  is on the bottom.
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Image 2 - SEM image of sample 4 (140°C).  Nafion completely pressed into the 5 æ m feature.  Nafion 
on bottom, silicon wafer  on top. 

 
ç è:é�ê�ë�ì�íîè,ï�ð(ñ&ò&ó.ô�õ3ð8öX÷8ò�õ3ñ&ó.ð�è,ð8óHô(ð�øuè,ö5ù2ú�ð8ú?ûHü�èIò?ý�óHó�þTð�ý�èIù=ö5ð�ÿ$ò�þ��;û.ú�è,ï�����õŠý�ü&ú?ó.ý�ö��fð�ö	��
$ï&ð

�;û.ú�è,ï@ò&þXèIï�ðBý�÷8èIù=ý�ó2þTð�ý�è,ù2ö5ðBû.ÿ$ÿ7ó.û��fï&è,óHô(óHý�ö��fð�ö‚è,ï&ý�ü����õ��&ð8÷�ý�ù=ÿ7ð(è,ï&ðBð8èt÷8ï@ð�ü&ó.ý�ö��ˆð�ú?è,ï&ðBþJð�ý�è,ù=ö5ð��

�

ò&ö‚è,ï&ðBþJð�ý�è,ù=ö5ð�ÿ$è,ï&ý�è��Rð�ö5ð�����õ��;û.ú�ð���ýOú�ûHþJþTð8öJð8ü&èUñ&ï�ð�ü&ò�õ3ð�ü�ò&ü��;ý�ÿ$ò��&ÿ7ð8ö���ð�ú���
��;ò@õEûH÷8öJò&ü

þTð8ý�è,ù=öJð8ÿ$ý�ö5ðBÿ7ï&ò��;ü@û.ü� �õ3ý��fð�!"�



 

  28  28 

 

Image 3 SEM image of sample 15 (140C).  Nafion did not press all the way into the 2 æ m feature.  
Nafion is on the bottom, silicon is on the top. 
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Image 4 SEM image of sample 20 (60C).  Nafion exhibited no deformation. 
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Image 5 SEM image of sample 27 (90C).  Nafion deformation into 2 micron features.  Nafion on top 
with pieces of the trench walls stuck in the Nafion.
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Image 6 SEM image of sample 27 (90C).  The Nafion did not completely press into the 15 micron 
feature.  Nafion is on the top, silicon is on the bottom. 
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Image 7 SEM image of sample 17 (100C).  Glassy behavior  evident in the Nafion.  Only Nafion is 
shown.
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Image 8 SEM Image of sample 4 (140C): the reverse curvature of Nafion in a 2 micron feature.  
Nafion is on the bottom, silicon is on the top. 
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Figure 13 Einstein's equation relating the diffusion coefficient D  
to the Brownian displacement x and time t [18]. 
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Figure 14 WLF equation depicting effect of  
temperature on zero-shear  viscosity

Ý8J'K�P�Ãq_oY�J�F�K-|�\+_ol'P�_o\�LZ€�\�_p_o\²GIH�b�€�LZY�J#|,\�_ol�P^_o\+LZ€#GIJ�F�_oMOK�J'n~FCL&b+P)`Ë_oY�J'FCK-K�FCLZJ�_j†•P^K-_oL¨K�J�_k_oJ�_ZˆpFC]^n

QqK�P�G‚]�P)`¢P^]�`a\�b+b�_o\�GIH�b�€�c^J�K�J�QqJ'K�K�J�n~LZP�F�_p|,\�_ol�P^_o\+LZ€#M�]^b+J'_o_pP�LZY�J'KÞ`ƒ\+_oJ#GIJ']�LZ\+P�]^J�n�h�e.Y�Jg×�Ü

®

J�ÄOMOFCLZ\�P�]�K�J�b�FCLZJ�_pLZY�J#|,\�_ol�P�_x\�LZ€�FCL&LZY�J#n�J�_o\�K�J'n~LZJ�GIH^J�K�FCLEMOK�J�LZP�F8K�J�Q�J�K�J�]�l'J�LZJ�GyH�J�K�F	LZMOK�J'W,epß�h�wxQ

LZY�J�z�b�FC_o_.LNK�FC]�_k\+LZ\�P�]�LZJ�GyH�J�K}FCLZMOK�J#\+_.M�_kJ�n~FC_pLZY�J#K�J'QqJ'K�J']�l�J#LNJ'GIH�J'K�F�LNMOK�J�W�LNY^J�]~U«àrFC]^n~U¼á"c�J�l'P�GIJ

MO]�\�|,J�K�_oFCb�l�P^]�_oLZFC]�LZ_&`ƒ\+LZY�U«à”âÊs	»&h t,tFC]�n~U«á”â

¦

s,h R%† `a\�LZY�LZJ�GIH^J�K�FCLZM�K�J�\�]�ãƒJ�b�|,\+])ˆ'h�iäz�K�F�H�Y

n�J�GyP�]�_oLZK�FCLZ\+]^z³LNY^J�K�J�b�FCLZ\+P�]^_oY�\�H�c�J�L+`ƒJ�J�]ILNY^J�K�FCLZ\+P�P^Qš|,\�_ol�P^_o\+LZ\�J�_pF�]�n~LZJ�GIH^J�K�FCLZM�K�J�\�_p_oY^P)`a]�\�]

®

\�z�MOK�Jƒs

¦

h



 

  38  38 

Viscosity as a Function of Temperature
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Figure 15 A plot of Temperature vs. viscosity ratio using the WLF equation. 
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Figure 16 (Left) Cross section of Nafion pressed onto a silicon wafer .   
(Right) Cross section of Nafion pressed onto an electrode.
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Figure 17 Nafion contacting carbon par ticles in electrode at  

high water  content (Left) and low water content (Right)
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6 Note: HMDS improves the adherence of the photoresist to the silicon wafer 
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Image 9 SEM Image of 5 micron trench separated by 2 microns pressed at 90C (sample 27).   
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Image 10 SEM Image of 10 micron wide trench separated by 2 microns pressed at 90C (sample 27). 
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Image 11 SEM Image of a 15 micron wide trench separated by 2 microns pressed at 90C (sample 27) 
 
 

[IF�Qq\�P�]�\�_pP�]�LZY�J#LNP^H�W,_o\�b�\+l'P�]�\�_pP�]�LZY�J#c�P�LZLZP�G¡h8i#L&F”`ƒ\+n�LZY�P�Q�s

¦

GI\�l�K�P�]�_pLZY�J#[IFCQ�\+P�]IK�J'FCl�Y�J'n

LZY�J�c^P�LZLNP^Gì†+FC_pJ'|,\�n�J�]�L&QqK�P^G‚LZY�J�Q�b+FCL&H�F�K�L+ˆpc�MOL&n�\+n~]�P^L"n�J'QqP�K�G�l'P�GIH^b+J'LNJ'b+€#\+]^LNPILNY^J�LZK�J']�l�Y¡†•F�_

J�|�\+n�J']�L&QqK�P�G�LZY�J#FC]�z�b�J�n~lCP^K�]�J'K�_¨ˆ�h
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Image 12 SEM Image of 2 micron wide features separated by 2 microns at 100C (sample 17) 

 
•

]�b+€#[IFCQ�\+P^]�\+_._oY�P)`ƒ]�Y�J�K�J�c^J�l�F�M�_kJ�\�L"_kJ�H�FCK�FCLNJ�n~Q�K�P�G‚LZY�J�_o\�b�\+l'P�]�`aF�QqJ�K	h

®

K�P�G‚LZY�J�_oY^FCH�J�P^Q

LZY�J�LZP�HIP�Q�LZY�J#QqJ�F�LNMOK�J�€'P�Mƒl�FC]�LZJ'b+b�\+L&n�\�n~]�P�L&K�J�F	l�YILNY^J�c�P�LZLZP�G‚P�Q�LZY�J#LNK�J�]^l�Y�c�J'l�FCMO_oJ#\+L&n�\�n

]�P�L&LZFC‰�J�P�]�LZY�J#_oY�FCH^J�P�Q-LNY^J�LZK�J']�l�Y„h�[IP^LN\�l�J#LZY�FCL&LZY�J8l�MOK�|,FCLZMOK�J�\�_pLZY�J�_oF�GIJ�F�_pLZY�J�LZK�J�]�l'Y-h
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Image 13 SEM Image of 5 micron features raised in Nafion 

separated by 5 microns pressed at 100C (sample 17) 
 

•

]�b+€#[IFCQ�\+P^]�\+_._oY�P)`ƒ]�Y�J�K�J�c^J�l�F�M�_kJ�\�L"_kJ�H�FCK�FCLNJ�n~Q�K�P�G‚LZY�J�_o\�b�\+l'P�]�`aF�QqJ�K	h

®

K�P�G‚LZY�J�_oY^FCH�J�P^Q

LZY�J�LZP�HIP�Q�LZY�J#QqJ�F�LNMOK�J�€'P�Mƒl�FC]�LZJ'b+b�\+L&n�J'QqP�K�GIJ'n~FCb•b�LZY�J”`aF�€�\�]�LZP�LZY�J�LZK�J�]�l'Y�c�J�l'FCM�_kJ�\�L"F�_o_oMOGIJ'n

LZY�J�_kY�FCH�J#P�Q�LZY�J#LNK�J�]^l�Y-h8Ð,LZK�\�FCLZ\�P�]�_pFCK�J�|�\+_k\+c�b�J�\�]�LZY�J#[IFCQ�\+P�]IFC_pF8K�J�_oMOb�L&P�Q�\�L&_oLZ\+b²b�c�J�\�]�z³\�]�\+LZ_

z�b�FC_o_o€#_oLZFCLZJ�h
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Image 14 SEM Image of silicon (top) pulled away from Nafion (bottom) pressed at 110C (sample 34) 
 

epY�J#LZK�J']�l�Y�J'_pLZP�LZY�J�K�\�z�Y�L&\+]�wxGyFCz�JasCt�FCK�J

¦

GI\�l�K�P�]�_"`ƒ\+n�J#FC]�n~_oJ'H�FCK�FCLEJ'n~c�€�‡�GI\�l�K�P�]�_'h��P�M

l�F�]�LZJ�b�b�Q�K�P�G‚LZY�J�Q�b+FCL&LZP�H�_.LNY^FCL&LNY^J�[IF�Qq\�P�]�K�J�FCl'Y�J�n~LNY�J�c^P�LZLNP^G�P�Q-LNY^J�LZK�J']�l�Y^W	`aY^J�K�J�FC_p\�L&n�\+n

]�P�L&Q�P�K-LZY�J#‡�Gy\+l'K�P�]³`a\�n�J�QqJ'FCLZMOK�J'_pP�]�LZY�J#b+J'QqLoh
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Image 15 SEM Image of 2 micron features separated by 2 microns pressed at 110C (sample 34) 
 

epY�J#[IFCQ�\+P^]�\+_.P�]�LZY�J�c^P�LZL¨P�G�FC]^n~H�\+J'l�J'_pP�Q�LZY�J#_o\�b+\�lCP�]�`ƒFCQqJ'K-K�J�GyFC\�]�J�Gyc�J�n�nOJCn~P�]ILNP^H-h

•

c�|,\�P�MO_ob�€�LZY�J�‡GI\�l�K�P�]�Q�J�FCLZMOK�J'_pn�\�n~]�P�L&K�J'FCl�YILNY^J�c�P�LZLZP�G‚P�Q�LZY�J#LNK�J�]^l�Y�FC]^n~LNY^J�€�F�b+_oPIn�P�]�Ñ•L

_oY�P�`¢F8K�J�|�J�K�_oJ�l'M�K�|,F�LNMOK�J�h
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Image 16 SEM image of 2 micron wide trenches separated by 5 microns pressed at 140C (sample 4) 
 

epY�J#[IFCQ�\+P^]�\+_.P�]�LZY�J�c^P�LZL¨P�G�FC]^n~LNY^J�_o\�b+\�l�P^]�\+_.P�]�LZY�J�LZP�H„h�ijb+b�LZY�J�L+`aPIGI\�l�K�P�]�QqJ'FCLZM�K�J�_

J�m,Y�\+c^\+L&LZY�J�K�J�|�J�K�_oJ�l'MOK�|�FCLEMOK�J�LZY�FCL&l'P�K�K�J�_kH�P�]�n�_pLZP�`~J�LZLZ\�]�z^h
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Image 17 SEM image of 2 micron wide trenches separated by 10 microns pressed at 140C (sample 4) 
 

epY�J#[IFCQ�\+P^]�\+_.P�]�LZY�J�c^P�LZL¨P�G�FC]^n~LNY^J�_o\�b+\�l�P^]�\+_.P�]�LZY�J�LZP�H„h�ijb+b�LZY�J�L+`aPIGI\�l�K�P�]�QqJ'FCLZM�K�J�_

J�m,Y�\+c^\+L&LZY�J�K�J�|�J�K�_oJ�l'MOK�|�FCLEMOK�J�LZY�FCL&l'P�K�K�J�_kH�P�]�n�_pLZP�`~J�LZLZ\�]�z^h
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Image 18 SEM image of 2 micron wide trench pressed at 140C (sample 4) 
 

epY�J#[IFCQ�\+P^]�\+_.P�]�LZY�J�c^P�LZL¨P�G�FC]^n~LNY^J�_o\�b+\�l�P^]�\+_.P�]�LZY�J�LZP�H„h�ijb+b�LZY�J�L+`aPIGI\�l�K�P�]�QqJ'FCLZM�K�J�_

J�m,Y�\+c^\+L&LZY�J�K�J�|�J�K�_oJ�l'MOK�|�FCLEMOK�J�LZY�FCL&l'P�K�K�J�_kH�P�]�n�_pLZP�`~J�LZLZ\�]�z^h
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Image 19 SEM image of 2 micron wide trenches pressed at 140C (sample 15) 

 
epY�J#[IFCQ�\+P^]�\+_.P�]�LZY�J�c^P�LZL¨P�G�FC]^n~LNY^J�_o\�b+\�l�P^]�\+_.P�]�LZY�J�LZP�H„h�ijb+b�LZY�J�L+`aPIGI\�l�K�P�]�QqJ'FCLZM�K�J�_

J�m,Y�\+c^\+L&LZY�J�K�J�|�J�K�_oJ�l'MOK�|�FCLEMOK�J�LZY�FCL&l'P�K�K�J�_kH�P�]�n�_pLZP�`~J�LZLZ\�]�z^h
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Image 20 SEM image of 2 micron wide trenches pressed at 140C (sample 15) 

 
epY�J#[IFCQ�\+P^]�\+_.P�]�LZY�J�c^P�LZL¨P�G�FC]^n~LNY^J�_o\�b+\�l�P^]�\+_.P�]�LZY�J�LZP�H„h�ijb+b�LZY�J�L+`aPIGI\�l�K�P�]�QqJ'FCLZM�K�J�_

J�m,Y�\+c^\+L&LZY�J�K�J�|�J�K�_oJ�l'MOK�|�FCLEMOK�J�LZY�FCL&l'P�K�K�J�_kH�P�]�n�_pLZP�`~J�LZLZ\�]�z^h



 

  A-15  15 

 
Image 21 SEM image of 2 micron wide trenches pressed at 140C (sample 15) 

 
epY�J#[IFCQ�\+P^]�\+_.P�]�LZY�J�c^P�LZL¨P�G�FC]^n~LNY^J�_o\�b+\�l�P^]�\+_.P�]�LZY�J�LZP�H„h�ijb+b�LZY�J�L+`aPIGI\�l�K�P�]�QqJ'FCLZM�K�J�_

J�m,Y�\+c^\+L&LZY�J�K�J�|�J�K�_oJ�l'MOK�|�FCLEMOK�J�LZY�FCL&l'P�K�K�J�_kH�P�]�n�_pLZP�`~J�LZLZ\�]�z^h
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Image 22 SEM image of 10 micron wide trenches separated by 5 microns pressed at 140C (sample 4) 
 

epY�J#[IFCQ�\+P^]�\+_.P�]�LZY�J�c^P�LZL¨P�G�FC]^n~LNY^J�_o\�b+\�l�P^]�\+_.P�]�LZY�J�LZP�H„h�epY�J#[IFCQ�\+P^]�l�P�GyH�b�J�LZJ�b�€

n�J�Q�P�K�GIJ�n~\�]�LZP�FCb�b�QqJ�F�LNMOK�J�_&`ƒ\+LZY�`ƒ\+n�LZY�_.P�Q

¦

GI\�l�K�P�]�_.P^K-z�K�J�FCLZJ'Kuh

 


