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Abstract-A porous Ni-AI alloy anode for the molten carbonate fuel cell has been developed to enhance the creep 
resistance of the anode as well as to minimize the electrolyte toss. A dual-porosity filmed agglomerate model for 
the Ni-A1 alloy anode has been investigated to predict the cell performance. The major physicochemical phenomena 
being modeled include mass transfer, ohmic losses and reaction kinetics at the electrode-electrolyte interface. The pre- 
dicted polarization curves are compared with the experimental results obtained from a half cell test. The model pre- 
dicted very well the steady-state cell performance at the given conditions that characterize the state of the electrode. 
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NTRODUCTION 

The Molten Carbonate Fuel Cell (MCFC) is often referred to 
as a second-generation fuel cell because it is expected to achie- 
ve commercialization after the Phosphoric Acid Fuel Cell (PAFC) 
is available in the marketplace. The MCFC is operated at a rela- 
tively higher temperature than PAFC. The higher operation tem- 
perature provides higher overall system efficiency and greater 
flexibility in the use of available fuels. Also, the MCFC does 
not need any expensive material for its electrodes. The MCFC 
anode is made of nickel powder that is sintered to a porous 
electrode with a thickness of 0.5-1.0 mm and porosity of 50- 
70%. The porous nickel anode has high electric conductivity 
and stability for molten carbonate, but suffers from creep de- 
formation during the operation of an MCFC stack due to the 
sintering driving force and the weight of stack itself [Park, 1994]. 

To eliminate excessive creep of the anode in operation of the 
MCFC stack, the present state-of-the-art anode is made of a Ni- 
10% Cr alloy. However, it is lithiated by the carbonate electrolyte 
(62 mol% Li2CO3+38 mol% KzCO3), and then it consumes car- 
bonate in the cell. To control the creep deformation, Hitachi has 
developed an anode that Ni-MgO, Ni-AI solid solution, Ni-Co-AI 
or Ni-A1 intermetallic to nickel powder, respectively. Although 
the anode inserted Ni-AI solid solution is somewhat creep re- 
sistance, it is difficult to produce sub-micron grade Ni-AI in- 
termetallics that can increase creep resistance [Takashima et 
al., 1992; Kim et al., 1998; Chung et al., 1998]. 

For higher creep resistance and minimization of electrolyte 
loss, the Ni-AI alloy anode has been widely tested to replace 
the Ni-10% Cr alloy lately. A coating method of AI or Cr va- 
por deposition on nickel anode surface has already been de- 
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veloped. By this coating method, many kinds of Ni-A1 interme- 
tallics (Ni3A1, NiA1, Ni2A13, etc.) are obtained simultaneously 
and have difficult to understand characteristics of each kind of 
Ni-A1 intermetailic [Chun et al., 1994]. 

To solve this drawback, we developed a production method 
of directly sub-micron grade Ni-AI intermetallics in eutectic 
salts and have manufactured a Ni-At alloy anode that inserted 
Ni3A1 of Ni-A1 intermetallics in nickel powder [Kim, 1997]. 
Ni3A1 was selected because of the structural stability and 
strength of the Ni-A1 intermetallics at high temperature based 
on the information from a previous study [Kim et al., 1999]. 

In this study, we carry out computational simulation to check 
the performance of the Ni-A1 alloy anode manufactured using 
the above mentioned Ni3AI. Because of the lower wettability of 
pure Ni anode than that of NiO cathode, the dry agglomerate 
model has been chosen for the simulation of pure Ni anode. 
But the Ni-AI alloy anode has higher wettability than a pure Ni 
anode. Therefore, we used the filmed agglomerate model for 
more exactness in the case of the Ni-AI alloy, and we compar- 
ed the computational result with the experimental result. 

THEORY 

The performance of the fuel cell is represented the current 
density and the available cell potential, as a function of gas 
flow rates and gas compositions, external load, electrode thick- 
ness and pore size of electrode. Brown and Rocker [1966] pro- 
posed a composite of thin film and flooded pore model, the so- 
called agglomerate model. It is assumed that the metallic por- 
tion consists of porous agglomerates and electrolyte film-coat- 
ed agglomerate. Models for a molten carbonate fuel cell elec- 
trode have been published by Yuh and Selman [1984], Berg- 
man et al. [1992], Lee et al. [1993], Roh et al. [1996], and Suh 
et al. [1998]. Park [1994] proved the superior electrode wetta- 
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Fig 1. Details of schematic structure of porous electrode in film 
agglomerate. 

bility on molten carbonate electrolyte in the case of the Ni-A1 
anode. Therefore, we introduce a filmed agglomerate model as- 
suming that electrolyte film is covered macropore and micro- 
pore of electrode. 

As shown in Fig. I, the electrode structure can be pictured as 
one in which catalyst particles form agglomerates which, under 
working conditions, are flooded with electrolyte. The existence of 
an electrolyte film of electrolyte on the external surface of the ag- 
glomerate depends on the wetting characteristics of the electrolyte 
on the electrode. It is very likely that such a surface film exists in 
oxide material (NiO), and intermetallic compound (Ni-A1). There- 
fore, we have to develop a "Filmed Agglomerate Model" to an- 
alyze the Ni-A1 alloy anode. Detailed assumptions are described 
in references [Mitteldoff and W'flemski, 1984]. We will briefly in- 
troduce the "filmed agglomerate model" developed by the mate- 
rial balance for reaction gas species i which can be expressed as 

S;Ai. (I) 
V- N; - nF 

For S, let the subscripts 1, 2, 3 stand for H2, CO~, and H20, re- 
spectively, The total current output per superficial area (cm 2) is 
i times the total number of agglomerates per area (cm2). Since 
the reference electrode is situated in the electrolyte, the polari- 
zation at x,=l can be known from there, The current density vs. 
polarization diagram is the final result of  this model. With a 
film on the external surface of the agglomerate, the diffusion Eq. 
(4) is unchanged within the agglomerates. Due to the diffusion 
limitation caused by the existence of the film, there is no chemi- 
cal reaction in the film. One can neglect the axial diffusion term, 
and the diffusion equations are simply as Eq. (5) in cylindrical 
coordinates. 

r ~ r ' =  ' A  wnere A= In (5) 

The diffusion flux within the film toward the agglomerate 
can be computed from Eq. (5). Next, we have to make a mate- 
rial balance at x;=l to have the appropriate boundary condi- 
tion over there. For species i, the diffusion flux in the film 
toward the external surface of agglomerates has to equal to the 
depletion rate on the external surface plus the diffusion flux 
toward the interior of the agglomerate. The dimensionless po- 
tential equation can be described in Eq. (6) because the current 
can flow through the film and agglomerate. 

d~Wc= nFD,C~,~ (1-(2~) (6) 
d~ 2 ~R,(R+8)2A 

where subscript 1 stands for hydrogen species and R~ denotes 

(,-,~+(R+~)2-R2), . . . .  2 
R, = If, e )/tK+O) 

At the anode, we can use the Nernst equation [Yuh and Sel- 
man. 1984]. If the activities of all species are all zero, the stand- 
ard equilibrium potential can be obtained by 

(7) % = (v,*, +,~)r 

Substituting the equation into Eq. (4) gives 

1 a(-af-]N S~ a ( . a C ' ,  (8) 

where S; denotes the stoichiometric coefficient. Also, i, deno- 
tes the transfer current density at the electrode-electrolyte in- 
terface due to the electrochemical reaction, and Ni is the mass 
flux of species i. Applying Fick's law to Eq. (1) in dimension- 
less cylindrical coordinates Eq. (2) yields: 

1 3 (/:3C;~+R232C; R2S;Ai. 
~ k ' - b - ~ )  ~ - ~ T  : ~ (2) 

Where, 

Since the first term is much larger than the second term in Eq. 
(2), we can neglect the second term, As a result we have Eq. (4) 

l-k(gOr = R2S'Ai" (4) 
~a~k 3~) nF~,C/~ 

~ k g ~ - ~ - )  kGI(C,) (C~) (C3) exp(-lx)F.)) 

ct f t  R 

-GI (C0  (C2) ( C 3 ) - e x p ( c t ~ ,  =0 i=0 (9) 

where 

AR2i0 ~ 
GI = 

C,~(4F) 

The potential and current density are related in as Eq. (1) 

3~P. -2nFDtC~ L 2 - -  

- ~ (1-C1) (10) 
~2  ~:R,(R+8)2AS, 

We have three nonlinear coupled partial differential equations 
which need to be solved by some appropriate numerical meth- 
od. The potential is only a function of the z-direction. We can 
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Fig. 2. Schematic diagram of half cell system. 
1. Heater 5. Reference electrode 
2. Thermocouple 6. Counter electrode 
3. Fuel gas inlet 7. Alumina crucible 
4. Working electrode 8. Stainless steel 

solve the diffusion Eq. (8) and (9) for the anode with a specifi- 
ed value of ~P,, depends on z-direction through Eq. (10). 

EXPERIMENTAL 

We directly synthesized NisA1 of Ni-A1 intermetallics in (Na+ 
K)CI eutectic salts by controlling stoichiometric coefficients of 
reactants, and manufactured the Ni-A1 alloy anode inserted Ni3- 
Al as discussed in the previous work [Kim, 1997]. A l ~ o r y -  
scale half cell assembly is used to measure the exchange cur- 
rent density of the Ni-Al alloy anode, as shown in Fig. 2. 

The working electrode consisted of pure Ni anode or Ni-Al 
alloy anode. The counter electrode was made of 99.99% pure 
gold foil and was bent in a circular shape. These electrodes were 
connected to 99.99% pure gold wire of 0.5 mm diameter by spot 
welding. Also, a reference electrode consisted of a 1/8" alumina 
tube with a small hole in the bottom that contains carbonate 
electrolyte and was sparged by gas mixture. The diameter of the 
hole is 0.5 mm, and its function is to sense the contact between 
the carbonate in the reference and the working electrode com- 
partment. A 33%O2/67%CO2 mixture gas was used as the re- 
ference gas. The counter electrode was made of 99.99% pure 
gold foil and all potentials mentioned were based on a refer- 
ence electrode. 

RESULT AND DISCUSSION 

At the beginning of the filmed agglomerate model study, 
Yuh and Selman [1984] and l ee  et al. [1993] calculate the ag- 
glomerate radius and the effective surface area by ordered cy- 
finder geometry. It is generally used by other researchers. Though 
the ordered cylinder geometry is easy to calculate, it is hard to 
determine the agglomerate size. In comparing the pore size dis- 

Fig. 3. SEM photographs of the fracture surface in porous MC- 
FC anodes sintered at 900 ~ 

tribution of MCFC anode before and after the experiment, the 
drastic decrease of micro pore volume in the anode was observ- 
ed [Chun et al., 1994]. 

Fig. 3 shows SEM photographs of the fracture surface of 
MCFC anodes. It is thought that the Ni-Al alloy anode includ- 
ing Ni3A1 has a more stable pore network than pure Ni anode 
regardless of equal sintering condition. The difference of vol- 
ume change before and after the cell operation is mainly due to 
the electrolyte filling in micropore. The wettability of electro- 
lyte in the Ni-A1 alloy anode is considerably higher than the Ni 
anode. During the cell operation, electrolyte might be covering 
the agglomerate surface and fill micro pore. Thus we can esti- 
mate the effective surface area by using the filmed agglomerate 
model at the hump of cumulative pore volume after the cell op- 
eration. 

The effect of overpotential and film thickness on the concen- 
tration profiles was shown in Fig. 4. Both larger overpotentials 
and thicker films result in smaller surface hydrogen concentra- 
tion. A larger overpotential also yields smaller hydrogen con- 
centrations in the core region where film thickness variations 
have a much smaller influence. The higher the value of film 
thickness is, the higher the diffusion limitation in the film is. 
Thicker films may make a lower exchange current density. Be- 
cause the film is highly conductive, we can expect that the over- 
potential distribution in the case within film is more uniform 
than that without film. Thin film increases ohmic resistance 
and reaction rate, and thereby yields more nonuniform overpo- 
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Fig. 4. The effect of carbonate electrolyte film thinkness on the 

anode performance by filmed agglomerate model. 

tential distribution. But the effect is relatively small in this ex- 
periment. The high polarization tends to make the overpotential 
more nonunifoma, but this effect may be negligibly small in prac- 
tical cell operation. It is suggested that a thinner film and a higher 
exchange current density yield a better electrode performance 
in agreement with qualitative predictions. 

The effect of diffusivity of anode gas on the exchange cur- 
rent density is shown in Fig. 5. Since the effects of diffusivity 
were approximately of the same order, it seemed that both the 
activation polarization and diffusion polarization simultaneous- 
ly controlling step in the Ni-A1 alloy anode reaction. 
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Fig. 6. The effect of gas compositions on calculated Ni-AI alloy 
anode performance. 

Fig. 6 shows the effect of  anode gas composition on the ex- 
change current density. As we follow the Ang & Sammells 
mechanism [Park, 1994], all anodic side gas behaves with the or- 
der of 0.25. It shows that the diffusion polarization of each an- 
odic gas makes a difference because they differ from anodic gas 
in hydrogen and carbon dioxide. 

Fitting experimental data to the filmed agglomerate model 
may be considered as a practical engineering approach to find- 
ing the kinetic parameters of hydrogen oxidation in both pure 
Ni anode and Ni-A1 alloy anode. Experimental data from a half 
cell test using the Ni-A1 alloy anode was fitted with the filmed 
agglomerate model or a dry agglomerate model. In the litera- 
ture, no film thickness has been experimentally determined yet. 
The only way to estimate film thickness is to fit the polarization 
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Fig. 5. The effect of anode gas diffusivity on calculated cell per- 
fonlrumice, 
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Fig. 7. Comparison of experimental data and predicted IR-free 
polarization curve of Ni-AI alloy anode. 
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curve with the lowest gas mole fraction whose limiting current 
can be determined easily. The film thickness thus determined 
does not depend on electrode kinetics because the only limita- 
tion is the diffusion in the film. In this work, it was assumed 
that the film thickness determined in this way is independent of 
gas compositions. This may not be true in practice, but it is a 
highly convenient assumption in the case of molten carbonate 
fuel cell electrodes which are practically inaccessible. So the 
film thickness was calculated by the theory of Mitteldorf and 
Wilemski [1984]. 

The experimental data of the half cell test was compared 
with the theoretical prediction, as shown in Fig. 5. As a result, 
the filmed agglomerate model appeared to give a better fit than 
the dry agglomerate model in Ni-A1 alloy anode. The dry ag- 
glomerate model predicted too high exchange current density. 

CONCLUSIONS 

The modified filmed agglomerate model combined with the 
real pore size distribution data gave a good fit to the behavior 
of  a Ni-A1 alloy anode. The dry agglomerate model predicts 
higher current density at a given polarization, whereas the film- 
ed agglomerate model is relatively compatible with experimen- 
tal data. The Ni-A1 alloy anode system needs detailed inves- 
tigation. 
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NOMENCLATURE 

A, a: superficial surface area [cm 2] 
CI' : equilibrium concentration at electrolyte and gas interface 

[mol/cm 3] 
C;' : equilibrium concentration at electrode surface [mol/cm 3] 
D, : effective gas diffusivity [cm2/s] 
F : faraday constant [C/g-eq] 
iL : local current density at electrolyte [A/cm 2] 
iN : exchange current density at anode-electrolyte interface 

[A/cm 2] 
Ki : dissociation constant of species i 
L : agglomerate length [cm] 
N : agglomerate number [dimensionless] 
R, ro: agglomerate radius [cm] 
V~ ~ : standard equilibrium potential [V] 
Z : axial distance at agglomerate [cm] 

Greek Letters 
czo : anodic transfer coefficient [-] 
cq : cathodic transfer coefficient [-] 
~5 : electrolyte film thickness at agglomerate surface [m] 

: effective electrolyte conductivit2~ [l/f~cm] 
0 : electrode porosity [dimensionless] 
A : In [(R+8)/R] [dimensionless] 

: F/RT 
~L : potential at electrolyte phase IV[ 
~ : r162 [v] 
~,, :. anodic potential [V] 
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