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Abstract 

The Nation ® 117 membrane was investigated by measuring the emf as a function of the temperature difference between the 
electrodes in the following cell: 

Ag(s, T~,) l AgCl(s, T~)I HClfaq, c, Tj) l Nafion® l 171HCI(a q, c, T2) [ AgCI(s, T2) ] Ag(s, T2) 

The reversible entropy transferred due to the membrane, was SHM twSw - 13.4 + 0.2 J K -  mol-  J at 25.0°C, where S*M is the 
transported entropy of protons in the membrane and Sw is the partial molar entropy of water in the bulk solution. The membrane 
transference coefficient of water, measured by the streaming potential technique, was tw = 2.6 ± 0.2. The results were used to 
calculate the reversible heat effects at the electrodes in the solid-polymer-electrolyte fuel cell (SPEFC). We concluded that 
water management in the fuel cell had a strong impact on the heat effects. The total operation of the SPEFC was discussed in 
view of the new results. The stack method presented here, is simple and accurate for finding the Seebeck coefficient in 
electrochemical cells with ion-exchange membranes. 
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1. I n t r o d u c t i o n  art technology has now reached current densities of  
enormous 6 A / c m  2 with cell potentials of  400 mV [6] .  

Heat and water management is very important to get It follows that the electroosmotic water transfer in the 
a well performing solid-polymer-electrolyte fuel cell membrane becomes more important, and that a tem- 
(SPEFC) .  Several authors have modelled the heat and perature difference between the electrodes may arise 
water transport in this fuel cell [ 1-4] .  None of the from the asymmetries in the mass and heat changes. 
models, however, split the total heat production into Thus, for accurate computations, the local heat produc- 
local heat effects. The local heat effects are different tion in the electrode regions should be known. 
from the total heat effect, and their asymmetry may be The Nation ® 117 membrane is a copolymer of  tetra- 
substantial [ 5 ]. The separation of  the total heat effect fluoroethylene and sulfonyl fluoride vinyl ether. Its 
into local contributions, is probably not important for high conductivity and chemically inert nature have 
low to medium current densities, and when the heat made Nation ® 117 an attractive ion-exchanger with a 
conductivity of  the membrane is high. But state of  the wide range of  applications. The use of  Nation ® 117 as 

the electrolyte in solid-polymer-electrolyte fuel cells 
* Corresponding author, has been successful and makes the SPEFC one of  the 
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most promising technologies for the electric vehicle. 
Nation ® 117 is therefore a natural choice as a model ½Hz(g) + 102(g) + twH20~)= (½ + tw)H20~2) (d) 

membrane for our investigation. The reversible heat balance of an electrode defines 
In this work we report measurements which allow the Peltier heat of the electrode [7]. The Peltier heat is 

calculations of reversible heat effects in the SPEFC the heat that must be supplied to the electrode com- 
with a Nation ® 117 membrane. In an electrochemical partment to maintain constant temperature when posi- 
system, the reversible heat production is given by the tive electric current is passing from left to right in the 
entropy of the cell reaction, A,S [ 7,8 ]. Local heat cell. It is best studied in a cell with identical electrodes. 
effects depend on the transported entropies, Si*, of the It is also an advantage to avoid unspecified contribu- 
system [5,8], but have not yet been reported for any tions from liquid junctions in experimental cells. We 
of the proton conducting Nafion®-membranes. Only a are then left with two possibilities for cell electrodes. 
few methods are reported for such determinations [ 9-  They can be reversible to the cation of the cell (H + ) 
11 ]. The main purpose of this work is to provide data or to the anion (C1-) .  We have chosen electrodes 
that make a calculation of these effects possible. A reversible to the chloride ion, because of their stability 
second aim is to present an experimental set-up which and because they give a larger emf than the other set of 
facilitates determinations of the reversible transported electrodes. The thermocell we have chosen for our stud- 
heat in ion-exchange membranes. In this context we ies is thus: 
draw on our experience with membrane stacks [ 12]. 

Ag(s,T~ ) I AgCI(s,T~ ) I HCl(aq,c,T~ ) I 

Nafion®117 ] HCl(aq,c,T2) I 

2. Principles AgCI(s,T2) I Ag(s,T2) (II) 

2.1. Choice of thermocell to study the reversible heat From the Seebeck coefficient of this cell and thermo- 
effects in the SPEFC dynamic data, we can calculate Peltier heats not only 

in the experimental cell (II) ,  but also in the fuel cell 

There is a reduction in mole numbers by the fuel cell (I).  
reaction; 1/2H2(g) + 1/402(g) = 1/2H20(g).  In the 
fuel cell we therefore have Af t < 0 ,  and a net heat 2.2. Reversible heat effects in ion exchange 
production. Even if net heat is produced, local heat membranes 
sinks are possible [5]. The SPEFC is schematically 
given by: The electric work method [ 13] is used to obtain the 

electric work per unit time, El, of the cell, where E is 
(Pt) C IH2 (PH2, Ta) I Nation® 1171 the emf and I the electric current. The first law of ther- 

O2(Po2,Tc) I C(Pt) (I) modynamics is the starting equation expressed as: 

where Ta is the anode temperature and Tc is the cathode (dO) +(dQl _p(dV]  (1) 
temperature. BothH2(g) andOz(g) are saturated with El= - ~ tot \dt]tot I, dt]tot 
water before entering the fuel cell. To find the local 
heat effects, we write down the electrode reactions: The changes per unit time in internal energy, U, heat, 

Q, and volume, V, are located in different parts of the 
Anode: lHz(g ) ---> Ha)  + e -  (a) cell. The pressure is denoted P. The total heat change, 

Cathode: 102(g) + H~z) + e -  ~ ½H20(l ) (b) (dQ/dt)tot, can thus be written: 

d Q .  d q ,  ~ t  Across the membrane we have a reversible co-transport ( ~ - t  ) tot = ( ~ )  an "[- ( ) cat 

of protons and water from side ( 1 ) to side (2) : 

H~]~ + twH20~) = H~) + twH20~2) (c) -]- (dq)mem "~ (dq]Th°m ( 2) 
d t  "dt . . . .  

The total cell reaction is thus: 
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Fig. 1. Schematic drawing of entropy changes in thermocell (II)  as one mole of electrons are passing from left to right in the outer circuit. 

The electrode compartments have subscripts an The heat changes due to change of charge carrier at 
(anode) and cat (cathode), the membrane has sub- the interfaces, as we move from left to right in corn- 
script mem, and variations due to temperature have partment l, gives the contribution dqz/dtper unit time: 
superscript Thom (Thomson heat). We shall neglect 
changes in composition and temperature due to mass dq2 - -  = T, [ (SA*gC, -- S,~g) + ( S~c, - S~,gC,) 
diffusion and conduction in the cell. The three types of dt 
reversible heat changes in Eq. (2) are due to changes + (S*M -- S ' a )  ] (1/F) (4) 
in composition, dql/dt, change of charge carrier at the 
i n t e r f a c e s ,  dq2/d t ,  and changes across the membrane The transported entropies for the different conducting 
due to temperature, dqTh°m/dt. The entropy changes in components are given by S*, where i denotes AgCl, 
thermocell (II) are illustrated in Fig. 1. In compart- Ag, HCl and HM (protons inside the membrane). It is 
ment 1 there is a release of heat by entropy changes assumed that the transport number of protons in the 
when Ag and HC1 are consumed in the electrode reac- membrane is tH+ = 1. The last term in Eq. (4) is the 
tion. The entropy released by disappearance of H20 contribution from the membrane/electrolyte interface. 
into the membrane, is proportional to the amount of The other heat changes belong to the electrode region. 
water leaving per mole of charge transferred, i.e. the The expression reduces to: 
transference coefficient of water, tw. Entropy is 
removed from the compartment when AgC1 is formed dq2 = T~[S*M -SA*g] ( I /F )  (5) 
by the electrode reaction. The membrane is composed dt 
of a fixed number of immobile cation sites, M - ,  each 
occupied by a H + to give the component HM. The The entropy transported by electrons in silver, S'g, can 

be neglected [ 14]. 
membrane matrix contains as much as 30 wt% water. 

The total reversible heat change in the anode com- 
In the stationary state, the membrane composition does 
not change and (dql/dt)mem=O. partment is the sum of Eqs. (3) and (5). This sum 

The heat change due to composition changes in the equals the Peltier heat of the anode, rq, defined as the 
heat supply per unit time needed to keep the system at 

anode compartment is accordingly: 
a constant temperature. The two electrodes have dif- 
ferent temperatures, and the entropies must correspond 

dq----2 = Tl (SAgo -- SAg -- Sncl -- twSw) (I/F) (3) to these. Thus: 
dt 

The thermodynamic entropies for AgC1, Ag, HCI and dTrl =Tl[SAgcl(Tl) --  S A g ( T I )  - SncL(TI) 
H 2 0  a r e  SAgCI, SAg, SHC l and Sw, respectively, F = 96485 dt 
C mol - i  is Faraday's constant, and Tl is the tempera- -twSw (TI) + S*M (TI)] (I/F) (6) 
ture of the anode. 
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A negative value for the Peltier heat at an electrode A p l o t o f E F / A T v e r s u s  [(T2/AT)ln(T2/T~) - 1] can 
means that heat is produced at the electrode. For the be used to find the Thomson coefficient, ~'HM. When 
cathode compartment we have: A T-* 0, Eq. ( 11 ) will reduce to the Seebeck coefficient 

d~'2 of cell ( I I) :  

dt = - T2 [ SAgcl ( T2 ) - SAg ( T2 ) - SHCI ( T2 ) EF 
A ~  ~- SAg ( TI ) -- SAgCI ( TI ) + SHCl ( TI ) 

- twSw(7"2) + S'M(T2) ] (1/F) (7) 

The changes in internal energy of cell ( I I) ,  the mechan- - S*M ( T~ ) + twSw ( T~ ) (12) 
ical work of the process per unit time, and the Thomson The difference twSw - S*M is related to membrane prop- 
effect combine to: erties, while the other terms belong to the electrode. 
[dU'~ _[dV~ /dq'~ Th°m The relation between the Seebeck coefficient and the 
- - +  - - + - -  t d t )  / ~ d t J  ( d t J m e m  Peltierheatattheleftelectrodeis[8]: 

E F rfi 
= ( Cp,AgCI --  Cp,Ag --  Cp,HCI --  twCp, w + 7"HM ) A T ( I / F )  A T -  Ti ( 13 ) 

(8) 

(see [13] for further details ) . Here A T= Tz - Tl isthe 2.3. The Peltier heats of the SPEFC 
temperature difference across the membrane and co, i 
denotes the heat capacities of  the components. We The Peltier heat at the anode in the SPEFC, 7r a, can 
assume that the variation of entropies with temperature be derived following the same procedure as above. We 
is: obtain: 

T 

+ c (dT dTra = Ta[S*M - twSw - ISl-12,g] ( I /F)  (14) Si (T) = Si( T1 ) p,iJT dt 
Ti 

Entropy is released when hydrogen gas is consumed 
= [ S i (  Tz ) - Cp.~ In T~ ] + cp.i In T (9) at the electrode, 1/2Sn2, and when water enters the 

with constant Cp. A similar dependence is assumed for membrane, twSw. Entropy is transported away from the 
the transported entropy S'M, the temperature coeffi- electrode by protons, S*M. The first two terms on the 
cient being the Thomson coefficient, TriM. We integrate right side of  Eq. (14) are obtainable from experimental 
S~dT from T~ to T2: determinations of  E in Eq. (12).  

The Peltier heat at the cathode, 7r c, is similarly: 
T2 

f S i d T = S i ( T l ) A T -  (Cp,  i In TI )AT  d~'c= To[ - 1 :~ 
r ,  dt 4 S ° 2 ' g  - -  SHM + ( 1 + tw)Sw] ( I /F)  (15) 

+ Cp,i [ T2 In T2 - T1 In T~ - A T] (10) The entropy ¼ So2 is released when oxygen is consumed, 
S*M is transported with hydrogen ions to the cathode. 

The thermoelectric power is obtained by introducing The entropy twSw is released when water enters the 
Eqs. (6 -8 )  into Eq. (1) and dividing by A T. After cathode compartment and 1/2Sw is used to form water 
rearranging we get: in the electrode reaction. All the entropies are functions 
EF of temperature and pressure. Eqs. (14) and (15) are 
A--T = [ SAg ( T~ ) - SAgci ( Tj ) + SHC~ ( T~ ) + twSw ( Tl ) used to calculate reversible heat effects in the SPEFC. 

The condensation and evaporation of water on the 
-S*M(T1)  ] + [ Cp.Ag- Cp,AgCl "4-Cp,HC 1 electrodes are reversible contributions to the overall 

I- T2 [T2~ ] heat change. In addition to the reversible heat changes, 
+twCv ,w- - ' rHM]L~ ln~) - - I  ] (11) there are heat productions by Joule heating, dissipation 

of energy by overpotentials and back diffusion of water. 
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Fig. 2. Schematic drawing of the thermocell (I). Numbers define ( 1 ) the N2 gas supply system, (2) bubble flasks, ( 3 ) electrode compartments, 
(4) Nation ® 117 membrane stack, (5) multispeed pumps, (6) Ag AgCI electrodes, (7) thermocouples, (8) potentiometer, and (9,10) water 
baths. 

3. Exper imenta l  supply system, (2) bubble flasks filled with distilled 
water, (3) 500 ml flasks for electrode compartments, 

The emf measurements were performed with cell and (4) a membrane stack made of  55 Nation ® 117 
(II) to obtain the difference S*u - twSw for the proton membranes in a cylinder of  plexiglass. The membrane 
conducting Nation ® 117 membrane from du Pont. The area exposed to the solutions was 0.3 cm z. 
details of  these experiments are reported here. Stream- The water baths were type Thermomix 1442D (9) 
ing potential measurements to obtain tw followed and Grant (10).  Cold water passed through a coil 
mainly a technique reported by Okada et al. [ 15 ]. immersed in the water baths to improve the temperature 

control system. The solutions in the electrode com- 
3.1. Preparation o f  electrodes and membranes partments were circulated using two multispeed pumps, 

Ismatec SA, type P142 (symbol 5). The pump speed 
The membranes were cut to the appropriate size ( 3.1 was set to 4.0 (maximum 10.0) which is equivalent to 

cm2). To rinse the membranes, they were first heated 1.6 dm3/min, i.e. the solutions in the flasks were cir- 
to the boiling point in distilled water, then transferred culated two times per minute. The outlet from the 
to a solution of 5% H202 at 90°C for 10 min. After pumps were placed 3 mm from the membrane surfaces. 
rinsing in boiling distilled water for 5 min, they were The AgIAgCI  electrodes (6) were placed close to 
transferred to a 0.05 M H2SO 4 solution also at 90°C for the membrane stack to prevent gradients in temperature 
10 min. The membranes were then rinsed several times between the electrode and the membrane surface. Type 
with hot distilled water and then equilibrated in a 0.01 K thermocouples (7) were made from Ni/NiCr. The 
M HC1 solution before use. potentiometer (8),  a Hewlett-Packard multimeter 

Both the streaming potential and the thermocell 3457A with a 10 GO input impedance, was connected 
experiments used Ag AgC1 electrodes. The electrodes to a PC via a GPIB-bus. Temperatures and voltages 
were prepared following the procedure of  Ives and Janz were recorded by a PC. The equipment outside the 
[ 16]. The potential difference between the electrodes water bath were carefully insulated. 
was always less than 20/xV for the streaming potential 
experiments and 60/zV for the thermocell experiments. 3.3. Procedure 

3.2. Apparatus A stack of  55 membranes was mounted into the plex- 
iglass holder. This length of  the membrane stack, 1.2 

The details of  thermocell (II)  are illustrated in cm, ensures that the temperature gradient is restricted 
Fig. 2. The numbers in the figure show ( 1 ) the Nz gas to the membrane. 
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16 
Partial molar  volumes  are denoted Vi. The vo lume 

T 
14 ~ ~ change due to the electrode reaction is 

~ A V e  | = VAg - -  VAgCI . The transference coefficient of  HC1 
12 equals the transport number  of  protons in+ = 1 The 

E 
"~ 10 -.J emf  as a funct ion of A p  at 25°C is shown in Fig. 4. 

From this curve we calculate the water transference 
coefficient: tw = 2.6 _ 0.2. 

4.2. Thermocell measurements 

The emf  of  cell ( I I )  is plotted in Fig. 5 according 
~ _  to Eq. ( 11 ). The data were fitted to a straight l ine with 

a correlation coefficient of  0.998. F rom the results of  
, , , the l inear  regression and Eq. (11)  we get 

500 1000 1500 2000 2500 SH~M -- twSw = 13.4 _+ 0.2 J K -  1 m o l -  1 and 

Time[mind THM - -  twCp, w = 7.3 + 3.3 J K -  1 m o l -  1 at 25°C. By intro- 
Fig. 3. T h e r m o c e l l  ( I I )  e m f a s  a funct ion  o f  t ime  w h e n  A T i s  appl ied  ducing the measured transference coefficient of  water 

to the cell. and Sw = 69.9 J K - 1  m o l - 1  into the first expression, 

The electrode compartments ,  jo ined  by the stack, we find S*M = 195 _ 14 J K -  1 m o l -  1. From the second 
were filled with 0.01 M HC1 and cont inuously  stirred, expression we estimate the Thomson  coefficient 

Since oxygen attacks the electrodes, the cell was filled ~'HM = 203 _ 15 J K -  1 m o l -  1, by using Cp.w = 75.3 J 

with ni t rogen gas (99.99% pure) .  K -  1 m o l -  ~. 

Prior to each exper iment  the emf  of  the isothermal 
cell was controlled to be zero. A temperature difference 
was then applied and the voltage recorded unti l  a new 4o. 
stable value was obtained. This procedure was repeated 
for 6 experiments,  a l lowing T2 to vary from 10.0 to ~ 
15.0, 20.0, 30.0, 35.0 and 40.0°C while  T1 was kept at tu 
25.0 °C. The reproducibil i ty was within error l imits of  2o. 
about  2%. Typical  variations in emf  with t ime are 
shown in Fig. 3. 

4. R e s u l t s  o 

Thermodynamic  data for the calculat ions were taken o 
from [ 17,18 ]. The calculated errors are g iven as stan- 
dard deviations.  -2o. 

4.1. Streaming potential 

The emf  of  the isothermal cell ( I I )  was measured -4° - 
with Ag/AgC1 electrodes as a funct ion of  the pressure o 
difference between the two half  cells. The expression t I t 
for cell ( I I )  is according to Okada et al. [ 15] : -10 -0~ 0.0 0s 10 

A P [bar] 

EFt A p = - tHC l V H C I  - -  tw Vw - AVe I Fig. 4. The emf as a function of A p in the streaming potential cell. 
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eo plied as liquid and as vapour. These results are plotted 

i ~ versus temperature in Fig. 6 (positive values mean that 
= ~ heat is supplied to the electrodes). The calculations 67 

were performed with a constant water transference 
~1,~ number, tw=2.6 for all temperatures. Water vapour 

pressure vary significantly over the temperature inter- 
val, and was accounted for in the calculation of entro- 
pies. 

: ~ ~  A common operating temperature for the SPEFC is 
80°C. At this temperature, we also calculated the Peltier 
heats as a function of the water transference coefficient. 

61 - 1 ~  Calculated values are shown in Fig. 7 with water sup- 
60~ <> plied as liquid and vapour, respectively. 

59 / I I I I I I I I I I 
-25 -20 -15 -10 -5 0 5 10 15 20 25 

[~,.(~) ,] 10, 5. D i s c u s s i o n  

Fig. 5. Cell (II) emf in the stationary state plotted according to Eq. 
( 11 ). 5.1. The membrane stack technique 

c~l temperature [°cl Membrane transport properties were studied in a well 
10 20 30 40 50 60 70 80 9O 

defined manner in this work, by application of cells 150 I , I , I , I , I , I , I , I , I i 

c*~e with a membrane stack. A stack of membranes will not 
. . . . . . . . . . . . . . . . . . . . . .  change the interpretation of the results, because the 

100 - effects of the liquid layers between the membranes can 
be neglected [ 19 ]. We have previously used membrane 

---- 50- stacks with good results for determination of ionic 
-~ transference numbers [ 12] and membrane conductiv- 

- 7 - -  ities [20]. We were able to better control the pressure ~ o ~ 
150 

1 0 0 - -  O 
i 

I 

i 
- 1 0 0  - s 

~-~ 5 0 - .  % . "  

-150 ' I ' I ' I ' I ' I ' I ' I ' I ' - -  0 
2 8 0 2 9 0 3 0 0 3 1 0 3 2 0 3 3 0 3 4 0 3 5 0 3 6 0 3 7 0  "~ 

Cell t e m p e r a t u r e  [ K ]  

Fig. 6. Calculated Peltier heats at the cathode and the anode as a ~_ -50- 
function of cell temperature in a SPEFC with water in the form of " - .  
liquid (solid lines) and vapour (dashed lines). -10o - - ,  . ~  

4.3. Calculations o f  Pelt ier heats in the S P E F C  -1~o 

I I I I I 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 

The above results were used together with Eqs. (14) Water tra~erence c o ~ d ~ ,  t, 
and (15) to obtain the Peltier heats in the SPEFC per Fig. 7. Calculated Peltier heats as a function ofthewater transference 

mole of charges passing the cell. The Peltier heats at coefficient in a SPEFC at 80°C with water in the form of liquid (solid 
the electrodes were calculated both when water is sup- lines) and vapour (dashed lines). 
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gradient across the membrane in the streaming potential position changes in the presence of  a temperature gra- 
cell, and the temperature gradient in the thermocell dient may not be valid, and affect this interpretation. 
when a stack was applied. A stack is required to obtain The difference can, however, be used for practical mod- 
good results with the thin fuel cell membrane, elling. 

In the streaming potential measurement, two mem- 
branes were enough to prevent a deformed membrane 5.3. The transference coefficient of water 
surface and noise in the resulting emf. The diameter of  
the holes in the grid supporting the membranes was Our result for the water transference coefficient, con- 
critical. The holes should not contribute to the stream- firms the result of  Springer et al. [2],  who found 
ing potential. By applying two membranes, the accu- tw = 2.5 + 0.2. The transference coefficient of  water or 
racy in the results became the same as for thick the electroosmotic drag coefficient, expresses water 
membranes [ 15]. movement in direction with positive electric current 

Good thermoelectric power results require that the (H ÷-ions). The value of tw has been interpreted as the 
temperature difference is established across the number of  water molecules transported with the ion. 
membrane only, and that the membrane surface tem- Our result tw = 2.6 then means that each proton carries 
perature is identical to the temperature ofthe electrode. 2 or 3 molecules, on the average 2.6. Since these results 
The minimum number of membranes required to keep were obtained for a membrane in equilibrium with liq- 
the temperature gradient within the stack is not decided, uid water, they are relevant to SPEFC when liquid 
but a stack of  55 membranes ( 1.2 cm) was sufficient, water is supplied to the electrodes. 
The parallel response of  the measured emf to the tem- Fuller and Newman [ 23 ] measured the transference 
perature variations (Fig. 3), as well as the high cor- coefficient of  water in a membrane in equilibrium with 
relation coefficient for Fig. 4, show that well defined water in the vapour phase. Approximately one water 
measurement conditions have been obtained, molecule was transferred with the proton in Nation ® 

Thermocell studies by Scibonaet al. [9] do not allow 117 membranes for this condition. The water transfer- 
a direct determination of  results similar to those of  Eq. ence coefficient depended strongly on the membrane 
( 11 ). They used one membrane only, and keep both water content. Recently Zawodzinski et al. [ 24] also 
electrodes at the same temperature. Temperature gra- found that the water transference coefficient was close 
dients are created across the salt bridges connected to to one, but their results indicate that the value is con- 
the electrode compartments. The contribution to the stant over a wide range of  water activities. We shall see 
emf from the salt bridge is neglected. This contribution below how different values for tw will influence on the 
can be significant [21,22]. Tasak et al. [ 10] also used reversible heat balance of  the cell. It is assumed that 
one membrane, but they correct for the part of the S*M does not vary with the water content. 
temperature gradient which extends into the electrolyte The water transference coefficient, tw, is not expected 
solutions. Recently they have made an improved cell to vary much with temperature [24] when the water 
which avoids a correction term in the theory [ 11 ]. content of  the membrane is constant. The water content 

of  the membrane will however vary with temperature. 
5.2. The transported entropy ofprotons in the Nation Hence an indirect temperature variation in tw may be 
membrane expected. 

SHM -- twSw = 13.4 J K -  1 mol -  l Only the difference * 5.4. Heat changes in SPEFC 
can be obtained with high accuracy (2%) from these 
studies. The membrane is then chosen as the frame of  The results of  Fig. 6 (solid lines) show a relatively 
reference for transport. By application of  the result for small heat production at both the electrodes when water 
tw, we obtain S*M = 195 J K -  1 m o l -  ~ and ZHM = 203 J was supplied/removed from the membrane in the liq- 
K -  ~ mol -  1. A distinction between the ionic contribu- uid phase. The dashed lines in Fig. 6 show the situation 
tion and the water contribution may be artificial, as it when water was supplied and removed as vapour. The 
is not likely that the protons are transported separately difference between the two results is the enthalpy of  
from water molecules. Also, the assumption of  no com- vaporization for water. A net heat consumption at the 
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cathode, and a large asymmetry in the reversible heat to the reversible heat productions at the electrodes 
production is obtained when water is supplied as (Fig. 7). At high current densities ( >  1 A / c m  2) the 
vapour, ohmic losses can become as large as the losses due to 

From the plots of  the reversible heat production as a the overpotentials [4].  The Joule heat will be uniformly 
function of  the water transference coefficient at 80°C distributed throughout the membrane and the electrode. 
in Fig. 7, it is obvious that the reversible heat produc- In contrast, the reversible heat production and the heat 
tion is very dependent on the water transference coef- production due to overpotentials will be located at the 
ficient. There can be a shift from heat consumption to reaction sites in the catalytic layer. 
heat production at one electrode depending on tw. The Electrode heat effects may also be important for elec- 
heat production at the cathode is zero for a high value trode kinetics. Ridge et al. [27] showed that the trans- 
of  tw when water is in the liquid state. In contrast, the port of protons in the active layer of  the cathode can be 
heat production at the cathode gets zero for a low value limiting for the electrode performance. In a microelec- 
of  tw when water is in the vapour phase, trode study of  the oxygen reduction at the membrane/ 

These calculations show how closely related the heat electrode interface, Uribe et al. [ 28 ] found a significant 
transport is to water transport, and the importance of loss of  oxygen reduction activity with loss of  water 
having a reliable value for the water transference coef- from the membrane. Large heat effects at the reaction 
ficient in SPEFC modelling, sites on the cathode may influence both the transport 

Water may condense/evaporate close to the reaction of protons and the water content of  the membrane close 
zone at the membrane interfaces, but also at some other to the cathode. Optimal conditions for the anode also 
position in the porous electrode. Watanabe et al. [ 25 ] depend critically on the water transport. The effects of 
suggest that liquid water can be supplied to the drying out of  membrane are discussed by Fuller and 
membrane through porous fibre wicks. This maintains Newman [ 1 ]. A stable cell performance requires a 
a high water content in the membrane, and subse- constant heat production at the electrodes. 
quently a high water transference coefficient. The low- Only the relative magnitude of some new effects 
est net heat production (Fig. 7) was obtained when were presented and discussed in this work. Similarly, 
water was removed as vapour. The reversible heat con- only aspects of  the coupling between heat, mass and 
sumption at the cathode may then compensate for the charge transport were touched upon. 
irreversible heat product ion at the reaction sites. The full coupling of chemical reactions, transport of  

Water and heat management is of  vital importance heat and mass at the electrode surface is a topic for 
in the membrane fuel cell, and several models have further investigations. In a future work we shall include 
been developed to optimize the operating conditions the present experimental results in a modelling of  the 
[ 1-4].  It is common to assume a uniform temperature dynamic cell behaviour, taking into account the cou- 
between the electrodes. We have seen above that the piing effects. More quantitative information on the tel- 
heat productions in the cell were asymmetric, and ative effects may then be obtained. 
coherent with the electric current density. With current 
densities approaching 6 A / c m  2 [6] a temperature gra- 
dient may arise, depending on the heat conductivity 
and the thickness of  materials. In addition to the revers- 6. Conclusions 

ible heat production, there will be a heat production 
due to the overpotentials at the electrodes, diffusion of  Experimental data for reversible heat effects in the 
water and ohmic losses (Joule heat) in the membrane polymer membrane relevant for the solid-polymer- 
and the electrodes. Most of the losses due to overpo- electrolyte fuel cell (SPEFC) were reported. Some ini- 
tentials are on the cathode. A typical value for the tial estimates of the possible consequences of these 
cathodic overpotential at a current density of  1 A / c m  2 effects were pointed out for the SPEFC. The heat pro- 
is 400 mV [26].  We may assume that the overpotential duction at one electrode might get larger than the net 
contains irreversible contributionsonly. The conditions heat production of  the cell reaction. The interplay 
then correspond to a heat production of  39 kJ mol -  l between heat production and water management should 
elementary charges transferred. This value compares therefore be further studied. 
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