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A dual-porosity filmed agglomerate model for the porous cathode of the molten carbonate fuel
has been investigated to predict the ceil performance. A phenomenological treatment of molecular,
kinetic and electrode parameters has been given. The major physical and chemical phenomena
being modeled include mass transfer, ohmic losses and reaction kinefics at the electrode-
electrolyte interface. The model predicts steady-state cell performance, given the above conditions
that characterize the state of the electrode. Quasi-linearization and finite difference techniques are
used to solve the coupled nonlinear differential equations. Also, the effective surface area of
electrode pore was obtained by mercury porosimeter. The results of the investigation are
presented in the form of plots of overpotential vs. current density with varied the electrode
material, gas composition and mechanism. The predicted polarization curves are compared with

the empirical data from 1cm® cell. A fair correspondence is observed.
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1. INTRODUCTION

The construction and development of fuel cells
comprises considerable technology and is already a
subject of monographs. Basically a fuel cell is an
electrochemical cell and an open system which can
continuously transform the chemical energy of fuel
and oxidant to electrical energy by a process invol-
ving an essentially invariant electrode-electrolyte
system. Fuel cell reactants are converted into che-
mical products and electricity without the prospect
of being regenerated. (Appleby and Foulkes (1989),
Bockris and Srinivasan (1969))

Fuel cell efficiency is not Carnot-limited; an ene-
rgy efficiency of 65~70% is feasible for electricity
generation, compared to 30~35% for a conventio-
nal Carnot limited coal burning power plant. A
rough division of present-day fuel cells may be
made according to the temperature of operation.
Thus if this is above about 500C, the device is cal-
led a high-temperature fuel cell. For the high-tem-

perature cells, the temperature alone causes the
electrode kinetics to be sufficient rapid that there
can be production of energy at suitable rate wi-
thout using expensive materials as catalysts. Molten
carbonate fuel cells are operated at 650C and have
a semi-solid carbonate paste as electrolyte. The ba-
sic electrochemical reactions in a molten carbonate
fuel cell are as follows:

Anode (fuel electrode)

H,+C0:2 & CO.+2e” 1-n
Cathode (oxygen electrode)

C0.+1/2 0,+2— < C0:* (1-2)
Overall reaction

H2+1/2 02 (—::) HzO (1“3)

At the anode, which is a porous gas diffusion
electrode, hydrogen molecules in molten carbonates
electrolyte adsorbed on the electrode surface and
react with carbonate ions to form water and car-
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bon dioxide. These products then go through the
reverse mass transfer processes back to the gas
phases.

The cathode consists of porous nickel oxide (gas
diffusion electrode), which has a low electrical con-
ductivity. The conductivity of cathode is improved
by lithium doping (“lithiation”) upon contact with
the melt. Porous electrodes promote intimate con-
tact of the electrode material with the electrolyte
and gaseous phase. A large interfacial area per unit
volume is provided when gas-diffusion electrodes
are used.

It is necessary to establish a model which accou-
nts for the essential features of an actual electrode
without going into exact geometric detail. The first
objective of the model is to predict the performa-
nce of the fuel cell. The performance of fuel cell
is the current density and the available cell poten-
tial, as a function of gas flow rates and composi-
tions, external load, electrode thickness, pore size
and temperature.

Several models have been developed in the past
twenty years to explain the behavior of porous gas
diffusion electrode. Austin et al (1965) proposed
simple pore model. This model is too simple and
predicts too low mass transport-limited current.
Will et al (1969) introduced the thin film model
and Hurwitz and Srinivasan (1967) applied this
model to fuel cells with the consideration of activa-
tion control. Brown (1966) proposed a composite of
thin film and flooded pore model (agglomerated

model). It is assumed that the metallic portion co-

nsists of porous agglomerates and that the porous
metallic particles are coated by a thin film. Gunter
and Hunter (1969) developed a simple agglomera-
ted model. Models for molten carbonate fuel cell
electrode have been published by Yuh et al (1984),
Lee et al (1993), Kunz et al (1984), and Bergman
et al1(1992). In this work, the film agglomerate
porous-electrode model has been employed and
modified for the cathodes, using surface kinetic ex-
pressions such as the ones discussed above. The
objective of the research is to predict the perfor-
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mance of molten carbonate fuel cell cathodes and
obtain the optimum cathode condition.

2. THEORY

2-1. Electrode kinetics of oxygen reduc-
tion

Adequate study of oxygen reduction kinetics are
available only on gold electrodes. The dependency
of the exchange current density, 12 on reactants
and products concentration were investigated by

Appleby and Foulkes (1989). They proposed follo-
wing two mechanisms. (*means rate determining
step)

i) Peroxide mechanism
000 &5 COH03
0;-+e” — O +(07) * (2-1)
(07)+CO+e™ =2 COY

0" +C0, &= CO%

This mechanism predicts &.=1.5, &.=0.5 and

izoc (0% (€O (2-2)
ii) Superoxide mechanism
30.+2C05 = 2C0,140;
05 +tes — 0¥ +(0) (2-3)

O te” &= 0 *

0 +C0, & COY

This mechanism predicts @.=0.5, ¢.=0.5 and
b
1o (0,)° (CO,) 0™ (2-4)

2-2. Filmed agglomerate model

As shown in Fig. 1- (a), the electrode structure
can be pictured as one in which catalyst particles
from agglomerates which, under working condi-
tions, are flooded with electrolyte. The existence of
a surface film on the external surface of the agglo-
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Fig. 1. (a) Schematic structure of porous ele-
ctrode in film agglomerate models.
(b) detailed structure of agglomerate.

merate depends on the wetting characteristics of
the electrolyte. It is very likely that such a film
exists in the cathode (NiO). It is likely that an ele-
ctrolyte film exists on the cathode agglomerate.
Therefore, we have to develop a “Filmed Agglome-
rate Model” to apply specifically to cathode. One
make the following assumptions in order to simp-
lify the mathematical analysis without going into
the actual geometry within the agglomerates.
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to a Molten Carbonate Fuel Cell Cathode

1. The electrode is made up of a number of cy-
linders of catalyst with radius R and length
L as shown in Fig. 2- (b). The agglomerate
are flooded with electrolyte. These cylinders
are perpendicular to the external surface of
the electrolyte tile.

2. The electrolyte and catalyst are homoge-

neous mixed as a continuum and all the ki-

netic parameters are constant.

There is no electronic IR-drop in the metal

phase due to much higher electric conducti-

vity of cathode material compared to the mo-

lten carbonate melt.

4. The voltage in the cylinder changes only in
the axial direction and diffusion of dissolved
gas occurs only in the radial direction. Also,
the transport of current through the electrol-
yte follows ohm's law.

5. The composition of the gas phase is uniform.
The electrode operates isothermally and iso-
barically with constant transport properties.

7. The activity of CO; ion is everywhere equal
to unity.

The following generalized reaction takes place at

the electrode surface.

ZSM." = ne” (2-5)
Where S denotes the stoichiometric coefficient.
One starts by making a current balance over a dif-

ferential section of the cylinder. The material bala-
nce for species i can be expressed as

SAin
nF

vV N=—- (2-6)

where in is the transfer current density at the
electrode-electrolyte interface due to the electro-
chemical reaction and N; is the mass flux of species
i. A is the specific surface area of the agglomerate
(em?cm®). The flux is related to concentration gra-
dient:
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where C; is the concentration of species i in the
electrolyte phase and Di is the effective diffusion
coefficient. Substituting equation (2-7) into equa-
tion (2-6) yields

SiAinin

= Em
iV2 i y [ — a
_DiviC F D oP (2-8)
In dimensionless cylindrical coordinates,
10(,0C) R &C R*SiAf
= = + = = a
[ ¢ ‘35(5 o ) L' of } T

where C: —( 8 ),f—(%),é‘:(%) (2-10)

. a2 C
Since R*/L? < <1 and 08 and gag(faf )

are approximately of the same order, we can neg-

2 az_,
lect the {—2 %9

term. As a result we have
R*SiAi,

FD.Cr (21D

In case of S,=—1(0,) : %6%( 7C_)
R*S AL
TFD.C (2-12)
—- . 9 [,0C
In case of S;=—2(C0,) : 6( 6 )_
S D, CP
n;“Dl Clb af( ) (2-13)

In the following the subscript 1 stands for O.
and 2 for CO.. The total current output per super-
ficial cm® is 1 times the total number of agglome-
rates per cm’. Since the reference electrode is si-
tuated in the electrolyte tile, the polarization at £=
1 can be know from there. The current density vs.
polarization diagram is the final result of this mo-
del.

With a film on the external surface of the agglo-
merate, the diffusion equation (2-12) and (2-13)
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are unchanged within the agglomerates. Due to the
diffusion limitation caused by the existence of a
film, there is no chemical reaction in film, the dif-
fusion equations are simply:

19 ( ac.

v ar\Voy

which neglects the axial diffusion term. Then, we
can integrate (2-14) as

) =0 (cylindrical coordinate) (2-14)

aCi - =G R+46
¥ o X L A= ln( R ) (2-15)
2 y=R aC; ) c.(1-C»

= dy RA

The diffusion flux within the film toward the ag-
glomerate can be computed from equation (2-15).
Next, we have to make the material balance at £{=1
to have the appropriate boundary condition there.
For species i, the diffusion flux in the film toward
the surface equals the depletion rate on the exter-
nal surface plus the diffusion flux toward the inte-
rior of the agglomerate. In mathematical dimensio-
nless form is,

(3? -F (1-C)+Pii=0@t &1 (2-16)
,__1. i ZS.(I_S)R
where F=g, P poy @1

The potential equation has to be described in
equation (2-18) because the film can conduct cur-
rent as well as the agglomerate.

L (218)
The current density is

I L
F e ¥ (R+5)° o @Y

Substituting equation (2-19) into equation (2-18)
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and nondimensionalize it, one has (gaga -F(Q-C)+P%i.=0(at £&=1) (2-23)
Fw_ nFDCy¢h . = 1 .,._S0-9R
& TREIA (1-0 (2200 where F'=—-, Pii, T (220

The current output per agglomerate can now be Next we have to develop the relationship bet-
computed from the potential gradient. ween @, ns. and sk At the cathode, we can use
Nernst equation. If the activities of all species are

2
I=(Q+Q) ¢y (2-21) all zero, the standard equilibrium potential can be
dé .
obtained by
r— X”[(R+5)2_}'2] 1 _"1'._.
Q= o ﬂsk:_(pL‘—Vooc_ 'ﬁ ln(C12Cz) (2-25)
‘I’: (V¢oc~¢L) ¢
The general Butler-Volmer equation is:
P oF Substituting equation into equation (2-12) and (2-
W= (CT)“@"[ A BF ns_e( ¥ ns} 13), one has

~ ® L, @
(2-22) %-a%(f—gg—‘)+(Gl(C—1)a_T(®ﬂ 2 exp(=a)
With the boundary conditions at é=1 and diffe- (2-26)

rential equations (2-12) and (2-13), the equation - =
(2-22) becomes -GIC) 2 ((_‘.;)‘3 pr(acwf))zo (=1
Fuelcell
I
AR
o Preheater g
Steam @—
reservoir Heater
\ o
\\ : Temperature
HDH o] —
o control unit
Resevoir
— temp.
02 control DATA n
Feed unit acqusition
gas unit and :
CO2 — con— IBM/PC AT 1
trol K
unit Gas Drain and
separator
Hz‘*“ e T T

Fig. 2. Schematic diagram of laboratory MCFC unit/half cell.
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u_( ac7>_g @( _ac_z): -
¢ ks | € 0(i=2)
13 6§ 65 Sz af aé (9-27)

(2-28)

The potential and current density related in

#¥.  —onFD.Chol?

&  FR(R+8)?AS (2:29)

1-C»)

We have three nonlinear coupled partial differe-
ntial equations which need to be solved by some
appropriate numerical method. The potential is only
a function of z. We can solve the diffusional equa-
tions (2-26) and (2-27) for the cathode with a spe-
cified value of ¥ which depends on z through
equation (2-29).

3. EXPERIMENT

A laboratory-scale fuel cell assembly is shown in
Fig. 2. Gold reference electrode which consists of
a gold wire (0.5mm, 99.9%) in an 1/8” alumina
tube containing electrolyte, and sparged by gas. A
33% 0:67% CO. gas mixture is used as the refe-
rence gas. Liquid contact with the main elect-

rolyte is established by means of a 0.5 mm hole in
bottom of alumina tube. The electrolyte, which is
usually a eutectic of Li-CO, and K,COs, or a ternary
(Li-Na-K) COs eutectic, is held by capillary force
within the voids of a lithium aluminate “tile”.

This tile prevents recombination of a lithium alu-
minate. Also, this tile prevents recombination of the
reactant gases and slows down the electrolyte va-
porization loss. The structure of the tile must be
carefully chosen to avoid the flooding of electrode
macropores, which would create a vary large unfa-
vored mass transfer resistance. The lithium alumi-
nate tile is fabricated by tape casting of carbonate
power and finely divided y-ALO; with ALQO; fiber,

Table 1 show the characteristics of the compone-
nts, used in this experiment. The cathode of MCFC
is fabricated by tape casting of metal powder (NiQ)
and cold pressing of oxide powder (perovskite, Laos
SI'o.zCOOs).

4. RESULTS AND DISCUSSION

The filmed agglomerate model was useful to
predict the performance of NiO and perovskite (Lao,
85102C005) cathode in MCFC. The theoretical effect
of operating conditions (gas composition, catho-

Table 1. The specification of MCFC unit cell component

Electrolyte
Cathode Anode Electrolyte
matrix
Lao_ssro.ZCOOS Li2C03K2C03 LlAlOz + Ales
Material Ni
NiO (62:38) fiber
Thickness
08710 0.7 0.2 10715
(mm)
Porosity (%) 50765 65770 -
Surface area -> 1.3272.20
8.89
(m*/g) > 056
Cold pressing or
Fabrication Paste loading Tape casting Tape casting
paste loading
Operating
in-situ oxidation Sintering in-situ sintering in-situ sintering
condition
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dic reaction mechanism, film thickness, electrode
thickness and electrode material) were discussed.
Also, the comparison of experimental and theoreti-
cal cell performance was performed in this study.

4-1. Parametric study

At the beginning of filmed agglomerate model
study, Selman et al (1984, 1993) calculate the agg-
lomerate radius and effective surface area by orde-
red cylinder geometry. It used generally by other
researchers. Though, the ordered cylinder geome-
try is easy to calculate, it is hard to decide the ag-
glomerate size. Fig. 3 show the pore size distribu-
tion of molten carbonate fuel cell cathode before
and after the fuel cell experiment. The drastic dec-
rease of micro pore volume was observed in Fig.
3. The difference of volume change before and af-
ter the cell operation is mainly due to the electrol-
yte filling in micro pore. The wettability of electrol-
yte in oxide cathode is very high. During the cell
operation, electrolyte might be cover the agglome-
rate surface and fills micro pore. So, we can esti-
mate the effective surface area of filmed agglome-
rate mode! at the hump of cumulative pore volume
after the cell operation.

If the pore shows a capillary behavior, we can

apply the Young & Laplace equation. In cylindrical
agglomerate, the relation of agglomerate radius,
electrolyte volume in pore and surface area can
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Fig. 4. The effect of electrolyte film thickness
on the predicted polarization curve of
MCFC cathode by peroxide mechanism
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be presented by next equation.

A2

Vou 70 (4-1)

Yo= ————«IVMV '& (4-2)
Viled ¥

0A=—M:’d+——%— (4-3)

N= YotV “;'1""2‘;”’“ (44)

The effect of overpotential and film thickness on
the concentration profiles were shown in Fig. 4 and
Fig. 5. Larger overpotentials and thicker films both
result in smaller surface oxygen concentration. A
larger overpotential also yields smaller oxygen con-
centrations in the core region where film thickness
variations have a much smaller effect. The higher
the value of film thickness, the higher the diffusion
limitation in the film. Thicker films may make the
lower exchange current densities.

Because the film is highly conductive, we can
expect that the overpotential distribution is more
uniform than that in the case without film. Thin fi-
Ims increase ohmic resistance and reaction rate,
thereby yielding a more nonuniform overpotential
distribution. In Fig. 4 and Fig. 5, the high polariza-
tion tends to make the overpotential more nonuni-
form but this effect may be negligibly small in pra-
ctical cell operation. It is suggested that, a thinner
film and a higher exchange current density yield
better electrode performance, in agreement with
qualitative predictions.

" The effect of electrode thickness on the excha-
nge current density were shown in Fig. 6. The cell
performance was increase with the cathode thick-
ness in the range of 0 to 4 mm. More thick elect-
rode result in lower cell performance. The effect
of agglomerate porosity on the exchange current
density were shown in Fig. 7. Bergman et al (1992)
reported that the active surface area varies inver-
sely to the agglomerate radius but only weaker
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Fig. 6. The effect of cathode thickness on the
predicted polarization curve of MCFC
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Fig. 7. The effect of agglomerate porosity on
the predicted polarization curve of
MCFC cathode

than inversely to the square root of the particle ra-
dius. In order to increase the activity of the elect-
rode it is therefore more effective to decrease the
agglomerate radius than the particle size. This is
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NiO cathode (0./C0.=0.15/0.3, pero-
xide and superoxide mechanisms

a direct implication of the fact that under pore dif-
fusion limiting conditions, the electrochemical reac-
tion is squeezed to a thin zone close to the agglo-
merate surface. As a matter of fact, Fig. 7 shows
that only the utmost particle layer of the agglome-
rate is utilized for the electrochemical reaction.

4-2. Fitting on experimental data

Fitting experimental data to the filmed agglome-
rate model may be considered a practical enginee-
ring approach to finding the kinetic parameters of
oxygen reduction at a perovskite (LaosSro2Co0s)
and nickel oxide cathode. Cathodic data from half
cell using a perovskite (LaysSro2Co0s) and nickel
oxide cathode are fitted assuming either a peroxide
or a superoxide mechamsm. No film thicknesses
have been experimentally determined up to now.
The only way to estimate is to fit the polarization
curve with the lowest oxygen mole fraction whose
limiting current can be determined easily. The film
thickness thus determined does not depend on ele-
ctrode kinetics because the only limitation is the
diffusion limitation in the film. In this work it is
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 (1969).

The experimental data of half cell was compared
with theoretical result:im Fig. 8. As a result, the
peroxide mechanism -appears to give a better fit
than the superoxide mechanism in NiO cathode. In
case of NiO, the superoxide mechanism predicts
low exchange current:density. In case of perovs-
kite (LaosSro2Co0s), the -experimental data was
tend to intermediate of both mechanism. Detailed
investigation was needed in perovskite (LaosSto:
Co0s) cathode.

5. CONCLUSIONS

1. The modified filmed agglomerate model co-
mbined with the real pore size distribution
data, gives a good fit to cathodic data with
peroxide mechanism. Superoxide mechanism
predicts low current density at a given pola-
rization.

2. The half cell test showed similar performa-
nce in perovskite and NiO. It was found that
the thickness, electrode porosity and agglo-
merate porosity of perovskite cathode was
optimum at 1.572 mm, 656% and 12% respec-

tively.
Nomenclature
a - superficial surface area cm’
Ai. . internal cathode surface area  cm%/cm’

C® . equilibrium concentration at electrolyte
and gas interface mol/cm’

Cis | equilibrium :concentration at electrode
surface mol/cm’
F ! faraday constant Clg-eq

iL < local current density in electrolyte phase

Afem?
iob : exchange current density Afem®
L © agglomerate length cm
N | agglomerate number dimensionless
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R, r. ' agglomerate radius cm
Ro * radius of oxygen ion (m
Viea - electrolyte volume in cathode pore cm®
Vi - superficial volume of cathode cm®
Veatia + true material volume of cathode  cm’
Greek symbol

aa - anodic transfer coefficient

ac - cathodic transfer coefficient

8 electrolyte film thickness at agglomerate

surface um
A:in((R % §/R) dimensionless
& 0a - agglomerate porosity dimensionless
n . overpotential V

1. - local surface overpotential \
' electrode porosity dimensionless
®, : potential at electrolyte matrix and elect-

rode interface \Y
®, : potential at electrolyte phase v
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