
2334 J. Electrochem. Soc., Vol. 138, No. 8, August 1991 �9 The Electrochemical Society, Inc. 

5. Union Carbide Corporation, Carbon Products Division 
(now AMOCO Performance Products), Technical In- 
formation Bulletins 465-223,465-225, 465-246. 

6. P. Wagner, J. Am.  Ceramic Soc., 55, 214 (1971). 
7. O. M. Baycura, IEEE Trans. Indust., 5, 208 (1968). 

8. K. Kinoshita and S. C. Leach, This Journal, 129, 1993 
(1982). 

9. "Chemical Engineers Handbook," 5th ed., R. H. Perry 
and C. H. Chilton, McGraw-Hill, New York (1973). 

10. W. L. Ingmanson et aI., TAPPI,  42, 840 (1959). 

Polymer Electrolyte Fuel Cell Model 
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ABSTRACT 

We present here an isothermal, one-dimensional, steady-state model for a complete polymer electrolyte fuel cell 
(PEFC) with a 117 Nation | membrane.  In this model  we employ water diffusion coefficients electro-osmotic drag coeffi- 
cients, water sorption isotherms, and membrane conductivities, all measured in our laboratory as functions of membrane  
water content. The model  pre.dicts a net-water-per-proton flux ratio of 0.2 H20/H § under typical operating conditions, 
which is much less than the measured electro-osmotic drag coefficient for a fully hydrated membrane.  It also predicts an 
increase in membrane  resistance with increased current density and demonstrates the great advantage of a thinner mem- 
brane in alleviating this resistance problem. Both of these predictions were verified experimentally under certain condi- 
tions. 

Fuel cells employing hydrated Nation or other hydrated 
perfluorinated ionomeric materials as the electrolyte are 
promising candidates for electric vehicle applications (1). 
The polymer electrolyte provides room temperature start- 
up, elimination of  many corrosion problems, and the po- 
tential for low resistance losses. Resistive losses within the 
fuel cell result, in part, from the decrease of membrane 
protonic conductivity following partial dehydration of the 
membrane.  On the other hand, cathode flooding problems 
are caused when too much water is in the system. Clearly, 
water management  within the fuel cell involves walking a 
tightrope between the two extremes. 

Spatial variations of water content within the polymeric 
electrolyte of a current~carrying fuel cell result from the 
electro-osmotic dragging of water with proton transport 
from anode to cathode, the production of water by the oxy- 
gen reduction reaction at the cathode, humidification con- 
ditions of the inlet gas streams, and "back-diffusion" of 
water from cathode to anode, which lessens the concentra- 
tion gradient. 

The water distribution within a polymer electrolyte fuel 
cell (PEFC) has been modeled at various levels of sophisti- 
cation by several groups. Verbrugge and Hill (2-4) have 
carried out extensive modeling of transport properties in 
perfluorosulfonate ionomers based on dilute solution 
theory. Fales et al. (5) reported an isothermal water map 
based on hydraulic permeabili ty and electro-osmotic drag 
data. Though the model  was relatively simple, some broad 
conclusions concerning membrane  humidification condi- 
tions were reached. Fuller and Newman (6) applied con- 
centrated solution theory and employed literature data on 
transport properties to produce a general description of 
water transport in fuel cell membranes.  The last contribu- 
tion emphasizes water distribution within the membrane.  
Boundary values were set in these cases rather arbitrarily. 
A different approach was taken by Bernardi (7). She con- 
sidered transport through the gas diffusion electrodes, as- 
suming the membrane  to be uniformly hydrated, corre- 
sponding to an "ultrathin membrane"  case. 

We present an isothermal, one-dimensional, steady-state 
model  for water transport through a complete PEFC. The 
model  includes transport through the porous electrodes, 
based on calculated diffusivities corrected for porosity, 
and transport through the membrane  electrolyte, based on 
experimental ly determined transport parameters. In this 
model, we employ water-diffusion coefficients, electro- 
osmotic drag coefficients, water sorption isotherms, and 
membrane  conductivities, all of which are measured in our 
laboratory as functions of membrane  water content. We 
deemed it highly desirable to use in our model a complete 
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set of experimental  data generated under conditions in 
which the membrane is routinely handled (for example, 
pretreated) and tested for PEFC work as consistently as 
possible. Furthermore,  we explicitly measured parameters 
over the fullest possible range of water contents to enable 
us to include the effects of the variation of water content as 
a function of position within the membrane during any 
current flow. 

General Aspects of the Model 
The distribution of water in a PEFC at steady state (con- 

stant current and fluxes) is calculated in this model by con- 
sidering water flow through the following five regions of 
unit cross-sectional area within the fuel cell, as schemati- 
cally illustrated in Fig. 1: the two inlet channels, the two 
gas diffusion electrodes, and the Nation membrane.  Not 
only does water enter the fuel cell assembly as a com- 
ponent of the humidified fuel and oxidant streams, but 
water is also generated at the cathode by the oxygen re- 
duction reaction. We entered into the model  the cell cur- 
rent, cel] and humidifier temperatures, anode and cathode 
pressures, inlet gas flow rates, and oxygen/nitrogen ratio in 
the cathode gas feed. The cell is considered isothermal be- 
tween the inlet channels. 

The water flow into the inlet channels is set by the tem- 
peratures of the external gas humidifiers and the cell. 
Water vapor is equilibrated at the saturation pressures set 
by the humidifier temperatures in the inlet flow streams. 
Entrained droplets may be considered to form and be 
transported with the flow stream if the cell temperature is 
less than the humidifier temperature. These droplets will 
re-evaporate in the inlet flow channels if the condition of  
the assumed thoroughly mixed fluid there become less 
than saturation. Under  these isothermal, thoroughly 
mixed or mean conditions, the model  can use entrained 
droplets as a transport mechanism for water without hav- 
ing to specify the details. We will discuss elsewhere a qual- 
itative treatment of electrode "flooding" (large excess of 
liquid water) when it occurs. Water vapor leaves the two 
inlet flow channels at the mean role fraction of the respec- 
tive channels. Reactant gases split their flow between the 
gas-diffusion electrodes and the channel exits, as deter- 
mined by the current and the respective stoichiometry. Bi- 
nary diffusion of hydrogen and water vapor occurs 
through the anode, and ternary diffusion of oxygen, nitro- 
gen, and water vapor occurs through the cathode. 

The flow of gas streams through the gas diffusion elec- 
trode is modeled in a manner  similar to that described by 
Bernardi (7). Interdiffusion of gases through the porous 
electrode is calculated from tabulated data using the 
Stefan Maxwell equations with a Bruggemann correction 
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H20,  0 2 ,  N2 H.O, H. I sat 1 psat/p = PA/PA; = [2] XwA X w c  C C 

F r o m  flow balance,  t he  anode  in le t  wa te r  f low less the  ex i t  
water  flow is the  f low cross ing  in ter face  1 

I VHXwhI (VH -- 1)XwlI 
NIwA - -  NLA = N w A ; -  -- aI  [3] 

1 - XawA 1 - X~l 

whe re  VH, the  s to ich iomet r ic  coefficient ,  is the  ratio: N~2/ 
NH2,~. On the  ca thode  side there  are  three  species.  The  inlet  
dry  gas mole  f ract ion of  oxygen,  XON, is known.  The  inlet  
02 mole  f rac t ion of  the  sa tura ted  gas is x~ = (1 - I X w c ) X o N .  
The  three  species  inlet  f low rates and  exi t  f low rates ex- 
p ressed  propor t iona l  to I are  

I 
Niwc X~cVoI voI voI(1 - Xor~) 

- -- _-Z-7~ -; N~ = ~ - ;  N ~ -  [4] 
2(1 - Xwc)XoN 2XoN 

H20, O2, Nz HzO, Hz 
CATHODE ANODE 
EXIT EXIT 

Fig. 1. Schematic diagram of fuel cell model. 

appl ied  to take  accoun t  of  the  e lec t rode  porosity.  The  ef- 
fect  of  the  p re sence  of  water  drople ts  is more  difficult  to 
t rea t  r igorously.  In  this  initial a t t emp t  at mode l ing  wate r  
t r anspor t  in the  fuel  cell, we  deal  wi th  the  drople t  p rob l em 
only qua l i ta t ive ly  (see below). 

E q u i l i b r i u m  of  wa te r  ac t iv i ty  is a s sumed  at the  elec- 
t r o d e / m e m b r a n e  in ter face  and de te rmines  the  local 
a m o u n t  of  wa te r  at the  m e m b r a n e  surface.  An  exper imen-  
tal ly d e t e r m i n e d  i so the rm for wa te r  sorp t ion  into the  
m e m b r a n e  is u sed  to conver t  f rom water  vapor  act ivi ty  to 
water  con ten t  in the  m e m b r a n e  at the  interface.  The  nex t  
f lux of  wa te r  across  t h e  m e m b r a n e  is ca lcula ted  us ing  the  
e lec t ro-osmot ic  drag and dif fus ion coeff icients  of  wa te r  as 
func t ions  of  m e m b r a n e  wate r  content .  

When  the  equa t ions  that  de t e rmine  the  wate r  ba lance  
are solved,  the  m e m b r a n e  res is tance  and the  O2 concentra-  
t ion at the  cata lyst  in ter face  are known.  The  ca thode  over- 
potent ia l  and a V-I cu rve  for the  fuel  cell  can then  be  deter- 
mined .  A n o d e  catalyt ic  act ivi ty  is cons idered  so h igh  that  
anode  overpo ten t ia l  is neglec ted .  The  onse t  of  ca thode  
f looding wil l  p r ecede  any anode  flooding. On the  o ther  
hand,  m e m b r a n e  d ry ing  near  the  anode  could  cause  an ex- 
t r eme  increase  in the  overal l  resistance.  The  act ive  catalyst  
layer  in the  ca thode  is a s s u m e d  to exis t  only  as a th in  p lane  
at the  c a t h o d e / m e m b r a n e  interface.  The  rest  of  the  ca thode  
serves  only  as a gas d i f fus ion region. 

Mathematical Model 
Cont inui ty  equations in inlet f low channeL--Figure 1 

shows  the  five regions  and the  four  interfaces  of  the  model .  
When  the  cons tan t  cell cur ren t  is J (A/cm2), t he  mola r  flux 
of  H2 t h rough  the  anode  is I = J/2F moYcm2-s. F lows  of  H2 
and  wa te r  are  cons ide red  to be  pos i t ive  w h e n  m o v i n g  to 
the  left  t oward  inc reas ing  interface  numbers .  The  O~ flow 
is posi t ive  in t he  oppos i te  direct ion.  U n d e r  s teady-state  
condi t ions  the  N2 f low will  a lways be zero. F luxes  and flow 
rates, des igna ted  N, are numer ica l ly  ident ica l  be tween  in- 
ter faces  1 and 4, because  the  cross-sect ional  area is unity.  
I f  c~ is the  ratio of  the  wate r  f lux cross ing  interface  1 (or 2) 
to the  mola r  f lux I, and  NwA and Nwc are the  anode  and 
ca thode  wate r  f low rates (or fluxes) t h rough  interfaces  1 
and 4, respect ive ly ,  t h e n  the  f luxes are all re la ted by 

I = J/2F = NHa, 1 : 2No2.4 = NwA/Ot = Nwc/(1 + a) [1] 

The  fluid compos i t i on  in the  anode  and  ca thode  flo~w chan- 
nels  is a s sumed  to be  uniform.  The  anode  and  ca thode  feed 
s t reams  are each  a s s u m e d  to be  sa tura ted  wi th  wate r  vapor  
at the  humid i f i e r  t empera tu res ,  as 

- i)!; N~ L _ I _ _ Nwc - Nwc + (1 + a)l; N L (vo pol(l - XoN) [5] 
2 2XoN 

The  total  ca thode  exhaus t  flow, ob ta ined  by s u m m i n g  the  
three  exi t  flows in Eq.  [5], are 

N~ot~,c - 2 (1  - X~c)XoN ~ ~ + I [0]  

The mole  f ract ion of  wa te r  and o x y g e n  at in terface  4 and 
t h roughou t  the  ca thode  flow channe l  is the  ratio of  the  
wate r  or o x y g e n  flow to the  total  f l o w t h r o u g h  interface 4. 
Thus  

I XwcVo + 2(1 + ~)(1 - I XwC)XON 
X w  4 - -  

Vo + (2a + 1)(1 - X~c)XoN ' 

(Vo -- 1)(1 -- XIwc)XoN 

XO4 -- VO + (2a + 1)(1 -- X~c)Xo~ [7] 

Similarly,  t h r o u g h o u t  the  anode  flow channe l  f rom Eq. [3] 
we  get, for  t he  mole  f rac t ion of  wa te r  at in ter face  1 

i ~(1 i 
PHXwA --  __ XwA ) 

Xw, - ~wA - ~ (1  - X~wA) + , ~  - 1 [8]  

The  con t inu i ty  condi t ions  have  g iven  us Xwl, xw4, and Xo4 
as the  inpu t  pa ramete rs  and the  (as yet  unknown)  ratio ~ of  
water  flux pass ing  t h rough  in ter face  1 to f lux I. Nex t  we  
deve lop  the  equa t ions  for wa te r  t r anspor t  t h rough  the  two 
e lec t rodes  and the  m e m b r a n e .  The  region be tween  inter- 
faces 1 and 2 has b inary  dif fus ion of  H~ and wate r  vapor;  
the  reg ion  b e t w e e n  interfaces  2 and 3 has  wate r  drag of  
pro tonic  cur ren t  and wate r  diffusion;  and the  region be- 
tween  in terfaces  3 and 4 has te rnary  gas-phase diffusion. 

Gas dif fusion in the electrodes.--We as sume  that  the  
anode  and ca thode  gas mix tu res  wi th  wate r  vapor  act as 
ideal  gases. Le t  z increase  in the  d i rec t ion  of  reac tant  flow, 
that  is, f rom in ter face  1 to 2 and f rom interface  4 to 3. The  
S te fan-Maxwel l  equa t ion  for m u l t i c o m p o n e n t  diffusion 
def ines  the  g rad ien t  in m o l e  f ract ion of  t he  c o m p o n e n t s  

dxi x~N~ - xjNi 
dz - R T  ~ [9] PD~j 

The  b inary  d i f fus ion coeff icients  were  calcula ted for mass  
d i f fus ivi ty  f rom the  Sla t te ry  and Bi rd  (8) es t imat ion  at low 
pressures .  The  pressure-di f fus iv i ty  p roduc t  (atm-cm2/s) is 
e s t imated  f rom cri t ical  t empera tu re ,  cri t ical  pressure,  and 
mass  of  the  respec t ive  c o m p o n e n t s  A and B 

p .  D A B = a (  T ~b(pcAP~B)l/3 

~3/2 [10] (TcATcB)5/12 + M s /  
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w h e r e  a = 0.0002745, b = 1.832 for  H2, O2, a n d  N2, a n d  
a = 0.000364 a n d  b = 2.334 for  w a t e r  vapor .  T he  e ~/2 t e r m  is 
a B r u g g e m a n n  c o r r e c t i o n  of  t h e  d i f fus ion  coeff ic ients  to  
a c c o u n t  for  t he  po ros i t y  of  t h e  e l ec t rode  (9). 

Th i s  m o d e l  a s s u m e s  on ly  c o n c e n t r a t i o n  g rad ien t s ,  no t  
to ta l  p r e s s u r e  g rad i en t s ,  ac ross  t h e  e lec t rodes .  (A p r e s s u r e  
d r o p  can  o c c u r  ac ross  t he  m e m b r a n e  i f  t he  a n o d e  a n d  ca th-  
ode  p r e s s u r e s  a re  di f ferent) .  F r o m  Eq.  [9] w e  o b t a i n  t h e  fol- 
l o w i n g  d i f f e ren t i a l  e q u a t i o n s  for  x~A ac ross  t h e  a n o d e  a n d  
for X~c a n d  Xoc ac ross  t h e  c a t h o d e  

dXwA RTI 

dz P ADwn 
- - [ X ~ A ( 1  + a) -- a] [11] 

dxo RTI[xo( l+cO+O.5xwc 1 -  X~c - Xo] 
- - -  - t- [12]  

dz' Pc Dwo -~ON 

dx~c 

dz' 

RTI [(1 - Xwc - Xo)(1 + ~) 

L Pc D~N 

0.5X~c + xo(1 + ~)7 
+ -J [13] 

DoN 

E q u a t i o n  [11] c a n  b e  i n t e g r a t e d  across  t he  a n o d e  t h i c k n e s s ,  
tA, f r o m  t h e  in i t ia l  c o n d i t i o n  of  Xwh = Xw~ at  z = 0 at  inter-  
face 1, w h i c h  we  k n o w  f rom Eq.  [8], to  o b t a i n  Xw2 at  z = tA 
at  i n t e r f ace  2 

o 
Xw2 = x~, - : ~  exp  ~P---~w / + - l + a  [14] 

Simi lar ly ,  Eq.  [12] a n d  [13] c an  be  s i m u l t a n e o u s l y  in te-  
g ra t ed  f r o m  t h e  k n o w n  in i t ia l  c o n d i t i o n s  of  Eq.  [7] at  in ter -  
face 4 to o b t a i n  Xo3 a n d  Xw3 at i n t e r f ace  3. A l t h o u g h  t h e s e  
e q u a t i o n s  can  b e  i n t e g r a t e d  analy t ica l ly ,  we  c h o s e  to in te-  
g ra te  t h e m  numer i ca l l y .  We n o w  h a v e  t he  w a t e r  m o l e  frac- 
t i o n  in  t h e  gas  m i x t u r e  in  c o n t a c t  w i t h  e a c h  s ide  of  t h e  
m e m b r a n e  in  t e r m s  of  a a n d  t h e  i n p u t  p a r a m e t e r s  a n d  gas 
p h a s e  (e lec t rode)  t r a n s p o r t  p a r a m e t e r s .  

I n  th i s  m o d e l  we  h a v e  n o t  c o n s i d e r e d  t h e  poss ib i l i ty  of  
large  e x c e s s e s  of  l iqu id  w a t e r  in  t he  f low c h a n n e l s  or  
w i t h i n  t h e  e lec t rode .  In  so lv ing  t he  c o n t i n u i t y  e q u a t i o n s  
we  d id  inc lude ,  howeve r ,  m a r g i n a l  s i t ua t i ons  in  w h i c h  a 
s l igh t  v o l u m e  of  l iqu id  w a t e r  fo rms  w i t h i n  t h e  c h a n n e l s  of  
t h e  e lec t rodes .  F o r  t h e  c o n t i n u i t y  equa t ions ,  no  d i s t i n c t i o n  
was  m a d e  b e t w e e n  w a t e r  gas  a n d  w a t e r  l iqu id  molecu les .  
I f  Pw e x c e e d e d  Psat, t h e n  t h e  exces s  w a t e r  was  c o n s i d e r e d  
in  t h e  c o n t i n u i t y  e q u a t i o n s  as i f  i t  w e r e  f inely d i s p e r s e d  
d rop le t s  (wi th  zero vo lume) ,  h a v i n g  t r a n s p o r t  p r o p e r t i e s  
iden t i ca l  to  t h o s e  of  w a t e r  vapor .  On ly  w h e r e  t h e  p r e s s u r e  
of  t he  r e a c t i n g  gas  (oxygen)  h a d  to b e  c o n s i d e r e d  for  t h e  
c a t h o d e  k i n e t i c s  was  t h e  f r ac t ion  of  l i qu id  water ,  x~,q, sub-  
t r a c t e d  a n d  t h e  rea l  m o l e  f r ac t ion  for  gas  p h a s e  a lone  was  
e m p l o y e d .  Thus ,  t h e  par t i a l  p r e s s u r e  of  o x y g e n  a t  t h e  ca th-  
ode  is PcxoJ(1 - xnq). 

Water transport in membrane.~Memhrane w a t e r  con-  
t e n t  a t  t he  i n t e r f ace  is d e t e r m i n e d  b y  t he  ac t iv i ty  of  w a t e r  
v a p o r  at  t h e  e l e c t r o d e / m e m b r a n e  in ter face ,  a s s u m i n g  
e q u i l i b r i u m .  T h e  ac t iv i ty  in  t h e  v a p o r  p h a s e  is xwP/Psat. 
T h e  s a t u r a t i o n  p r e s s u r e  of  water ,  P~t, u s e d  h e r e  a n d  previ-  
ous ly  in  Eq.  [2] was  f i t ted to t he  fo l lowing  e m p i r i c a l  ex- 
p r e s s i o n  a c c o r d i n g  to t a b u l a t e d  va lues  (10) 

logl0P~t = -2 .1794 + 0.02953T 

- 9.1837 �9 10-ST 2 + 1.4454 �9 10-TT 3 [15] 

M e m b r a n e  w a t e r  c o n t e n t  was  m e a s u r e d  b y  Z a w o d z i n s k i  
et at., (11) as  a f u n c t i o n  of  w a t e r  ac t iv i ty  for  t h e  Na t ion  117 
m e m b r a n e  b y  w e i g h i n g  m e m b r a n e s  e q u i l i b r a t e d  a b o v e  
a q u e o u s  so lu t i ons  of  va r i ous  l i t h i u m  ch lo r ide  concen t r a -  
t ions .  F i g u r e  2 s h o w s  t he  r e s u l t i n g  " i sop ies t i c  c u r v e "  
m e a s u r e d  at  30~ Wate r  con t en t ,  X, is g i v e n  as t he  ra t io  of  
t h e  n u m b e r  of  w a t e r  m o l e c u l e s  to  t h e  n u m b e r  of  c h a r g e  

14 

12. [] 

,~  10. 

~ .  8. 

~t 6. 
r162 

4.  

2. 

O. 
0.0  o.2 o.4 o.6 o.8 1.0 

Water  Vapor  Activity (Pw / P,a, ) 

Fig. 2. Measured membrane water content vs. water activity for 
Nation 117 at 30~ and according to Eq. [16]. 

(SO~H +) sites. A fit of  t h e  e x p e r i m e n t a l  r e l a t i o n s h i p  of  X vs. 
w a t e r  v a p o r  act ivi ty ,  a, u s e d  in  t h e  m o d e l  is 

X(~0c) = 0.043 + 17.81a - 39.85a z + 36.0a 3 for  0 < a -<- 1 [16] 

T h e  m e a s u r e d  v a l u e  of  h in  e q u i l i b r i u m  w i t h  s a t u r a t e d  
w a t e r  v a p o r  a t  30~ is 14 H20 pe r  c h a r g e d  s i te  (see Fig. 2). 
I n  t h e  absence ,  a t  t h e  m o m e n t ,  of  i sopies t ic  da ta  at  80~ 
we  are  a s s u m i n g  t h a t  t he  30~ da t a  app l ies  to m e m b r a n e  
e q u i l i b r i u m  w i t h  w a t e r  v a p o r  at  80~ Our  m e a s u r e m e n t s  
also s h o w  t h a t  w h e n  t h e  m e m b r a n e ,  fo l lowing  par t ia l  dry- 
ing, is i m m e r s e d  in  l i qu id  water ,  X c a n  go as h i g h  as 22 
w h e n  at  Water  bo i l i ng  t e m p e r a t u r e  a n d  to 16.8 w h e n  at  
80~ Th i s  a p p a r e n t  anoma ly ,  in  w h i c h  w a t e r  v a p o r  a n d  liq- 
u id  w a t e r  (in e q u i l i b r i u m  w i t h  e a c h  o ther )  equ i l i b r a t e  sep- 
a ra te ly  to d i f f e r en t  m e m b r a n e  w a t e r  con t en t s ,  is of  
t heo re t i c a l  a n d  p rac t i ca l  i n t e r e s t  b u t  wil l  n o t  b e  f u r t h e r  
d i s c u s s e d  here .  F o r  m o d e l i n g  p u r p o s e s ,  we  a l lowed  X to in- 
c rease  l inea r ly  f rom 14 to 16.8 as t he  m o l e  f r ac t ion  of  w a t e r  
e x c e e d e d  s a t u r a t i o n  a n d  i n c r e a s e d  f r o m  xw.s~t to 3Xw,~t, 
t h a t  is, for  

) <-- Psat ~< 3, h = 14 + . \ - ~ a t  -- 1 [17] 

We m e a s u r e d ,  in  N a t i o n  117, t h e  n u m b e r  of  w a t e r  mole-  
cu les  d r a g g e d  pe r  H § ion  m o v e d  b y  e lec t r ic  field t h r o u g h  
t he  m e m b r a n e  a n d  f o u n d  it  to b e  2.5 _+ 0.2 for  a ful ly hy-  
d r a t e d  m e m b r a n e  in  e q u i l i b r i u m  w i t h  l iqu id  w a t e r  at  30 or  
50~ (12) ( the  m e m b r a n e  in  t h e s e  las t  e x p e r i m e n t s  h a d  
b e e n  p r e t r e a t e d  in  bo i l i ng  water) .  B a s e d  on  w o r k  of  La- 
Con t i  et al. (13), we  a s s u m e  t h a t  t h e  w a t e r  d r ag  coeff ic ient  
is l i nea r ly  p r o p o r t i o n a l  to  w a t e r  con ten t .  We h a v e  r ecen t ly  
m e a s u r e d  a v a l u e  of  on ly  - 0 . 9  w a t e r  m o l e c u l e s  d r a g g e d  
pe r  H § in  pa r t i a l ly  h y d r a t e d  Na t ion  w i t h  a w a t e r  c o n t e n t  X 
of  11, w h i c h  w o u l d  i n d i c a t e  t h a t  th i s  p r o p o r t i o n a l i t y  as- 
s u m p t i o n  wil l  n o t  u n d e r e s t i m a t e  w a t e r  d r ag  at  low m e m -  
b r a n e  w a t e r  con t en t .  Thus ,  for  t h e  " c o m p l e x "  H+(H20)~ mi-  
g r a t i ng  t h r o u g h  t h e  m e m b r a n e  a t  80~ we will  de s igna t e  
t he  n u m b e r  of  w a t e r  m o l e c u l e s  pe r  p r o t o n  as ndrag, a n d  
t h e n  

~7~drag = 2.5k/22 a n d  Nw,drag = ndrag " (21) [18] 

(The H § f lux (2I) is tw ice  t he  H2 flux, I.) 
U s i n g  t h e  pu lsed- f ie ld  g r a d i e n t  s p i n - e c h o  n u c l e a r  mag-  

ne t i c  r e s o n a n c e  (NMR) t e c h n i q u e ,  Z a w o d z i n s k i  et al. (11) 
also m e a s u r e d  t h e  i n t r a d i f f u s i o n  coef f ic ien t  of  w a t e r  in  
Na t ion  117 m e m b r a n e s  e q u i l i b r a t e d  over  a q u e o u s  solu- 
t i ons  of  LiC1 to se t  t h e  w a t e r  ac t iv i ty  in  c o n t a c t  w i t h  t he  
m e m b r a n e .  We a s s u m e  he re  t h a t  th i s  i n t r a d i f f u s i o n  coef- 
f icient ,  D',  r e la tes  a w a t e r  d i f fus ion  f lux to t h e  g r a d i e n t  in  
c h e m i c a l  p o t e n t i a l  or t h e  g r a d i e n t  in  t he  l o g a r i t h m  of  ac- 
t ivity.  I n  tu rn ,  t h e  g rad ien t ,  w i t h  r e s p e c t  to t he  l a b o r a t o r y  
c o o r d i n a t e  z '  o f  w a t e r  c o n t e n t  h m a y  be  u s e d  

D'cw D'cw d(ln a) dk 
Nw,dif = - - -  V~ - - -  V(RT In a) = - D ' C w - -  

RT RT dk dz' 
[19] 
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In  order  to e l imina te  t r ack ing  the  m e m b r a n e  swel l ing in 
the  model ,  we  conver t  to the  equ iva l en t  wa te r  concentra-  
t ion in a dry  m e m b r a n e ,  kpa~y/Mm, and to a n e w  coordinate ,  
z, f ixed to the  d ry  m e m b r a n e .  To accoun t  for m e m b r a n e  
swell ing,  dry  m e m b r a n e  th ickness  d imens ions  are  ex- 
p a n d e d  by the  factor  (1 + sk). We def ine  the  cor rec ted  dif- 
fus ion coeff ic ient  Dk, w h i c h  relates  f lux to grad ien t  wi th  
respec t  to the  dry  m e m b r a n e  coord ina tes  in water  con ten t  
>, and wh ich  is a func t ion  of  }, 

N w , d i f  = - D ' c w - -  
d(ln a) dk 

dk dz' 

= _D,(kpd~y/Mmk d a )  dk pdry dk 
\ ( l + s > , )  ~ a ~  d ~ =  MmDX~zz [20] 

By  di f ferent ia t ing  the  fit (at 30~ o fk  vs. a, f rom Eq. [16], to 
subs t i tu te  for da/dX in Eq.  [20], the  t r ans fo rmed  diffusion 
coeff ic ient  for  a coord ina te  f ixed to the  d ry  m e m b r a n e  is 

. 1 k ) D' [21] 
D~.a0c = (1 + sk) ~ a(17.81 - 79.70a + 108a ~) 

F r o m  the  m e a s u r e d  th i ckness  of  dry  and fully hydra ted  
Nat ion 117 m e m b r a n e s ,  we  de t e rmined  s to have  a va lue  of  
0.0126. Given  k, Eq.  [16] is so lved  impl ic i t ly  to de t e rmine  a 
and is d i f ferent ia ted  to get  da/dX for use  in Eq.  [21]. Fig- 
ure  3 is a plot  of  D',  D~, and thei r  ratio as a func t ion  of  Na- 
tion 117 wate r  con ten t  ~. The  peak  in the  correc t ion  factor  
and in D~ around k = 3 (Fig. 3) is very sensitive to the exact 
form of the strong variation in water activity in this region 
(see Fig. 2). In the model, Dx was represented by a cubic 
polynomial for k > 4 and by tabular interpolation for k -< 4. 
Equation [22] is the fit for k > 4 of D~ vs. ~ at 30~ corrected, 
by an activation energy term, to the other temperatures we 
used 

_ 1 

D~>4 = 10-6 exp  I 2 4 1 6 ( Z  273 + Tcell) ] 

(2.563-0.33>, + 0.0264k ~ - 0.000671X a) [22] 

The  ac t iva t ion  ene rgy  of  Eq.  [22] was based  on meas-  
u r e m e n t s  of  Yeo and E i senbe rg  (14) on wate r  diffusion in 
acid  f rom Nat ion of  1155 equ iva len t  weight .  

The  ne t  wa te r  f lux t h rough  the  m e m b r a n e  is 

X Pdry dk 
N w  = ~ I  --  ndrag" (2I)" 22 -- M~ D~ d-z [23] 

dk - . ~ _ ~] IM~ 
~ Z Z -  [ 2 n d r a g  ~ p d r ~ ( ~ )  

and h e n c e  

[24] 

Equa t ion  [24] can  be  in tegra ted  numer ica l ly  f rom interface  
2, whe re  ~2 is d e t e r m i n e d  by x~2 and Eq. [14]. This  al lows us 
to ca lcula te  k3 and x'3.  

I tera t ive  so lu t ion . - -The  key  to solving the  water  trans- 
por t  t h rough  the  P E F C  occurs  at this point,  where  we  
m u s t  app ly  in i te ra t ion  to d e t e r m i n e  the  p roper  va lue  of  u. 
We d is t inguish  x~3, w h i c h  is ob ta ined  fo l lowing the  inte- 
gra t ion of  Eq.  [24], f rom x~3, wh ich  is ob ta ined  fol lowing 
in tegra t ion  f rom the  ca thode  end  us ing  Eq. [7] and [13]. 
These  two va lues  will  be  equa l  w h e n  the  p roper  va lue  of  
is used.  This  i tera t ion inc ludes  Eq.  [1]-[24], wh ich  were  dis- 
cussed  in the  th ree  p rev ious  sect ions  and which  are all 
funct ions  of  ~. 

Membrane  resistance and vol tage drop . - -When  the  
wate r  profi le in the  m e m b r a n e  has  been  de te rmined ,  we  
can de t e rmine  the  m e m b r a n e  res i s tance  and the  potent ia l  
d rop  across  it. The  conduc t iv i ty  of  Nat ion  117 was meas-  
u red  above  wa te r  for a range  of  wa te r  act ivi t ies  at 30~ The  
conduc t iv i ty  was also m e a s u r e d  at 30 and  80~ for a fully 
hydra t ed  m e m b r a n e  f rom which  an ac t iva t ion  energy  was 

6 . . . .  i . . . .  , . . . .  

D, , s  ~ 
s ~ 

• / ~ / 
Z e 
r ~  

o , , i i i i i i i r . . . .  
0 5 1 0  5 

~, (H~O/$O; )  

Fig. 3. Measured intradiffusion coefficient, D', at 30~ the cor- 
rected diffusion coefficient, Dx, and the correction factor, DJD', calcu- 
lated from measured activity and swelling, plotted against water con- 
tent per charge site for Nation 117. 

found and a s s u m e d  to apply  at all va lues  of  ~. The  follow- 
ing fit of  conduc t iv i ty  in (~-cm)- '  as a func t ion  o fk  was ob- 
ta ined  

~30 = 0.005139k - 0.00326 for h > 1 

or(Tee,) = exp  1268 3 3 273 + Tcel] %0 [25] 

Be low one  wate r  per  charge  site, the  m e m b r a n e  conduct iv-  
i ty was a s sumed  constant .  The  m e m b r a n e  res is tance in 
~ - c m  2 is ob ta ined  us ing  Eq. [24] and [25] by in tegra t ion  
over  the  m e m b r a n e  th ickness ,  tin, as 

f~ m dz [26] Rm = ~(k) 

Cathode overpotent ia l . - -To  genera te  the  comple t e  cell  
polar izat ion curve,  we  a s sume  a ca thodic  overpotent ia l  
loss in addi t ion  to the  ohmic  loss in the  membrane .  To cal- 
culate  this ca thode  loss we  used  the  s imple  Tafel  expres-  
s ion for J vs. ~ given  in Eq.  [27]. Thus  

Fo.sF ] 
J = J o P c  Xo3 exp  L - ~ - ~ J  [27] 

1 - -  X l i  q 

where  ~ = Voc - Vceii - J "  Rm .... The  e x c h a n g e  cur ren t  den-  
sity Jo is r e fe renced  to pu re  o x y g e n  at 1 arm at the  open  cell  
potent ia l  Voc. As m e n t i o n e d  earlier, the  mole  fract ion of  02 
is cor rec ted  to a gas-phase fraction. For  the  sake of  sim- 
plicity, we  do no t  cons ider  in Eq. [27] the  ra ther  impor t an t  
effects  of excess  l iqu id  wate r  on oxygen  mass  t ranspor t  
rates wi th in  the  cathode.  

Because  we  ini t ial ly specify  the  cur ren t  dens i ty  to get  
the  wate r  and o x y g e n  concen t ra t ions  and m e m b r a n e  
res is tance  R . . . .  Eq.  [27] is so lved impl ic i t ly  to de t e rmine  
the  va lue  of  Vceu (only pos i t ive  vol tage  al lowed) corre- 
spond ing  to the  specif ied cur ren t  densi ty .  

Results and Discussion 
The  m o d e l  has 16 inpu t  pa ramete rs  plus  specific isopies- 

tic, diffusion,  and e lec t ro-osmot ic  drag data  that  can vary  
for di f ferent  m e m b r a n e  mater ia ls  and m a n y  ou tpu t  vari- 
ables  tha t  could  be  examined .  We only focused  on a few of 
these  paramete rs  and  var iables  to i l lustrate  the  effects  of  
water  t ranspor t  on the  fuel  cell  sys tem,  as p red ic ted  by the  
a s sumpt ions  of  the  model ,  and to observe  which  aspects  of  
the  m o d e l  suppor t  and which  fail to suppor t  cer ta in  exper-  
imen ta l  results .  While deve lop ing  the  equa t ions  for the  
model ,  i t  was conven i en t  to i n t roduce  c~, the  ratio of  ne t  
wa te r  flux to wa te r  flux p roduced  at the  cathode.  To evalu- 
ate the  m o d e l  results ,  we  wil l  n o w  use  ~, the  ne t  wa te r  f lux 

Downloaded 20 Nov 2009 to 140.112.2.121. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



2338 J. Electrochem. Soc., Vol. 

Table I. The base-case input parameters and some computed 
variables for a cell with Nation 117 membrane. 

Input parameters Computed variables 

J = 0.5 A/cm 2 Vcel] = 0.668 V 
j = 0.01 A]cm 2 Rm~r, = 0.285 12-cm z 
v.  = 4 ct = 0.4 
vo = 6 ~ = 0.2 H20 flux/H + flux 
PA = 3 atm xwi = 0.1015 
Pc = 3 atm x~a = 0.1013 
tA = 0.0365 cm x~a = 0.2327 
tc = 0.0365 cm x ~  = 0.2264 
t ~  = 0.0175 cm Xo~ = 0.1329 
Tr = 80~ Xo4 = 0.1403 
T~t~ = T~tc = 80~ Rel Hum~ = 0.6515 
Vo~ = 1.1 V Rel Hum4 = 1.4535 
X~N = 0.21 (air) X]iq4 = 0.077 

w~ X~c= 0.1558 

pe r  p ro ton ,  w h i c h  is s i m p l y  0.5~. T h e  se t  of  m o d e l  p a r a m e -  
te rs  u s e d  for  ou r  b a s e  case  is l i s t ed  in  T a b l e  I a long  w i t h  
s o m e  of  t h e  c o m p u t e d  va r i ab l e s  for  th i s  case.  W h e n  cur-  
r e n t  d e n s i t y  is va r ied ,  vH a n d  Vo are  spec i f ied  he re  for  t h e  
m a x i m u m  c u r r e n t  d e n s i t y  of  2 A /cm 2 a n d  in le t  f low ra tes  
are  h e l d  c o n s t a n t  a t  t h i s  v a l u e  ( i .e . ,  v = ~m~x" J ~ J J ) .  Thus ,  
in  T a b l e  I, a l t h o u g h  vH is 4 for  a c u r r e n t  d e n s i t y  of  
0.5 A / c m  2, vH wil l  b e  1 w h e n  t h e  c u r r e n t  d e n s i t y  is in- 
c r ea sed  to 2 A / c m  2 at  t h e  s a m e  h y d r o g e n  f low rate.  

F o r  t he  b a s e  case,  t h e  a n o d e  a n d  c a t h o d e  gas  s t r e a m s  
b o t h  e n t e r  at  s a t u r a t e d  cond i t i ons .  T h e  re la t ive  h u m i d i t y  
d r o p s  in t h e  a n o d e  f low c h a n n e l  ( x ~  < X~A) b u t  fo rms  ad- 
d i t iona l  l iqu id  w a t e r  in  t h e  c a t h o d e  c h a n n e l  (x~4 > X~c). 
F i g u r e  4 s h o w s  t h e  c o m p u t e d  w a t e r  profi le  as a f u n c t i o n  of  
t h i c k n e s s  f r ac t ion  m e a s u r e d  f rom t he  c a t h o d e  on  t h e  left  
ac ross  t h e  N a t i o n  117 m e m b r a n e  for  four  c u r r e n t  dens i t ies .  
T h e  J = 0.5 A / c m  2 curve ,  c o r r e s p o n d i n g  to t h e  va lues  of  
T a b l e  I, h a s  a n e t  w a t e r  f lux ra t io  [3 of  0.2 w a t e r  m o l e c u l e s  
pe r  H § ion  t r a n s p o r t e d  t h r o u g h  t h e  m e m b r a n e .  T he  ne t  
w a t e r  f lux m o v e s  f r o m  r i g h t  to  lef t  or in  t he  d i r ec t i on  of  in- 
c r eas ing  w a t e r  con t en t .  A t  t h e  h i g h e r  c u r r e n t  d e n s i t y  t h e r e  
is m o r e  n e t  w a t e r  f lux e v e n  t h o u g h  t he  ra t io  of  n e t  w a t e r  
f lux p e r  p r o t o n  is less;  t hus ,  a t  t h e  ca thode ,  t h e  va lues  o f  
v a r y  f rom 14.1 to  15 as t h e  c u r r e n t  d e n s i t y  i nc r ea se s  f rom 
0.1 to 0.8 A / c m  2. S o m e  e x c e s s  l iqu id  is p r e s e n t  at  t he  ca th-  
ode,  so Eq.  [17] d e s c r i b e s  t h e  d e t e r m i n a t i o n  of  ;~ at  t h e  
m e m b r a n e  su r face  in  t h e  p r e s e n c e  of  exces s  l iqu id  w a t e r  
at  i n t e r f ace  3. T h e  m a g n i t u d e  of  t he  s lope  of  t he  w a t e r  pro-  
files d r o p s  f r o m  c a t h o d e  to anode ,  chief ly  b e c a u s e  t h e  
w a t e r  d rag  f lux is p r o p o r t i o n a l  to w a t e r  c o n t e n t  and,  thus ,  
less d i f fus ion  f lux is r e q u i r e d  to offset  i t  a t  s t e a d y  s ta te  
n e a r e r  t h e  anode .  

A n  e x a m i n a t i o n  of  t h e  w a t e r  a n d  o x y g e n  mo le  f rac t ions  
in  Tab le  I g ives  s o m e  i n s i g h t  in to  gas  d i f fus ion  a n d  t he  

16 

14 

U'J 12 

N 8 

o 6 

2 

0 

' 0.2 T=t~ = 80~ 
�9 0.5 Tutc = 80oC 
* 0.8 

0.o o'.= o'., 0'., ; . ,  ,.o 
T H I C K N E S S  F R A C T I O N  

Fig. 4. Computed water profiles in Notion ] ] 7 for the base case for 
four current densities holding gas flow rates constant, VH = ] at ] 
A]cm 2. The cathode is on the left, and the net water flux moves from 
right to left, 
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t r a n s p o r t  of  w a t e r  in  t he  e lec t rodes .  Fu l ly  s a t u r a t e d  w a t e r  
v a p o r  e n t e r s  b o t h  a n o d e  a n d  c a t h o d e  flow c h a n n e l s  at  
3 a t m  p ressu re ,  80~ c o r r e s p o n d i n g  to a w a t e r  m o l e  frac- 
t i on  of  0.1558. T h e  m e m b r a n e  w a t e r  f lux l eav ing  t h e  a n o d e  
f low c h a n n e l  a n d  e n t e r i n g  t h e  m e m b r a n e  d rops  t he  re- 
m a i n i n g  w a t e r  v a p o r  to a m o l e  f rac t ion,  x ~  of  0.1015. This  
s a m e  m e m b r a n e  w a t e r  flux, p lus  t h e  w a t e r  p r o d u c e d  at t he  
ca thode ,  a d d  to t h e  m o l e  f r ac t i on  of  w a t e r  in  the  c a t h o d e  
a n d  t h e  c a t h o d e  f low channe l .  T h r o u g h  t h e  gas -d i f fus ing  
anode ,  t h e  m o l e  f r ac t ion  of  w a t e r  v a p o r  d r o p s  ve ry  s l igh t ly  
to Xw2 of  0.1013. T h e s e  s l igh t  v a r i a t i o n s  in  a n o d e  gas  com- 
pos i t i on  b e t w e e n  in t e r f aces  1 a n d  2 (across  t h e  anode)  
m e a n  t h a t  i n t e r p l a y  b e t w e e n  w a t e r  a n d  h y d r o g e n  gas 
t r a n s p o r t  ac ross  t h e  a n o d e  are no t  s ign i f ican t  for overa l l  
cell  p e r f o r m a n c e .  In  fact,  c o n s i d e r i n g  in t e r f ace  2 equiva-  
l en t  to i n t e r f ace  1 w o u l d  b e  of  l i t t le  c o n s e q u e n c e .  U n l i k e  
t h e  case  of  t h e  anode ,  across  t he  c a t h o d e  t he  w a t e r  v a p o r  
f lux d i f fuses  c o u n t e r  to  t h e  o x y g e n  flux, a n d  t he  c h a n g e  in 
mo le  f r ac t ion  ac ross  t h e  c a t h o d e  is n o t  so sl ight .  B e c a u s e  
t he  in i t ia l  c a t h o d e  in le t  s t r e a m  was  a l r eady  s a t u r a t e d  w i t h  
water ,  e x c e s s  l i qu id  is p r e s e n t  a n d  is a s s u m e d  to be  thor-  
o u g h l y  d i s p e r s e d  in  t h e  c a t h o d e  a n d  t he  c a t h o d e  f low 
c h a n n e l  w h e r e  t h e  mo le  f r ac t ion  of  l iqu id  water ,  x]~q,4, is 
0.077. C o m p a r i s o n  of  Xo3 to Xo4 (Table  I) s h o w s  t h a t  t he  02 
p r e s s u r e  h a s  d r o p p e d  (at  0.5 A /cm 2) on ly  b y  a b o u t  5% 
across  t he  ca thode .  Th i s  m e a n s  t h a t  t h e  l i m i t i n g  c u r r e n t  
se t  b y  o x y g e n  d i f fus ion  t h r o u g h  t h e  c a t h o d e  is a b o u t  
10 A / c m  2. 

U n d e r  d i f f e ren t  o p e r a t i n g  cond i t i ons ,  t he  m o d e l  pre-  
d ic ts  good  p e r f o r m a n c e  w i t h  no  s ign i f ican t  l iqu id  w a t e r  
p resen t .  F o r  e x a m p l e ,  r e f e r r ing  to t he  p r e v i o u s  b a s e  case, 
i f  t h e  a n o d e  h u m i d i f i e r  t e m p e r a t u r e  is r a i sed  to 105~ 
wh i l e  t he  c a t h o d e ' s  is l o w e r e d  to 20~ (cell t e m p e r a t u r e  
80~ a n d  t he  c a t h o d e  s t o i c h i o m e t r y  is r a i sed  f rom 6 to 8.4, 
t h e n  t he  re la t ive  h u m i d i t y  is 0.914 in t h e  a n o d e  f low chan-  
ne l  a n d  is 0.930 in  t h e  c a t h o d e  f low channe l .  A ve ry  sma l l  
a m o u n t  of  l iqu id  is p r e s e n t  at  i n t e r f ace  3 (X~q,3 = 0.0035), 
b u t  th i s  e v a p o r a t e s  d u r i n g  t h e  d i f fus ion  p a t h  to in t e r f ace  4. 
E x a m p l e s  are  c i t ed  in w h i c h  t h e  c a t h o d e  h u m i d i f i e r  is a t  
80~ because ,  in  t he  l abora to ry ,  less  h u m i d i f i c a t i o n  to t he  
c a t h o d e  gave  p o o r  cel l  p e r f o r m a n c e ,  c o n t r a r y  to s u c h  
m o d e l  p red ic t ions .  We be l i eve  th i s  is b e c a u s e  of  t h e  par t ia l  
d r y i n g  of  t he  m e m b r a n e  t h a t  a p p a r e n t l y  t akes  p lace  be- 
cause  of  t he  e x c e s s i v e  e v a p o r a t i v e  loss t h r o u g h  t he  g raph-  
i te  co l lec tor  p la tes  he ld  at  80~ W h e n  th i s  " a d d i t i o n a l "  
c a t h o d e  w a t e r  r e m o v a l  p a t h  b e c o m e s  u n d e r s t o o d ,  i t  will  
be  i n c l u d e d  in  f u t u r e  mode l s .  

F i g u r e s  5-9 d i sp lay  t h r e e  va r i ab l e s  (cell vol tage,  V~en, 
m e m b r a n e  res i s t ance ,  Rm~m, a n d  s t eady- s t a t e  water -per -  
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current density for different anode stoichiometry with anode humidifier 
at 80~ 
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proton flux ratio, [3) as a function of current density from 0 
to 2 A/cm 2. Except where indicated, all parameters cor- 
respond to the base case of Table L 

Figure 5 shows the effect on the base case of varying the 
anode stoichiometry. The only effect of variations in VH iS 
through the role of H2 as a carrier for water vapor in the 
inlet gas stream because the model assumes that over- 
potential occurs only at the cathode/membrane interface. 
Note that the steady-state water flux per H § ratio decreases 
with increasing current density for a fixed H2 flow, and it 
increases with increased He stoichiometry when more 
water vapor is supplied at the anode. A higher water flux 
results in lower membrane  resistance and higher cell volt- 
age at a given current density. 

Figure 6 shows the effect of raising the anode humidifier 
temperature above the cell temperature. The membrane  at 
low currents maintains a water content near 14 water mol- 
ecules per membrane  charge site throughout its thickness, 
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Fig. 8. V~u, R~u, and H~O/H + flux ratio [3 vs. J for four Nation 117 
membrane thicknesses at T,,~ = 80~ 

and the resistance approaches 0.13 ~-cm 2. The addition of 
more water vapor by raising the humidifier temperature 
has improved cell performance by lowering the membrane 
resistance considerably. This is clearly seen by comparing 
the cell resistance and cell polarization curves shown in 
Fig. 5 and 6. The initial high H20/H + flux ratio [3 of about 
2.3 at 0.1 A/cm ~ occurs because the 105-80~ difference in 
anode-to-cathode humidifier temperatures provides a gra- 
dient in membrane  water content. (Remember that we al- 
lowed (in Eq. [17]) >, to increase with excess liquid water at 
the interface.) At higher current and lower vH, the flux ratio 

drops. At VH = 1, we cannot transport much water vapor 
to the anode, which causes h to drop in the membrane.  
This drops the electro-osmotic drag but  also raises the re- 
sistance. 

Figure 7 shows the effect of holding VH at i (defined for 
2 A/cm ~) and varying the temperature of the anode humidi- 
fier, T~tA. Here the resistance increase with current is 
much higher than in Fig. 5, because less water is available 
from the anode feed stream for the membrane.  The flux 
ratio [3 increases as T~atA increases, principally because the 
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Fig. 7. Cell voltage, membrane resistance, and H20/H + flux ratio vs. 
current density for different anode humidifier temperatures with anode 
stoichiometry of 1 at full current density. 
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drag coefficient is proportional to k. The inflections ob- 
served near ~ = 1.59 occur because the slope of the k v s .  

water activity curve changes when the water vapor at the 
interface reaches saturation. (The value of nd~ is 1.59 at 
k = 14.) In general, the value of ~ is less than ndr~g because 
backdiffusion ameliorates the effect of the electro-osmotic 
drag. 

Figure 8 shows the significant advantage of thinner 
membranes.  At T~tA = 80~ four membrane  thicknesses 
are compared. With the thin 50 ~m membrane,  not only is 
the resistance less than 0.05 t2-cm 2, but the flux ratio ~ is 
very low compared with the drag coefficient. Thus, the 
need to continuousl~ replenish the anode with water from 
the cathode in real stack operation becomes much smaller. 
The backdiffusion of water is now able to supply the anode 
need. Figure 9 shows the effect of the same membrane 
thickness variation but at an anode humidifier tempera- 
ture of 105~ Now the steady-state gradient of membrane 
water content  keeps the resistance lower for the thicker 
membranes,  but  it also causes more water to move to the 
cathode. 

We performed several measurements  to verify the pre- 
dictions of the water transport aspects of this model. In the 
first measurement  we collected water from the outlet gas 
streams of  a 50 cm 2 cell with a 117 Nation membrane,  using 
Prototech electrodes, and compared it with the inlet 
streams. We found at 500 mA/cm 2 that 0.2 H20 was trans- 
ported per H + at 80~ 

The second type of  measurement  was that of high-fre- 
quency resistance ("ohmic resistance") of a 1 cm 2 Nation 
117 cell operating on air and hydrogen at 80~ cell and hu- 
midifier temperatures,  and at 3 atm anode pressure and 
5 atm cathode pressure. The anode-cathode high-fre- 
quency resistance is measured at 5 kHz, where concentra- 
tion polarization and faradaic effects are eliminated, leav- 
ing, presumably, only the membrane resistance and any 
contact resistance. Figure 10 shows that both the experi- 
ment  and the model  indicate an increase in high-frequency 
resistance (RHF) with cell current. When the anode and 
cathode humidifier temperatures were raised to 105~ the 
high-frequency resistance actually decreased slightly with 
current density. We do not yet understand the observed 
d e p e n d e n c e  of RHF on cell current when the cell is well hu- 
midified (Tsat = 105~ 

Some general comments  about the approach described 
in this manuscript  are in order. We would like to stress 
again the strong reliance, in this modeling effort, on mem- 
brane parameters that have been measured in our labora- 
tory. We believe that in the effort to model  a complex sys- 
tem such as this, where the results depend on so many 
model parameters, the results of the code are of little value 
unless they rely to the max imum extent  possible on exper- 
imentally derived parameters. In this context, let us briefly 

r 

0.5 t 80~ 
ANODE STOICH = 3 

MEASURED HiGH @2 AJcm 
0.4 FREQUENCY 

PLUS 0.065 CONTACT 
RESISTANCE 

C~ o,3 

Z 
~p, 0.2. 
oo 

LU rr 0.1. 

0.0 
o.o 0:2 0'.4 o:s o.s 

C U R R E N T  D E N S I T Y  A / c m  2 

Fig. 10. Measured high-frequency resistance of a fuel cell with 
Nation i17  compared with model membrane resistance plus 
0.065 ~-cm 2 resistance. The cathode pressure was raised to 5 atm 
(3 atm on anode) to squeeze the membrane and electrodes. 

review the experiments performed, to highlight several 
aspects. The isopiestic technique has been shown here and 
elsewhere (11) to provide a good basis for establishing a 
range of well-defined water contents in the ionomeric 
membrane,  allowing us to derive the dependence of mem- 
brane protonic conductivity and water diffusion coeffi- 
cient on water content. Water (intra)diffusion coefficients 
have been derived over a range of membrane water con- 
tents using the 1H-pulsed gradient spin-echo (PGSE) NMR 
technique (11). The ~H intradiffusion coefficient was found 
to vary across a full order of magnitude as the mem- 
brane water content varies between 2 and 14 water mole- 
cules per sulfonate group. From arguments of H~O/H + pop- 
ulation ratio in the membrane  at high water contents and 
from similar apparent values of D derived from NMR and 
from protonic conductivity at small membrane water con- 
tents, we conclude that the NMR measured D of 1H is very 
close to D~20 in the range of water contents probe (11). We 
do intend, however, to further test the full accuracy of this 
conclusion in some future 170 NMR experiments.  

Another subtle aspect needs to be mentioned in the con- 
text  of applying an intradiffusion coefficient, (as derived 
from NMR or from a radioisotope labeling experiment), as 
an interdiffusion coefficient, that is, using the intradiffu- 
sion coefficient in a Fick's  first law formalism (see Eq. [t9]). 
In a strict analysis the intradiffusion coefficient (NMR) and 
the interdiffusion coefficient (Eq. [19]) are not necessarily 
identical (15). However, to complete this stage of work on 
the PEFC model, we felt that the proton diffusion coeffi- 
cient derived by NMR as a function of membrane water 
content can yield, upon correction for activity coefficient, 
a satisfactory approximation for the interdiffusion coeffi- 
cient of water in the membrane.  The values we obtained 
for the intradiffusion coefficient of water are reasonable; 
they fall between one order of magnitude smaller (for a 
fully hydrated membrane) and two orders of magnitude 
smaller (for a membrane  with k = 2) than the intradiffusion 
coefficient of water in liquid water, and they are in general 
agreement with other reported values of D(intra) at high 
(2-4) and very low (16) water contents. In fact, when the 
water activity gradient is used in a Ficks first law expres- 
sion (Eq. [19]), the effect D becomes almost independent  of 
water content (Fig. 3), at a level of 1.2 - 10 -6 cm2/s. This, 
again, is a very reasonable result for the diffusion coeffi- 
cient of water in a water-absorbing ionomeric membrane 
like Nation. It is similar in magnitude to that reported by 
Yeo and Eisenberg (14) for measurements  under interdif- 
fusion conditions. The reasonable order of magnitude of 
Dwat~r evaluated here is stressed because, in other previous 
contributions, much higher values of Dwater w e r e  men- 
tioned, In fact, Dwate r higher than the diffusion coefficient 
of water in liquids at the same temperature was invoked 
(6). Such large values of Dwater w e r e  required to explain ex- 
perimental observations, because it was assumed (4, 6) 
that the electro-osmotic drag is not lowered as the mem- 
brane water content becomes smaller. Our results show 
clearly that experimental  observations can be fully ac- 
counted for with the apparently very conservative IeveIs of 
Dw,ter in the membrane.  These observations are based on 
the NMR measurements  and their interpretation. The ca- 
pability to account for observed cell performance with 
such conservative water diffusion coefficients is, in turn, 
based on the lowering of the electro-osmotic water drag in 
the membrane with the lowering in membrane water con- 
tent (Eq. [18]). It is the interplay between the diffusion 
coefficient of water and the degree of water drag, including 
the variations of these two parameters with membrane 
water content, which, together, determine the water pro- 
file in the membrane  under given humidification condi- 
tions and cell current density. 

In the context  of the latter point, we would like to stress 
the difference between the electro-osmotic drag, desig- 
nated by nd~,g in this paper, and the steady-state flux ratio 
H20/H + designated by ~ because these two parameters 
have sometimes been intermixed in previous discussions 
of this system. It should be clear that nd~g is what one 
measures for a membrane  fully immersed in liquid water, 
when the electro-osmotic drag is recorded at unit  activity 
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of water throughout the system. On the other hand, in a 
fuel cell operating at steady state at a certain current den- 
sity, there would be usually a significant gradient of water 
content  (see Fig. 4), and, hence, the measured flux of water 
from anode compartment  to cathode compartment  per 
proton passed through the membrane  ~ would be signifi- 
cantly smaller than ndrag (see Eq. [23]). This distinction be- 
tween 13 and ndrag has significant practical implications in 
the context of the extent of"back-pumping" of water from 
cathode to anode, which would be required during steady- 
state cell operation. It  should be clear that the level of 
water recirculation required is given by ~, not by nd~g, and 
thus is significantly lower than would be suggested by 
naive inspection of only nd~ag. 

Finally, we should bring up two discrepancies between 
the real PEFC system with which we have experimented 
and the validity domain of this model. One noticeable dis- 
crepancy is that the model does not predict the need to hu- 
midify the cathode feed stream continuously at any appre- 
ciable current density. In  practice,however, we found that 
in cells based on the Nation 117 membrane,  the highest 
performance is obtained only with well-humidified cath- 
ode feed streams. We believe that this is because evapora- 
tive water losses from the cell are substantial, in practice, 
at least in our test cell configurations. Unless supplied 
with an aerosol of water (T,,t = 105~ the membrane loses 
water at an excessive rate, which cannot be compensated 
by water production at the cathode. This evaporative loss 
is not considered in our model at present, and, therefore, 
the model does not  predict the need for extensive cathode 
humidification. On the other hand, as stressed before, the 
model does not consider the effect of substantial excess of 
liquid water in the cathode. One important effect expected 
is an additional thin film diffusion barrier for reactant gas 
transport (17). Such an excess of liquid water may be es- 
sential, however, to achieve the highest degree of mem- 
brane hydration, and, thus, the highest possible protonic 
conductivity. How to compromise between these two con- 
flicting effects of excess liquid water at the cathode is a 
key to the successful operation of a PEFC. 

Conclusions 
We developed a simple, one-dimensional, isothermal 

model of a complete polymer electrolyte fuel cell that has 
provided useful insight into the cell's water transport 
mechanisms and their effect on the cell's performance. We 
applied equil ibrium conditions between membrane water 
and electrode water vapor at the membrane/electrode in- 
terfaces and considered the electro-osmotic and diffusion 
driving forces for water in the membrane  and diffusion for 
water vapor and reactant gases in the electrodes to obtain 
material balances throughout the cell. The model used 
data that we measured for 117 Nation membranes,  includ- 
ing water content vs. water activity and water diffusion co- 
efficient, protonic conductivity, and electro-osmotic water 
drag as a function of membrane  water content. 

The model was designed for water in the vapor state in 
the electrodes, but  it could accommodate some excess liq- 
uid water assumed to be very finely dispersed. Experimen- 
tal verification of some of the model predictions was suc- 
cessful when the measured cell was operated under  
conditions in which excess liquid was not present in the 
cathode. Measured net steady-state water flux per H § in a 
50 cm 2 cell of 0.2 H20/H + agrees with model predictions at 
80~ cell and humidifier temperatures. Likewise, the meas- 
ured high-frequency resistance of a 1 cm 2 cell at an 80~ 
humidifier temperature increased with current density, as 
the model predicted. This effect was not observed when a 
105~ humidifier temperature was used. 

An important  conclusion is that the net water per H § flux 
ratio in a PEFC can be as little as one-tenth of the electro- 
osmotic drag coefficient measured for a fully hydrated 
membrane,  thus reducing the problem of water manage- 
ment  for PEFC stacks. 
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LIST OF SYMBOLS 
Subscripts 
1 anode p lenum to anode interface 
2 anode electrode to membrane  interface 
3 membrane  to cathode interface 
4 cathode to cathode p lenum interface 
A anode region, or component  A 
B component  B 
C cathode region 
H hydrogen, H2 
N nitrogen, N2 
O oxygen, O2 
mem membrane  
sat saturation 
w water 

Superscripts 
I initial value entering inlet flow channels 
L final value leaving inlet flow channels 

Parameters and variables 
D diffusion coefficient, cm2/s 
F Faraday constant, 96,484 C/mol 
I water molar flux produced at cathode J/2F, mol/ 

c m  2 s 

J current density, A/cm 2 
Mm equivalent weight of membrane  
Mw molecular weight of water 
ndrag electro-osmotic drag coefficient 
N molar flux, mol/cm 2 S 
p~ critical pressure, atm 
P pressure, atm 
R molar gas constant 
Rcell membrane resistance, tl c n ~  2 

t thickness, cm 
T temperature, ~ 
Tc critical temperature, K 
V cell potential, V 
x mole fraction 
z distance variable, cm 

ratio of net  H~O flux in membrane  to H20 flux prod- 
uct at cathode 
ratio of net  H20 flux in membrane to H § flux in mem- 
brane 
water content or local ratio H~O/SO~ in the mem- 
brane 

p density, g/cm 3 
stoichiometric coefficient 
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Measurements of Double-Layer Capacitance at the Preoxidized 
Ni/Fused Na2S04 Interface 

Yiing-Mei Wu*" 
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ABSTRACT 

The double-layer capacitance in a fused Na2SO4 film on a preoxidized Ni electrode at 1200 K was measured by elec- 
trochemical impedance spectroscopy. The capacitance-potential curve has a max imum at a potential of -0.6 V vs. 
Ag/Ag2SO4, silica reference electrode, resulting from the additional contribution of a faradaic reaction. 

Most of the studies of  double-layer properties have been 
conducted on metal electrodes in aqueous solutions (1-5). 
Only a few researchers investigated the capacitance (C)- 
potential (E) relation in molten salt electrolytes. Graves 
and Inman (6) have reviewed the case for a liquid lead elec- 
trode in KC1-LiC1 melts. The capacitance is thought  to 
comprise both the double layer and faradalc contributions. 
The shape of the C-E curve is parabolic with a min imum at 
the Epzc (potential of zero charge). More recently, Painter 
et al. (7) used a model  of charged hard sphere fluid in con- 
tact with a charged hard electrode wall to explain the fea- 
tures of the capacitance for the metaYmolten salt (alkali 
halides) interface. Although the magnitude of the calcu- 
lated capacitance is comparable with experimental  values, 
the temperature dependence of capacitance at Epzc cannot 
be reproduced by the hard sphere model. This probably 
arises from "relaxation" of the structure, especially near 
the metal/molten salt interface, where the interactions be- 
tween metal-ion and ion-ion are strongest. 

In the current  study, the capacitance in a fused Na2SO 4 
film on a preoxidized Ni electrode was measured by elec- 
trochemical  impedance spectroscopy. With an appropriate 
equivalent  circuit, obtaining capacitance values from im- 
pedance measurements  is straightforward and accurate, as 
compared to other pulse methods (8). This system was 
chosen because of its relevance to the hot corrosion degra- 
dation of metals or alloys in gas turbines and other fuel 
combustion systems. Furthermore,  as the development  of 
the molten salt fuel cells and batteries advances, the need 
for information on the structure of the electrode/molten 
salt interface has become rather urgent. Double-layer ca- 
pacitance, among other surface properties, is an important  
and experimental ly accessible parameter in that respect. 

Experimental Procedure 
Thin film impedance measurement  at 1200 K were car- 

ried out using the apparatus and procedures reported ear- 
lier (9). The working electrode (WE) was a 99.9975% pure 
preoxidized Ni wire wound around the outer surface of an 
yttria-stabilized zirconia reference electrode (RE). A plati- 
num foil counterelectrode (CE) encircled the zirconia RE 
without touching the preoxidized nickel WE. The space 
between the CE and WE was made small (about 2 mm) so 
that a thin layer of used salt could be held there during an 
experiment.  A fused silica reference electrode also con- 
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tacted the nickel WE to act as the second RE. The combi- 
nation of the zirconia and silica reference electrodes pro- 
vided measures for both the basicity and oxygen pressure 
at the WE. The Ni WE was preoxidized in pure oxygen at 
1200 K for 2 h, resulting in an oxide thickness of 4.3 ~m. 
After this preoxidation, Ni WE arrangement was im- 
mersed briefly into fused Na2SO4 contained in a silica cru- 
cible, and the gas atmosphere was changed to a catalyzed 
0.1% SO2-O2 gas mixture.  Upon withdrawal of the sample 
from the melt, a thin fused salt film covered the electrodes. 
The thickness of  the fused salt film between the WE and 
CE was about  2 mm. The previous study (9) had shown 
that the WE was passive under  these conditions, i.e., the 
salt film did not directly contact the Ni metal substrate. 

Electrochemical  impedance measurements  were per- 
formed with a Princeton Applied Research (PAR) 5208 
two-phase lock-in analyzer and a PAR 273 potentiostat in- 
terfaced through an IEEE 488 bus to an IBM PS-2 com- 
puter. This system generated a sinusoidal voltage which 
was applied to the WE with a max imum amplitude less 
than 10 mV for frequencies ranging from 10 -3 to 105 Hz. A 
fast Fourier transform (FFT) technique was employed for 
frequencies from 10 -3 to 10 Hz to increase measurement  
speed and lower the degree of perturbation to the cell. 
Through use of the potentiostat, polarization of the WE 
with respect to the silica RE was performed and imped- 
ance measurements  were made after the polarization cur- 
rent was stabilized (change of less than 10% per 10 min). 
Impedance data were s tored and plotted by the computer. 
Potent iodynamic polarization was conducted with the 
same potentiostat in a separate experiment.  The scan rate 
was 1 mV/s. 

Results and Discussion 
Figure 1 shows the typical impedance spectrum at the 

open-circuit potential and the corresponding equivalent 
circuit, which were reported earlier (9). In Fig. 1, the low- 
frequency Warburg impedance corresponds to the diffu- 
sion of oxidant, $2072-, in the thin salt film 

Wo = ~or - j), j = ~ [1] 

where % is the Warburg coefficient, as shown in the equiv- 
alent circuit in Fig. 1, co = 2~rf and f is the frequency. The 
two semicircles at medium and high frequencies were at- 
tr ibuted to the impedance for the charge transfer at the ox- 
ide-salt interface, Ro/s, and the resistance to the movement  
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