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An isotropic, one-dimensional, complex model of  the porous NiO cathode for a molten carbonate 
fuel cell (MCFC) is considered with the general assumptions as previously described for the MCFC 
anode. A reaction mechanism for the NiO cathode is proposed and discussed as well as 'effective' 
quantities in the porous electrode. Gas phase transport limitations of reagents are discussed on the 
basis of the 'dusty gas' model. The model equations are solved numerically for half-cell polarizations 
and the results are in good agreement with different experimental investigations. 

N o m e n c l a t u r e  n 

a~ ~ effective reaction order (in the porous N~ 
electrode) Pk 

B 0 permeability factor p0 
c k molar concentration of  the kth com- 

ponent at the electrode-electrolyte inter- p 
face R 

c o equilibrium molar concentration of  the s 
kth gas component in the electrolyte S 

Dk diffusion coefficient of  the kth com- 
ponent in the electrolyte T 

DK, k Knudsen diffusion coefficient x 
Dij binary diffusion coefficient 
F Faraday's constant 
H k Henry's constant of  the kth gas Z 

component A V1R 
io exchange current density 
z~ standard current density 6 
~'~ limiting current density of  the kth corn- e 

ponent r/ 
i Faradiac current density r/m 
j current density ~N 
JT total current density 
k rate constant in Equation 13 x ~er 
K0 'diffusion attenuation coefficient' in the v 

porous structure v k 
l electrode thickness 
Mk molecular weight of  the kth component 

number of  electrons transferred (in the 
overall stoichiometric equation) 
molar flux of the kth gas component 
partial pressure of  the kth component 
partial pressure of  the kth component at 
x = 0  
total pressure 
gas constant 
parameter defined by Equation 24 
specific internal surface of  the porous 
electrode, electrochemically active 
temperature 
coordinate (gas-porous electrode inter- 
face, x = 0, porous electrode-separator  
interface, x = l) 
total resistance of  the porous electrode 
ohmic loss 
transfer coefficient 
electrolyte film thickness 
porosity 
local overpotential 
measured overpotentiat 
concentration overpotential in the gas 
phase (Nernst loss) 
effective specific conductivity 
stoichiometric number 
stoichiometric coefficient of  the kth com- 
ponent (in the overall stoichiometric 
equation) 
gas mixture viscosity 
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Subscripts eft effective (apparent) 
E electrolyte 

a anodic M electrode material 
c cathodic 

1. Introduction 

In the previous paper [1] a model of the isotropic molten carbonate fuel cell (MCFC) anode was 
proposed and discussed against a background of other models. The aim of this paper is to apply that 
model to the process modelling in the porous MCFC cathode (under the same general assumptions). 
The thin film anisotropic model [2-4] and the agglomerate model [5, 6] have already been considered 
in respect to that problem. 

The knowledge of the mechanism of the overall cathodic reaction 

~-02 + C02 + 2e ~-CO~- (1) 

is fundamental for the mathematical description of microscopic processes. It allows us to derive the 
generalized Butler--Volmer-type equation on the basis of the rate-determining step concept. Unfor- 
tunately, up until now, there have been no experimental results on the flat NiO cathode which could 
be used to deduce the reaction mechanism. Hitherto, the description of the mechanism has been 
related to flat gold cathodes [7, 8] or, in the case of the NiO cathodes, it is speculative [5]. In this 
paper, data obtained on the porous NiO cathode [9, 10] and theoretical considerations of the porous 
electrode behaviour as a function of its microscopic and macroscopic parameters are used to 
propose the mechanism of the cathode reaction. 

With regard to macroscopic processes, the paper presents an extended version of the thin film 
isotropic model. In addition, it considers the influence of the gas phase multicomponent transport 
limitations on the electrochemical activity of the porous NiO cathode. This problem has not been 
studied in detail until now, previous work being limited to simple estimations [11, 12] or imprecise 
descriptions. 

2. Theory 

2.1. Total impedance o f  the porous electrode 

The basic equation which describes the behaviour of the porous electrode in the isotropic model can 
be written 

dx ~ = S + i(t/) (2) 

with boundary conditions 

• ~ o  - jT /x~ ,  (3) 

This equation can be analytically solved only in special cases, among which an interesting case 
represents the linear relationship of the generated Faradic current density and local overpotential: 

r 1 = Zvi  (5) 

In this case, the solution for the total electrode impedance has a form 
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where 

,, eft, oft 1 
= cosh(l/tee~)[1 + (~n/ic~)2] +zicE/ICM leer q_ (6) 

efl'~ eft', eft eff~ eft', Z sinh(l/lee;)ic~'(1 -JV 1C E / K M )  ICM( 1 q- ICE /ICM) 

Is (1 1hi 
= Z + (7) 

ZF is the microscopic internal resistance of the inner, electrochemically active surface of the 
electrode. It can be represented as a sum of the activation resistance, Z ~~ (resulting from the finite 
rate of the electrode reaction), and of the diffusion resistances, Z dif (resulting from limitations of  the 
j th  reagent transport through the electrolyte) [13]: 

N 
ZF ~--- zact -[- E ZJ dir (8) 

j=l  

where 

RTv 
Z "~ - (9) 

nFio 

z d i f  Rrvj 
- nFi]im (10) 

Experimentally measured specific effective solid phase conductivity of  the porous NiO cathode 
err = 8~q-,cm-~ at 923K [14]. In this case (lithiated and oxidized in situ, porosity about 60%) is ICM 

the ohmic losses in the solid phase can be neglected for a typical MCFC cathode thickness 
(0.05-0.10 cm), and Equation 6 becomes simplified to 

r r  v' 1 Jr = t a n h L ~  ) l t/m (11) 

For  other materials applicable as porous MCFC cathodes, e.g. CuO (ic~ = 0.23 f~-~ cm-~ [15]), the 
full form of Equation 6 could be taken into consideration. 

2.2. Effective exchange current density 

Because of  the lack of  experimental data on the flat NiO cathode, results of  investigations of the 
effective exchange current on porous NiO cathodes were used in order to determine the reaction 
mechanism. On the basis of analogy with the flat electrode, the dependence of  the total current 
density on the overpotential may be expressed for the porous electrode as 

e~frFq exp (12) JT = ig fr exp R----T- RT  J 

where 

N 

ig a = k I~ (PJ)~" (13) 
j = l  

The reaction order of  the effective exchange current defined as 

aeer _ 0 1 n i  S _ ~? ln~ (14) 
c~ In Pi r&~i 6 ~ In Pi [pjei,, 

is the complex function of  the microkinetic and macrokinetic parameters of  the porous electrode. 
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Table 1. Possible regions of the porous electrode operation 

Conditions of the porous electrode operations 

Maerokinetic Microkinetic 

l , ~ >  1 1 o ~  1 
'Thin electrode'-negligible 'Thick electrode'-ohmic 
ohmic losses inside the control of the porous 
porous electrode electrode operation 

fm . . . .  = 1 ,0  fm . . . .  = 0 . 5  

O.5f~i~o ~< a err ~< fmii~o 

Z "~t >> Z~ if (i = l . . . . .  N) 
Activation control 
condition 

:Of_, Z~ if >> Z ~t 
Diffusion control condition 

m~iero = a i 

0.5a i ~< a eft ~ ai 

f~o = Eja~ifz~f/Zv 

if z~0if >~ Z dif at j # Jo 

We define 

and 

Using Equations 11 and 14-16 yields 

where 

a i 
In io pJ~, (15) 
In Pi 

d~f O _ ~  (16) 
ajj = ~ In Pi pj~ 

a~ fr = f i i c r o f m  . . . .  (17) 

N 
ai Zaet + ~ s 

fmicro = j= l  (18)  ZF 

fm .... = 0.5 + (19) 
sinh(2l/l,f~) 

Equation 17 permits us to determine the influence of the basic microscopic and macroscopic 
parameters on the observed effective exchange current in the porous electrode. The possible regions 
of  the porous electrode operation are summarized in Table 1. It is easy to show that, according to 
the macroscopic region in which the porous electrode operates, orders of  the effective exchange 
current can vary within the interval 

0.5f i ic ro  ~< a~ ~ ~< f i iero (20) 

In order to calculate thefm'icro factor, the reaction orders a~ of  the 'true' exchange current are needed, 
as well as the a~ i~ which depend on the mechanism of the gaseous reagent solubility in the electrolyte 
and on the geometry of reagent transport through the electrolyte. For  example, in the case of  a thin 
film model of the microscopic process with planar diffusion and physical solubility of the reagent 
' k '  

.lira nFDkHkpk (21) 
l k ~--- 

~Vk 

Therefore, in accordance with Equation 16, ad~ f = 0 a t j  # k and -kk-dif -= 1. The values of a~ f not 
equal to zero at j ~ k can be obtained in cases of  chemical reagent solubility. 
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Recent experimental results concerning oxygen solubility in the 62% Li2CO3 + 38% K 2 C O  3 

electrolyte [16] indicate that chemical oxygen solubility with superoxide ion 0 2 formation 

1 2 -  �88 + ~-COs ~ 0 2  + �89 (22) 

predominates over 02 ion formation and physical solubility of  oxygen. Assuming that the 0 2  ion 
is the basic (apart from CO2) substrate of  the cathodic electrochemical reaction, and that CO2 
solubility can be described using Henry's  law, one obtains from Equation 16: diff ao2,o 2 ---- 0.75, 

dif = - - 0 . 5 ,  a dif = 1, dif aco2.o: c%co2 ao2,co2 = 0. Additionally, due to the small oxygen solubility in 
comparison with the CO2 solubility one can write 

Denoting 

7 d i f  (23) t_~O27 dif >~ z~CO 2 

dif act 
s = Zg2 /Z  (24) 

then one can obtain, by means of  Equations 18, 20 and 23, the following inequalities 

0.25%2 + 0.375s a02 + 0.75s 
<~ a ~ <~ (25) 0 2 l + s  l + s  

0.5aco2 - 0.25s a c o  2 - -  0.5S ~< a ~fr 
co2 ~< (26) l + s  l + s  

On the other hand, experimental results obtained on the porous NiO cathode by Winnick and 
eft aeff dr = 0.5, ,fr = 0 and by Tang et al. [10]: a% co2 Ross [9]: ao2 ac% = 0.3, = 0, permit us to write the 

set of  inequalities on the grounds of  Inequalities 25 and 26. Solution of  this set of  inequalities in the 
(s, ao2) and (s, ac%) coordinate systems yields possible values of %2 and aco  2 for the given s and, 
thereby, information about possible reaction mechanisms may be obtained. 

Table 2. Alternative reaction mechanisms and related data for  the NiO and Au cathodes in molten carbonates 

Reaction Mechanism io ~ ~c O~a Cathode R e f  
ao 2 aCO 2 (P%) (Pc%) material 

ao 2 aco 2 

(27) �89 + CO~- ~ O~- + CO 2 (bulk) 0.375 - 1.25 0.5 1.5 Au [7, 8] 
02-  + e ~- [O2-1 + [O-]  (RDS) 
[0-1 + e ~ [ O  2 ] 
[02-1 + C02 ~ C0~- 

1CO2- ~ c~- �89 2 (bulk) 0.625 - 0 . 7 5  0.5 2.5 Au [7, 8] (28) k02+~ 3 ~ 2  + 
0 2 + e ~- [O~-] (RDS) 
[ O ~ - l + e ~ [ O  2_ ] + [ o  ] 
[O-  ] + e ~ [02 - ] 
[02-] + c02 ~ C0]-  

302 + i 2- ~CO 3 ~.~ 0 2 + �89 2 (bulk) 0.25 
o ;  + e ~  2[o l 
[ 0 - ]  + CO 2 ~ [C03]  (RDS) 
[CO;l + e ~ co~- 

102 + �89 ~- 0 2 + �89 2 (bulk) 0.50 
0 2 + e ~ [022-] 
[O~-] + CO 2 ~.~ [CO3] + [O-]  (RDS) 
[ o -  ] + c o 2  ~ [ c o 2  l 
[CO;l + e ~ co~- 

(29) 0.50 1.0 1.0 NiO [5] 

(30) 0 1.0 2.0 NiO Present paper 
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Fig. 1. Orders of the effective exchange currents. Continuous 
line, theoretical orders computed on the basis of Mechanism 
30; broken lines, experimental data. (a) Tang et al. [10], (b) 
Winnick and Ross [9] (/o~. in both cases unknown). 

2.3. Cathodic reaction mechanbsm 

From among the reaction mechanisms considered, only two fulfil the above conditions (see Table 2): 
the reaction mechanism of Wilemski and Gelb [5] (at s = 1) and the reaction mechanism proposed 
(at s = 0). In the case of a thin film model of  the microscopic process, Mechanism 30 seems to be 
more suitable. It  results from the fact that the condition ,s -= 1 ,,.i-,02/Tdif = Z act ) requires the existence 
of an electrolyte film of about a few micrometres thickness. Mechanism 30 was used in further 
considerations. For this mechanism one can obtain for the generalized Butler-Volmer type equation: 

i~ = -i~176 - exp (31) 

Orders of the effective exchange current as a function of the basic macroscopic parameter I/le~, 
calculated using Equations 17-19, are presented in Fig. 1 for oxygen with the proposed mechanism. 
From Fig. 1 one may conclude that the cathode of Winnick and Ross [9] was operating in the region 
of negligible ohmic loses (l/le~ = 0) as opposed to that of Tang et aI. [10]. 

2.4. Gas phase transport description 

The multicomponent transport of gaseous reagents in the porous electrode has been described using 
the dusty gas model equations [17, 18] 

1T B~ gradpi + ~ grad p = 
]~DK,i 

where 

D~ ~ = KoDij 

Bo = Kor~/8 

~ P J J ~  ~ -piNj Ni (32) 
n e f f  7 1 -  De--- ~ 

j = 1 P~ij K,i 

(33) 

(34) 

It is important to mention that the coefficient K0 depends on the void fraction of the electrolyte 
within the electrode, the so-called 'liquid porosity'. It may be estimated approximately as 

--ur4~ - e - -  e l  - -  e a  ( 3 5 )  

T 

where Zx is the 'liquid porosity' and ~d is the porosity connected with 'dead end' pores. For real 
porous structures factor z varies within the interval 3 < �9 < 7 [19]. 

For  typical NiO porous cathodes 
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DK,i >> Dij (36) 

and Knudsen diffusion is not taken into account. After some rearrangements one can transform the 
dusty gas model equations into a form more convenient for calculation: 

dP--!dx = - R T  Pi iNj + Bo ( ~  ~ i ]  i = 1 , . . . , N (37) 

d p  _ # R T  Zj Nj Mj ~ (38) 
dx B0 2jpj Mj ~ 

with the boundary conditions 

p~(x  = O) = pO i = 1, . . . , N (139) 

N~(x = l) = 0 i = 1 , . . . , N  (40) 

Molar fluxes, Nj, are interconnected by equations of  flux generation 

n F  dNj  
J d x  = - S i ( q )  j = 1 . . . .  , N  (41) 

Therefore, applying boundary conditions (40) one can find 

niNe(x) = n j N j ( x )  i, j = 1 . . . . .  N (42) 

The set of differential equations (41) can be solved analytically using Equations 40 and 42 

where 

JT - - j (x )  
N~ -- 4F (43) 

Nco2(X) : 2No2(X) (44) 

NN~(x) : 0 (45) 

( ' x  

j ( x )  = S Jo i [ p l ( x )  . . . .  , p • ( x ) ] d x  (46) 

We define the concentration overpotential in the gas phase (the so-called 'Nernst loss') as the 
difference between the actual equilibrium potential of the electrode and the potential that would 
exist with the concentrations present under load [12] 

/ 0 ~05 0 
R T  ~Po2) Pco2 

qN - n F  in (Po2 (x)) ~ ~Pco2 (x) (4.7) 

Of course, at any point of the electrode 

/~m = r](x) n k /'IN(X) ~- AVIR(X) (48) 

The system of differential and algebraic equations 2-4, 31, 37-z{0 and 43-48 gives us the filll 
description of the porous M C F C  cathode from the point of  view of  the model considered. 

3. Results 

The model equations with relative boundary conditions were solved numerically. Binary diffusion 
coefficients D~j were calculated using Fuller, Schettler and Gidding's semi-empirical rule [20]. To 
calculate the gas mixture viscosity, the Sutherland constants were determined on the basis of the 
experimental results obtained for single gases [2t]. Using the same Sutherland equation, the single 
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Fig. 2. Cathodic polarization 
curves computed on the basis of 
the proposed model at different 
K o parameters (dotted lines) and 
without gaseous phase transport 
limitations (continuous line), 
compared with Wilemski's model 
computations (broken line) [4] 
and with the IGT experimental 
data [23]. All the curves corre- 
spond to the gas composition A, 
i.e. po 2 = 0.10atm, Pco2 = 

0.05 atm, P~2 = 0.85arm. 

gas viscosities were then estimated at the desired temperature,  and lastly the gas mixture viscosity 
was calculated using Wilke's  approximat ion  [22]. All calculations were carried out  at 923 K and 
p = 1 arm for the 62% Li2CO 3 q-- 38% K2CO 3 electrolyte. The s tandard current  density %0 
(1 .6mA cm z) was estimated using the effective exchange current  and total internal surface o f  the 
porous  electrode which were experimentally determined by Winnick  and Ross [9] for the NiO 
porous  ca thode (operated in the region o f  small ohmic  losses). 

The experimental polar izat ion curves (total current  density versus measured overpotential)  
published by the Institute o f  Gas  Technology  ( IGT)  [23] were firstly used to verify the NiO porous  
ca thode model.  The theoretical polar izat ion curve at Po2 = 0.33 atm and Pco2 = 0.67 a tm (for this 
composi t ion  there are practically no gaseous phase t ranspor t  limitations) was adjusted to the 
experimental curve by using two adjustable parameters:  S(3600 cm -~) and 6(0.5 #m). The individual 
adjustments were not  made  for any other  I G T  curves. 
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Fig. 3. Cathodic polarization 
curves computed on the basis of 
the proposed model at different 
K 0 parameters (dotted lines) and 
without gaseous phase transport 
limitations (continuous lines), 
compared with Wilemski's model 
computations (broken line) [4] 
and with the IGT experimental 
data [23] at difl~rent gas com- 
positions. 
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Fig, 4. Computed  distributions of  local O z and CO 2 partial 
pressures, Nernst  losses and generated currents inside the 
porous NiO cathode at gas composit ion A, i.e. 
po 2 = 0.10atm, Pco2 = 0.5arm, pN 2 = 0.85atm. Total 
current densities: (1) 100mAcro-2; (2) 200mAcro-2; (3) 
300 mA cm-2; (4) 400 mA cm-2. 
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Fig. 5. Computed  distributions of local 0 2 and CO 2 partial 
pressures, Nernst  losses and generated currents inside the 
porous NiO cathodes at gas composit ion B, i.e. 

Po2 = 0.05atm, Pco2 = 0.10atm, PNz = 0.85atm. Total 
current densities: (1) 100mAcro-2; (2) 200mAcm-2; (3) 
300 mA cm-2; (4) 400 mA cm -2. 

The results of  computat ions for the polarization curves are compared in Figs 2 and 3 with the I G T  
experimental results and with the results of  the thin film anisotropic model by Wilemski [4]. 3-'he 
comparison was performed at four different gas composit ions and at different K0 parameters.  As 
shown in the figures, a satisfactory agreement with the I G T  data was obtained at/Co = 0.05. This 
result indicates a high degree of  filling of the porous cathode with electrolyte (see Equation 35). 

The experimentally observed 'inversion effect' at the gas compositions: (A)Po2 = 0.10atm, 
Pco2 = 0.05 atm, PN2 = 0.85 atm; (B)Po2 = 0.05 atm, Pc% = 0.10 atm, PN2 = 0.85 atm, could be 
explained by the present model. This effect is expressed by the comparable current densities at both 
A and B gas compositions in spite of  a greater exchange current in the case of  the composition A. 
This results f rom the greater gas phase transport  limitations at the gas composit ion A, which implies 
relatively smaller local partial pressures of  the electrochemically active species. The distributions of  
the local partial pressures po2(X), pc%(x), the Nernst  losses r/N(X ), and the locally generated current 
densities within the porous cathode i(x)Sl as a function of dimensionless coordinate y = x/l, 
(l = 0.05 cm) are shown in Figs 4 and 5 for both A and B gas compositions. 
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Fig. 6. Cathodic polarization curves computed on the basis of the proposed model without (continuous lines) and with 
(dotted lines) gaseous phase transport limitations (K 0 = 0.05), compared with experimental data and agglomerate model 
from [61 (broken line). 

Modelling studies show that molecular diffusion predominates in the gas transport in the typical 
porous NiO cathode. The gas viscosity is of no practical importance in this case. The gaseous phase 
limitations are much greater at low partial pressures of the electrochemically active reagents 
(0.05-0.1 atm). At the same time, the relatively high carbon dioxide partial pressure is more 
important to prevent gas phase transport limitations. At greater partial pressures of the electro- 
chemically active reagents, the gas phase transport limitation effects can be neglected in practice (e.g. 
at JT = 200mA cm -2 and K0 - 0.075 the transport limitations are expressed by an increase of 
about 3% in the measured overpotential for the gas composition C: Po2 = 0.15 atm, Pco2 = 0.30 arm, 
PN2 = 0.55 atm). 

Instead of S the same set of model parameters was taken to verify the model on the basis of the 
experimental results of  Yuh and Selman [6]. From among different gas compositions, the gas 
composition C(Po2 = 0.15 arm, Pco~ = 0.30 atm, PN~ = 0.55 atm) was applied in both IGT [23] and 
Yuh and Selman [6] experiments. Therefore electrochemically active specific internal suface of the 
cathode Sys from [6] was calculated (assuming negligible ohmic losses) using a proportion 

j~,%T(~/~ = 130mV, gas C) SIGr 
- ( 4 9 )  

j~XPs(r]m = 130mV, gas C) Sys 

Cathodic polarization curves computed on the basis of the thin film isotropic model and agglomerate 
model [6] were compared with the experimental data from [6] in Fig. 6. 

At oxygen partial pressures less than 0.03-0.04 atm, limiting currents due to the oxygen diffusion 
through the electrolyte are experimentally observed. Considerations of the isotropic model indicate 
that experimentally measured oxygen limiting current densities could be greatly influenced by the 
gas phase transport limitations. As was expected, limiting currents due to the carbon dioxide could 
be obtained for Pco2 partial pressures less than 0.03-0.06 arm. The limiting currents depend mainly 
on the liquid porosity. 
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