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Analysis of Molten Carbonate Fuel Cell Performance
Using a Three-Phase Homogeneous Model

N. Subramanian’ B. S. Haran** P. Ganesarit R. E. White,***
and B. N. Popov* *

Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA

In this study a three-phase homogeneous model was developed to simulate the performance of the molten carbonate fuel cell
(MCFC) cathode. The homogeneous model is based on volume averaging of different variables in the three phases over a small
volume element. This approach can be used to model porous electrodes as it represents the real system much better than the
conventional agglomerate model. Using the homogeneous model the polarization characteristics of the MCFC cathode was studied
under different operating conditions.

© 2002 The Electrochemical Society.DOI: 10.1149/1.1522721All rights reserved.
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Molten carbonate fuel celléMCFCg are currently in develop- reaction kinetic parameters through impedance analysis. The perfor-
ment for stationary power sources. With high efficiencies and lowmance of the MCFC cathode has been analyzed extensively using
pollution problems, these high temperature fuel cells are ideallythe agglomerate model by Prins-Janseml® Kunz et al* used the
suited for reducing our reliance on gasoline. The state of the artagglomerate approach but assumed that the reaction proceeded only
MCFC cathode is porous NiO. However, under the corrosive condi-on the interior surface of the agglomerate but not on the surface of
tions prevalent at high temperatures, nickel oxide dissolves in thehe film. Further, they incorporated the varying electrolyte fill in the
melt. This slow loss of active material contributes to an increase incathode by correlating the porosimetry data to the agglomerate di-
the overall cell resistance thereby reducing the energy density an@meter. Fontest al® modified Selman’s agglomerate motia ac-
power density of the fuel cell stack. Alternate cathodes such asount for the electrolyte fill and compared these results to those of
LiCoO, and LiFeQ have been tried to avoid the dissolution prob- Kunz et al* They accounted for the increase in the amount of elec-
lems faced with NiO. However, these materials suffer from lower trolyte by the uniform growth of the electrolyte film or the decrease
reaction kinetics and/or higher ohmic resistance as compared tef the effective surface area for the reaction. They found that a
nickel oxide. The search for alternate cathode materials could bgartially drowned agglomerate model with consideration of reaction
S|mpI|fled through the use of theoretical models, which simulate theOn the exterior agg|0mera’[e surface provided a more realistic de-
performance of the MCFC cathode under a wide range of operatingcription of the cathode as compared to the homogeneous agglom-
conditions. It is also desirable to study the influence of various elec-erate model. Christensen and Livbjemho considered the agglom-
trode design parameters on the polarization behavior of the MCFGerate as a one-dimensional slab instead of a cylinder also used a
cathode. similar approach.

Several theoretical models have been derived for the molten car- The principal deficiency of the agglomerate model, apart from
bonate fuel cathode"* First principles based theoretical models for the simplified pore structure assumed, is the lack of measured values
MCFC cathode can be divided into the thin film mddehd the  for film thickness and agglomerate radius. Both these parameters
agglomerate modél.Wilemski" assumed that the MCFC cathode cannot be estimated appropriately. The agglomerate radius can be
could be described as a cylindrical pore covered with a thin film of gstimated from post-test scanning electron microso&EM) mi-
electrolyte. Gases flowing through the pore dissolve at the surface Oérographs. However, this radius is not the same along the whole
the film and .diffuse to the surface of the pore and react thgre. Wh”elength of the electrode. Further, as discussed by Prins-Jatsef
the model gives good agreement with experimental data, it requiregiempts to estimate the thickness of the film vary by two orders of
knowledge of the pore diameter, length, and film thickness. Furtheryagnitude. Also, using the agglomerate model it is not possible to
the entire description of the electrode is limited and cannot be usegjetermine potential/current variations in directions perpendicular to
for cathode design analysis or two-dmensmpgl simulations. Thethe depth of the electrode. A pseudo-2D model was used by Fontes
more common and popular approach for describing the MCFC cathey 57 1o determine the effect of different design parameters on the
ode is the agglomerate model proposed by Yuh and Sefrimathis performance of the MCFC cathode. In this approach the local reac-
approach, the electrode is assumed to consist of cylindrical agglomgan rate was solved separately using the agglomerate approach. This
erates completely flooded with electrolyte. Gaseous species MOVg,q inyut as a source function in solving for the potential/current
through straight cylindrical channels of macropores. Figure 1 pre-y o ations in two dimensions. This approach does not convey the
sents a schematic of the agglomerate model as applied to the MCF%ue physical picture and is still limited due to the decoupling of the

cathode. As shown in the figure, the macropore is continuous and, o ia| from the reaction rate and the use of the agglomerate
extends from the current collector to the aluminate matrix. Adjacentradius

to these macropores are microporous agglomerates covered with a The above problems associated with the agglomerate model can

film of electrolyte. Both the macropores and micropores remain S€Uhe avoided if we take the alternate approach, namely the volume-

regate_d and the electrochemical rea_ction prc_)ceeds t_>oth on the fiIrgveraging technique used for porous media as done by Prins-Jansen
(exterior to the agglomergtand also in the microporg@terior of et al® and De Vidtsi213 As compared to the agglomerate model

the agglomerate Yu and Selmahdo not consider the varying de- where macropores and micropores remain as separate entities, in this

gree of electrolyte fill in the cathode. Using this model, the polar- approach the pores in the electrode exist in a single continuum.
ization characteristics of both the cathode and anode have been an[gurther all three phases coexist within the porous electrode and

lyzed. Further, this approach has also been applied to determine threeaction proceeds everywhere at the solid/melt interface. Using the

volume-averaging technique, Prins-Janseml® developed an im-
pedance model for extracting the reaction and transport parameters

o E:gg:ggﬂgm'gg ggg'gg igf'din;n'\eﬂnig?rer' from experimental data. Model simulations were fitted to experi-
I I i\ . s . . .
*+% Electrochemical Society Fellow. mental data within a certain confidence interval. They found that the
Z E-mail: popov@engr.sc.edu diffusion coefficient of @ and CQ is three orders of magnitude
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Film Bulk Gas Flow Development of a Theoretical Model
) In the molten carbonate fuel cell, oxygen and £&mbine at
> [ the cathode to form carbonate ions. At the anode hydrogen combines
Current Collector with the carbonate ions from the cathode to form,Cihd water.
The net reaction results in the formation of water with no harmful
z2=0 R side reactions. The system of interest to us is the cathode where
Regelet reduction of oxygen occurs. In order to overcome the difficulties
g::::: g associated with the agglomerate approach, we start by considering a
:::::: RS YRR cross section of the porous electrode as shown in Fig. 2. No differ-
Macropore R0 [RSAAERRK ] ence is made between the macropores and micropores while deriv-
Gas _?: .::j Agglomerate : ing the model equations. The primary reaction in the MCFC cathode
Channel ] :‘:%","‘”":’:‘:’:’:‘? Heteter is oxygen reduction, which is given by
3 XRRRLKS 1 B B
50, + CO + 2¢ — Cco3 [1]
The above reaction occurs at the interface between the NiO particle
Hielel and the electrolyte. We neglect any changes in the concentration of
2=L tat atatatatatutatatatets the carbonate ions and assume that the concentration of the electro-

lyte does not change. Further, we assume that the system is at steady
Electrolyte Tile state and neglect any changes in the cathode due to corrosion. Fi-
nally, we neglect changes in temperature in the cathode. Based on
these assumptions we next derive the volume-averaged equations
describing transport and reaction in the MCFC cathode.

Figure 1. Schematic of the MCFC cell. Concepts and definitions of volume averagingn this section,
equations are derived for a porous electrode consiswlg of three
phases, solid, liquid, and gas. Following De Vidts and isnd

larger than that estimated from the agglomerate model. Other pabe Vidts!® we consider a small elemental volurke This volume

rameters were of the same magnitude as reported by Yuh anghould be small compared to the overall dimensions of the porous

Selmar? electrode. But it should be large enough to contain all three phases

The model developed by Prins-Jansgral® combines both the  (see Fig. 2 Also it should result in meaningful local average prop-
electrolyte and gas phases into a single entity during volume avererties. This volume is so chosen that adding pores around this vol-
aging. The gas- and liquid-phase mass transport were not consideragnme does not result in a change in the local average properties. We
separately. In this paper, we adopt the volume-averaging techniquavoid the bimodal pore distribution where we consider macropores
as outlined by De Vidts and Whit for three-phase reactions in to be filled with the gas and micropores to be occupied by the
porous electrodes. Using this approach, volume-averaged concentralectrolyte. Rather pores of all sizes are filled with both the electro-
tions of both gaseous- and liquid-phase reactants are obtained sepigte and the gas, which is more realistic. Some basic definitions of
rately. The goal of this study was to use the volume-averaging techvolume averaging have to be presented before understanding the
nique for studying the polarization characteristics of the MCFC development of the model equations.

cathode, which has not been done before. The effect of different gy perficial volume average and the intrinsic volume average

design parameters on the electrode performance has also been angs are defined as

lyzed. The model considers the potential and current variation in

both liquid and solid phases. Further concentration variations in the —

liquid and gaseous phases are considered separately. Using this ap- YO = v pdv (2]
proach electrolyte filling can be incorporated easily in addition to Vo

eliminating the problems associated with the agglomerate concept. _ 1

Also different reaction mechanisms can be studied and homogeneity (W) = Vo PdV [3]
can be assumed safely. () Jvg

Current
Collector
x=0 TRTETETIreT e coto ity
N
id Phase
V(s) Figure 2. Volume averaging in porous
electrode.
Gas Phase
V(g
Electrolyte Phase _
v
x= ‘. AL LN DA LA LN A AL
v  Matrix
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Here the superscript i represents the phase. The superficial and in-

Ca
trinsic volume averages are related by the porosity Xy = % [16]
YO = g0(y)0 (4] c
. . N(A) = ﬁD(AB)VC - D(AB)VC(A) [17]
Whenever volume averages of the gradients and the divergence ap- c

pear, they should be replaced by the gradients and divergence of the ) o
volume averages as below. These are referred to as the theorem B general for a binary gas the flux is given by
the local volume average of the gradient and the divergérice c(©
I
. 1 | 1 | N = —DOVc® + ng)(E@)ch (18]
vy = vy + vL $Onggds + VL ¥Onggds  [5]
¢ ° Using the definitions of volume averaging we obtain the volume

= — 1 " 1 0 averaged flux in both phases as
V . l,J = V . LIJ + v IJJ . n(|g)dS + v lj} . n(|s)dS
Sig Sis

6] N = =D (s0)*7 17 (s0(c))) [19]
. . - N©@ = _p(@(9))b-1 9)(c.\(9)
Mass transport equations-Mass transport occurs in the liquid Ni¥ = —Di%(!9)* 7V (s'9(cy?)
and gas phases. Both oxygen and carbon dioxide gas are fed to the (c)@
MCFC cathode through the current collector. Bothabd CQ dif- + ng)(s(g))b’lwV(a(g)(c)(g)) [20]

fuse through the macropores in the cathode and are transferred by

diffusion in the melt to the surface of the NiO particles. The material . _ i
balance in the liquid and gas phases for any species i is given by _Volume averaging Eq. 7 and 8 ar_1d substituting the above definitions
in Eq. 19 and 20 gives the following volume-averaged mass balance

6Ci(|) I . equations
——+V-NV'=0 i=cC0,, 0 [7]
ot o B _
ac(g) W + V- NI(I) + Ei(lg) _ RiS =0 [21]
- + V- Ni(g) =0 [8]
at — B B
L L4v. Ni(g) _ Ei(lg) ~R®=0 [22]

There are no bulk reactions. All reactions are assumed to take place at

at the electrolyte-electrode interface. This is denoted by the normal _

vectorn in Fig. 2. Gas diffuses into the electrolyte at the normal Whefeﬁ(lg) E{ . andR* are all terms derived from jump balance
interfacen gy and reacts at the interface of the electrolyte with the analysis which has been discussed in detail by De Vidts and White.

solid catalyst particlesy ) . Hence the homogeneous reaction rate Ei('g) is the flux of species i from the liquid to the gas phaé!é,the
is neglected. Fick's law gives molar flux in the liquid and gas phases ate of heterogeneous reaction at the liquid solid interface Rihalt

NO = —DOvc® 4 c0y© [9] the gas solid interface
. o : _ Elo) — 409, (19) [23]
Binary diffusion is assumed in the gas phase. For a binary system : :
i(n » defined as the mass flux relative to the mass average velocity, (cH®
is given by? r(9 = k(o) o (c)@ [24]
C2 el
Jw =~ ;M(A)M(B)D(AB)VX(A) [10]  where for any speciesk; is the mass-transfer coefficient aKd, is

the distribution coefficient. Rate of production of species i at the
solid liquid interface is expressed in terms of the local current den-
sity. Butler-Volmer kinetics is assumed for the reaction at the elec-
trode electrolyte interface

where A refers to @ and B refers to CQ.
The relation betweed&) (molar flux relative to molar average
velocity), j&) (mass flux relative to molar average velogjtand

j(a for a binary system is given by s, a®
o RV = =2 == (j ) [25]
30 = I [11] x  NF
v M(A) (U] (U]
M (06 = i (Cco)™ | P (co,)™\ P F{aal:d))
Lo _ ; = ex
Iy = M(B)J(A) [12] Jk 0 <c’(§02)(') <C62>(') RT
M\ q M a
The relation betweeN ) (molar flux with respect to a fixed frame B {Cco,) ™| # (o)™ | —afd
of reference andJ (0] |\ {exyo] PRTRT [26]
(A) CO, 0,
Iy = Neay = Cap® 13
&) w = v [13] Here(j,)"%is the local current density at the solid-liquid interface
When convection is neglected andi, and i8 are the concentration dependent and concentration
independent exchange current densities, respecti%dliie anodic
Neay = Ja [14] and cathodic reaction ordeps, p,, andq;, g, have values of-2,
0, —1, and 1/2, respectively
Hence
N = —CD(ag) VX(a) [15] io = i5(PEo,)"(P0,)" [27]
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wherer, andr, have a value of-1.25 and 0.375, respectively, for @ 9 by O @
the peroxide mechanism. These values will be different for other DY~ (e9) P (e@uf®)
mechanism$.At the gas-solid interface there is no reaction. Hence
p (9)
J U; d
olos) _ 1) (9)yb-1 ! I
R0 28] Toe | @, - g ac
Charge-transfer equations-Since we neglect any changes in
the concentration of ng the effect of migration need not be % [® (@), ,(q) (@)%, ,(q)
; ’ : s . S c ugd, + {c u
considered. Hence, Ohms’ law is valid in both the solid and liquid [e¥(e)cs, ucs, * (©)s,"ug,)]
phases
+ LZal9k9u — ul®) =0 [38]
iV = —kvep® [29]
i = — () 3°F(d)/RT 1 1 F
i oVod [30] (shy 277 \(sl)
—_— = + JR—
92 a¥L(jy) o(e®d T 0d] RT [39]
Volume averaging the current in the solid and liquid phases results ) ] ) ) ) o
in the following equations The following dimensionless variables have been used in arriving at
these equations
G0 = = (1)yd-1 0] 0]
i k(e V(W (d)Y) [31] - <C>i(l) © <c>i(g)

0= e, u® = e
T = —g ()4 1y (&N p) () [32] B (e’ i ()

Since we consider the transport of @d CQ in the liquid and gas
phases, we have five governing equations, four transport equations
(Eg. 37 and 38 and one equation for the polarizati¢Bq. 39. We
assume the problem is one-dimensional and neglect any changes in
V.00 £ 7 =0 [33] planes perpendicular to theaxis.

The condition of electroneutrality applies everywhere within the
electrode. This means that the net sum of the solution and solid
phase currents should be constant

Boundary conditions—Since the gases are fed at the current
Further, any current leaving the solid phase has to enter the ”quid:ollector side of the cathode, in the gas phase the concentrations are
phase through the electrochemical reaction. Applying a balance ofdual to the inlet concentration. In the solution phase, the concen-

the solution-phase current gives trations are given by Henry’s law. At the electrolyte fiteatrix) side
the flux of all species is equal to zero. Also all the current is carried
V70 = gy [34] by the ions at the matrix end and by electrons at the current collector

end. Based on these conditions the boundary condition at the current

) o ) _collector is given by
In the above equation the gradient in the solution-phase current is

proportional to the reaction rate at the solid-liquid interface. Substi- (e)® = (c)D*, ()@ = (c,)@*, () _ I

tuting Eq. 34 into Eq. 33 we have IX o (eM)d

Vi = —alh(j e [35] atx =10 [40]

Next, we define the overpotential &6) = (b)® — (). Com- At the matrix ¢« = L)

bining Eq. 31-35 and using the definition for overpotential results in (e _
ax
0%{db) ( 1 1 )
— (s \(sh
= a + 36 (C)
%2 (i a(e®)d k(eM)d [36] (8(9))b1[;—x(8(g)<0i)(9)) + <%@> ;_X(S(g)<c>(g)) =0

Governing equations—Combining the above set of equation, as-
suming steady state, and introducing the dimensionless variables we (d) _ | 41
arrive at the following governing model equations e K(SU)G [41]

F) 9 a('Q)k_(lg)L2 . . . . .
— Di(l)(s(l))bl—*(s(l))ui(l)} - —— " — u®) Expressing them in terms of the dimensionless variables
dX ax e
IF(PYRT IL F
s @? oo u® =1, u®@ =1, <¢i = gaps atx* =0
— —(I)*<]k>(s) =0 [37] X o(e®)*RT
niF(c)i [42]
auf!
ax*
J
a?(s(g)ui(g))
(et 4o s =0
I

R N () (9)* ,(9) (9)* ,(9)
+<<C>gc)>:UE:% + (c)9*ul | ox* [e((c)ce; uce, + (e)o;" uo,)]
2 2 2
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Table I. List of parameters used in model simulations.

Parameter Value Ref.
Diffusion coefficient of CQ in the liquid phaSEDg)o2 1e % cni/s 8
Diffusion coefficient of Q in the liquid phaseD ) 3e% cndls 8
Diffusion coefficient of CQ in the gas phaséD (%, 1.16 cnf/s 17
Diffusion coefficient of Q in the gas phas®) 1.16 cnt/s 17
Electrode conductivityy 13 S/cm 9
Electrolyte conductivityx 2.06 2 S/lcm 8
Correction for diffusion coefficienty 15 13
Correction for conductivityd 15 13
Rate constant of the molar flux of G®etween the liquid and 3e % cmis 13
gas phasek(®
Rate constant of the molar flux of,etween the liquid and 2e % cmis 13
gas phasektd
Thickness of the electrodé, 0.06 cm Measured
Liquid porosity,&(® 0.3 Measured
Gas porosityg (9 0.4 Measured
Solid porosity,e(® 0.3 Measured
Exchange current densitif 50 mA/cnt 20
Cathodic transfer coefficiend;. 0.5 3,16
Cathodic transfer coefficient;, 15 3,16
1 -1.25 3,16
ry 0.375 3,16

IF(@)RT IL E . Results and Discussion

ax " k(eMIRT atx® =1 [43] The model equations are highly nonlinear and coupled in nature

and hence cannot be solved analytically. The five governing equa-
Based on these equations the following dimensionless groups can H#ons (Eq. 37-39 with the appropriate boundary conditio(tsq. 40
written and 42 have been solved simultaneously using Femlab(@.dom-
mercial software package based on finite element analysis also
1 1 F using Newman'’s Ban(). In studying the performance of the cath-
(e®)d + K (£M)d RT [44] ode, the main parameter of interest is the electrode polarization un-
der different applied currents. The measured polarization is the dif-
IL F ference in potential between the current collec®y,, under load
Y17 Wﬁ [45] as compared to at open circuifP(,;), ocy. However, the model
solves for the local overpotential, which is the difference between
IL F the solid-phase and liquid-phase potential. le¢al® present a re-
Y2 = Wﬁ [46] lationship between this overpotential and the experimentally mea-
sured polarization 10ss¥y,-P o, 0cv). The IR-free polarization is
List of parameters—The parameters used in the model are given given as
in Table |. Gas-phase diffusion coefficients were estimated using the
Fuller correlation'” It can also be estimated using the Chapman-
Enskong equation. According to the Fuller correlation birfree = (P)o +

10T 1Mo, + 1Mo )M
PL(Veo) ™ + (Vo )1

5 = alIL%ig|

m[(‘bh — (®)o] [48]

D= [47] wherek 5y, andk o are the apparent conductivities modified by the
porosity. @), and (@), are the overpotentials at the matrix side and

o . the current collector side of the electrode as defined by dtes®

The diffusion volumes have been listed by Cusdlems  Using the model we studied the effect of different parameters on the

Veo, = 26.9 andV02 = 16.6. At 923 K and 1 atm the binary dif- |R-free polarization loss.

fusion coefficient has been estimated as 1.1&/sm Effect of conductivity—Ohmic losses in the MCFC cathode can

Experimental arise due to poor conductivity of either the electrode or the electro-
. . lyte. The electrolyte here is an eutectic mixture 0§CO;-K,CO;

~ Electrochemical half-cells (3¢ were assembled using tWo  peiq in a lithium aluminate matrix. The electrolyte fills inside the
identical LiNiCoG, cathodes in an alumina housing. The electrodes h4roys cathode due to capillary forces. In general the conductivity
were prepared by tape-casting followed by sintering _at_aroundof the electrode material is much larger than that of the electrolyte.
900°C. The two electrodes were separated by a LiAM&Lrix im- The conductivity of the melt lies in the order of 10S/cm while
pregnated with a eutectic mixture of 62:38 mol %,CO; and  solid-phase(electrodé conductivities are in the order of 10 S/cm.
K,CO;. Gold wire inserted in an alumina tube served as a referencerigure 3 presents the polarization loss at various loads for different
electrode in 33:66 & CO, atmosphere. The working temperature of values of the electrolyte conductivity. The model simulations were
650°C was reached in a programmed manner in about 50 h. A gagun with a o value of 13 S/cm. From Fig. 3 it can be seen that
mixture comprising N, O,, and CQ was passed at both working increase ink decreases the polarization loss. At large values of
and the counter electrodes. The polarization is measured for differ{2.0 S/cm a linear relationship is seen between the polarization loss
ent applied currents using the current interrupt technique and is corand the applied load. With decreasing valuespthe polarization
rected to get the IR-free polarization. loss increases exponentially with increasing applied current. For
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Figure 5. Changes in the electrode reaction rate for varying electrolyte con-

Figure 3. Effect of electrolyte conductivity on the polarization behavior of ductivity. The parameters, and-y, are given by Eq. 45 and 46.

MCFC cathode. Parameters used in the simulation are given in Table I.

k = 2.0 X 1072 S/cm it can be seen that changing the applied cur-the reaction rate or the current transferred per unit volume
rent from 160 mA/crf to 200 mA/cnt results in increasing the  (a*)(j,)*)) and is given by Eq. 34. The reaction rate is plotted as a
polarization loss by 15 mV. A similar change in current for function of two different dimensionless parameteys,andvy,, as

k = 2.0 S/cm would increase the polarization loss only by 3 mV. defined by Eq. 45 and 46. The paramete{sand-y, are a measure
While the model simulations show a significant effect of the elec- of the electrode and electrolyte resistivity, respectively. As seen from
trolyte conductivity on electrode performance, in reality the choice Fig. 5 changes iny, have a significant effect on the reaction rate
of electrolyte is limited by other considerations. Stability at high i, /qx. These simulations have been done after fixing the ohmic
temperatures, low dissolution of cathode material, and current COl'conductivity of the electrodei,e., y,. With increase iny, (high
lector in the melt play a critical role in limiting the choice to a few electrolyte resistangethe reaction rate remains close to zero in
eutectic mixtures. While the difference in conductivity between most parts of the electrode. In general it is preferable to have an

I([jhuecstﬁ/i(tj;/ﬂciarggtnansegtsr(jigqﬁtoiigzlqieﬁg?l?r:’ofjhee deef;?g(j:rtjv'(le'heeieecftfreoc!{it/ee Cecl’g(':electrode with a uniform reaction rate distribution everywhere. The
o ) s model simulations indicate that i, and vy, differ significantly
trolyte conductivity is affected by the degree of electrolyte fill in the . 1 2 - L
cat%ode which inyturn is influe?/]ced bygthe number ofymacropores(over two orders of magnitudienost of the reaction oceurs within a
and mic}opores in the cathode. In order to study this we plot theZone close to the current collector and electrolyte matrix. The rest of
local overpotential across the thickness of the electrode for differen he el(?Ct;dee does not take p_alrt '|:n_ the rgactlon, andhthls rﬁpzesentls a
k values. As seen from Fig. 4, the difference between the solid- an oss of effective active materla_1 - lgure _presentst e model results
' hen the electrolyte conductivityyg) is fixed and the electrode

liquid-phase potentials increases with the increase in distance fro = . - - ) .
duie-p b conductivity (y,) is varied. In both Fig. 5 and Fig. 6, it can be seen

the current collector. With decreasing valuescahost of the polar- ;
ization drop occurs close to the matrix. that wheny, andv, are comparable to each other the reaction rate
Figure 5 and 6 present the change in reaction dagédx across ~ d0€S Not go to zero across the electrode. However, both low elec-
the thickness of the electrode. The variallig/dx is a measure of tr_odt_a af.‘d electrolytic conductivity lead to very poor reaction rate
distribution across the electrode. For all cases, the reaction rate re-
mains high close to the current collector and matrix. When the elec-
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Figure 4. Comparison of overpotential profiles for differextvalues. The Dimensionless Distance (x')
overpotential is defined ash) = () — ($)D. Inset shows the profiles

closer to the electrolyte tile. Figure 6. Comparison of reaction rates for varying electrode conductivities.

Downloaded 29 Jul 2011 to 129.252.86.83. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



A52 Journal of The Electrochemical Society50 (1) A46-A56 (2003
T T T T T T T T T T 400 T T T T T T '3 T T T T T T T T T v T ™ T ]
400 ] 1
0.1 mAfc? - I ]
T 300 | H
=~ 300 | - 0.2/”\6/0[’02 I
‘E’ - g // i N
5 . _-" o4amAlm?{ ;]
g . -7 >200 | !
§ 200 . T e 1 E .
§ - - 1 mA/on? z ;
° 7 // et - - ]
& - T e - 1
] 100 |
. 0 I , - :
0 20 40 60 80 100 120 140 160 180 200 00 01 02 03 04 05 06 07 08 09 10

I (mA/cm?) Dimensionless Distance (x")
Figure 7. Effect of exchange current densities on the polarization behavior Figure 8. Change in local overpotential along the length of the electrode.
of the MCFC cathode. Profiles are shown for different values of the exchange current density.

trolytic and ohmic conductivities are equal to each other a symmetri-percent utilization of the electrode material as a function of the
cal reaction rate distribution curve is obtained. This is similar to the exchange current density. It can be clearly seen thaj asreases
analysis given by Newman and Tobf&gor porous electrodes. Al-  the utilization decreases indicating that only a small fraction of the
though a uniform reaction distribution is the desirable scenario pracelectrode takes part in the reaction. Most of the reaction takes place
tical considerations limit us from achieving this. As mentioned be-in a small part of the electrode near the electrolyte tile. Figure 6
fore, in general solid-phase conductivities are much larger thanshows that materials with higiﬁ values have low polarization
liquid-phase conductivities. Hence, the actual electrode utilization isgrops. However, from Fig. 9 it can be seen that an increasg in
not 100% but much lower than that. Using this theoretical model it 5ngjates to poor utilization of active material. For smdlivalues,
is possible to optimize the electrode thickness based on input eleGpe reaction rate is slow and hence this allows sufficient time for
trode parameters. dissolved @ and CQ to reach the active solid interface and react.
Effect of exchange current density\We next study the effect of The slow reaction rate also allows the reaction to take place much
reaction kinetics on the electrode performance. Various mechanismgeeper within the electrode as compared to at high reaction rate.
have been proposed for the cathode reaction in MCFC. While theBoth these factors contribute to the higher utilization observed for
exact nature of the reaction is under discussion, the rate of the relow iJ values.
action can be measured easily. Similar to electrode conductivity, the
oxygen reduction rate varies significantly on different materials. The
state-of-the-art cathode material in MCFC is NiO with a reporfed

Effect of diffusion coefficiert-The reactants in the gas phase
diffuse from the gaseous macropore to the catalyst surface through
. . the micropore, which has the electrolyte. Here we study the effect of
V%Iue of 0.81 m%/crﬁ.g Alternatgo materials sucgl as LICeO  mass transfer through the electrolytic phase. Figure 10 presents a
(ip = 0.5mA/ent)® and LiFeQ (ig = 0.1 mA/cnf)® have been  comparison of the liquid-phase carbon dioxide concentration across
tested as cathodes since they exhibit lower corrosion rates in thehe electrode for different values of the diffusion coefficient. It can
melt. Figure 7 presents the polarization loss at different currents folhe seen that change in the liquid-phase diffusion coefficient signifi-
variousig values. As seen from the plot, varyinghas a significant

effect on the polarization loss. A decreases the overpotential

increases as a result of increased kinetic resistance as shown in Fir

I=50 mAlcm?

8. Similar tok at high values of?, the polarization loss increases 40 + —_— i
linearly with increasing applied loads. However, at low valueisgof -------- I=100 mAfcm? |
the polarization loss increases asymptotically and reaches a platee N eeemaa- =160 mAjem? ]
with an increase in current. This is in contrast to Fig. 4 where de- g - ——— =200 mA/c? A
crease in kappa increases the potential drop exponentiallyy As *§ W0 N\ e I=250 mAfem? ]

decreases, the reaction rate also decreases. Due to the slower ress
tion rate, mass transfer becomes competitive with reaction kineticsa
Hence increasing the current density does not translate into in@
creased polarization loss. These results agree well with those reg
ported earlier by Leet al® Figure 8 shows the overpotential pro- &
files for different exchange current densities. The simulations weresg
performed for an applied current of 160 mA/&nThe overpotential
increases sharply near the matrix side of the electrode. It can also b
seen that the large potential drop close to the electrolyte matrix
increases with decrease i@. This directly translates to a large
polarization drop across the electradee Fig. 7. In our simulations

we assumed that di,/dx value less than 5% of the maximum
reaction rate indicated a dead zone with no reaction. The percent
utilization of the active material is calculated for differéftusing
this baselind5% of the maximum reaction rate~igure 9 shows the

020

10

o

1010

Figure 9. Change in the electrode utilization as a function of exchange
current density. Profiles are shown for different applied currents.
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Figure 10. Steady-state CQliquid-phase concentration profiles across the Figure 12. Change in the gas-phase €&ncentration for varying electrode
length of the MCFC cathode for different values of the liquid-phase diffusion thickness.
coefficient.

) considered changing the thickness keeping all other parameters con-
cantly alters the concentration across the electrode. At very loWstant similar to what has been done here. As suggested by Prins-
values (10* cn?/s) of D the O, and CQ concentration close to  Janseret al? increasing the thickness has two conflicting effects,
the matrix drops to zergnot shown in figurg However, the diffu- both the mass-transfer resistance and the active surface area are
sion coefficient for both dissolved oxygen and carbon dioxide in being increased. The upward bending effect seen in Fig. 11 is due to
MCFC cathodes lies in the order of 1to 1072 cn?/s.2 From the increase in the mass-transfer resistance. Due to the competing
Fig.10 it can be seen that at this value of the diffusion coefficient noeffects of mass transfer and increase in surface area, the polarization
depletion of dissolved CQoccurs anywhere within the electrode. A loss should go through an optimum as the electrode thickness is
linear concentration gradient exists across the thickness of the eledncreased. However, both in our model simulations and in Prins-
trode for both Q and CQ. The overpotential is almost uniform for ~Janseret al® we observe a monotonic dependency where polariza-
large diffusion coefficients whereas for small diffusion coefficients tion loss always increases with increase in thickness. This can be
the overpotential increases drastically very near the matrix regiorfttributed to the assumption involved in the model simulati@,
(not shown in figurg A similar effect is seen by varying both,0 the active surface area does not change with an increase in
and CQ diffusion coefficients. Also, simulation results show that thickness. _ . o
changing the diffusion coefficient by one order of magnitude results, Fonteset al™= state that optimum electrode thickness is shifted
in an increase in polarization of only 20 mV. This effect is smaller towards t_hlcker electrodes as th(_e electrolyte _conductlv_lty increases.
than that seen for electrolyte conductivity and exchange current denlncrease irk increases the utilization of the active material as shown

sity. These results indicate that mass transfer in the liquid phase i¥! Fig- 4. Hence the thickness of the electrode can be increased with
not rate-limiting for MCFC cathodes. increased electrolyte conductivity to obtain similar performance.

_ _ Figure 12 plots the COgas-phase concentration across the elec-
Effect of thickness of the electrodeThe resistance to mass trode thickness. It can be seen that even under high utiliz&ion

transfer increases as the electrode thickness increases. Hence thg%) all the gas in the electrode is not consumed. For an electrode
polarization increases with the thickness as shown in Fig. 11. This

agrees with the prediction by Prins-Jansgral Their simulations

T T N T T 1 T 1 T T T T Ll T T 160 i ]
160 F L =0.06 cm ] 140 )
R L=0.07cm ’ J
140 [ == L=008cm /A1 120
f ——— L=0.09cm ; E E i ]
<120 =i L=0.1cm — 100 4
E [ ."/ // j g | 1
T 100 [ B / 4 ‘g‘ 80 1
Q I ~_./ g ] =
§ e o S &0 ]
5 /_//’/ - 1 o ]
g of A - of ]
Pty e ]
40 2 Pl Rl 20 ]
P rc ]
20 | :{:‘/:_- ) 0 . L L 1 ' 1 s 1 L 1 L )
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0 e R T T e | (mA/c?)
0 20 40 60 80 100 120 140 160 180 200
I(mA/cm"’) Figure 13. Change in LiNiCoQ electrode polarization with applied current

density for different temperatures. Solid lines are model simulations and
Figure 11. Effect of electrode thickness on the polarization loss at different symbols represent experimental data. Thermodynamic, kinetic, and transport
applied loads. parameters extracted from the fitting are presented in Table II.
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Table Il. Temperature dependence of different electrode param-

eters for LiNiCoO, cathode. 160 T §

Parameter a b (1/K) R? 140 ]

K 3.268 S/cm 4715.5 0.9915 120 1

Dto, 144.82 cri/s 10975 0.9994 ]
I 100 i

Do, 0.352 cnd/s 4417 0.9751

i 243.96 Alcm 11887 0.9842 I

Polarization (mV)
3

60
thickness of 0.6 mm close to 40% of the inlet gas is still available at
the outlet. In MCFC stacks, it has been estimated that the utilization 40
of the oxidant gases is around 40-50%. The change in gas-phas i
concentration does not have a significant effect on the electrode 20 ]
performance at high gas flow rates. However, decrease in both oxy 0 &= .
gen and carbon dioxide flow rate will affect the performance of the 0 20 40 60 80 100 120 140 160 180
cathode. The liquid phase reactant concentrations are directly deper | (mA/em?)

dent on the gas concentration in the macropore at that point. Low

flow rates contribute to high utilization thereby leading to a decreaserigure 15. Comparison of model to experimental polarization data for dif-
in gas-phase concentration. This will decrease the amount of reacferent cathode materials.

tant available for taking part in the reduction reaction at the solid/
liquid interface and hence increase the polarization loss as seen in
Fig. 11.

Our model predicts monotonic dependence of the polarization
Comparison of model to experimental dateFigure 13 com-  loss on both C@ and G partial pressure. The exchange current
pares the model to our experimental data of LiNiGa# different density is concentration dependent and has a negative reaction order

temperatures. With an increase in temperature the reaction rate atependence for COand positive order dependence fos.Oncreas-
given by the exchange current density and the species transport rateg the concentration of COdecreases the local current density and
as given by the diffusion coefficient increase. Further the electrolytehence increases the polarization. The effect is the reverse for O
conductivity also increases. The gas-phase diffusion coefficientSimilar results have been obtained by previous researchers also.
at different temperatures can be calculated using the FullerThis is shown in Fig. 14, which gives the fit of our model to experi-
correlation’ The temperature dependency of the liquid-phase dif- mental data of LiCo@at low overpotentials obtained by Lagergren
fusion coefficients, electrolyte conductivity, and the exchange cur-and Simonssof for different gas compositions. The model param-
rent density were determined by fitting the model to the experimen-eters remained the same as for LiNiGo@ee Table I except for

tal data. In all cases an Arrhenius relationship to the temperature Waghe exchange current density, which was calculated as 5 nfA#tm
obtained. The fitting results along with tHR? term are given in  g50°C.

Table II. The dependence is given by Figure 15 presents comparison of polarization profiles between
three different cathode materials, namely, NiO, LiGoOand

X = aexp{ _E) LiNiCoO,. For all three cathode materials good agreement is seen

between model simulations and experimental data. NiO is a p-type

semiconductor and has a lower conductivity than pure Ni.ibins
The parameters obtained from fitting the model data were used irtoming from the electrolyte, diffuse into the NiO and increase its
the subsequent simulations. Our next goal was to compare the peelectronic conductivity. However, NiO has a much larger exchange
larization behavior of the cathode under different gas compositionscurrent density for oxygen reduction as compared to alternate cath-
ode materials such as LiNiCg@nd CoQ. Model simulations in-
dicate that an electrode made of a material, which has the conduc-
T T T tivity of NiO, and exchange current density of LiCe@ould suffer
30 % 0,/30% CO,

30} PY J around 100% more polarization than the conventional NiO cathode.
| A 15 % 0,/30% CO, ] The exchange current density and electrode conductivity of the three

. 5.4 % 0,30% CO, | materials obtained using the homogeneous model are given in Table

2T v 1.6 % 0,/30% CO, - Ill. These results show that the model can be used to extract critical
[ u 15 % 0,/10% CO, | thermodynamic, kinetic, and transport parameters from polarization

data.

Conclusions

The electrolyte conductivity and exchange current density have
very large effects on the performance of the MCFC cathode as com-
. pared to other parameters. Due to low electrolyte conductivity as

Polarization (mV)

Table lll. Kinetic and conductivity properties for different cath-

0 —_— ode materials.
0 10 20 30 40 50 60 70 80
I(mA/cm?) Cathode material o (Slcm iy (MA/CR)
Figure 14. Comparison of model results and experimental data for different ~ NiO 13 50
gas compositions. Experimental data were obtained from the polarization LiCoO, 1 5
behavior for LiCoQ given by Lagergren and Simonssbth. LiNiCoO, 5 0.65

Downloaded 29 Jul 2011 to 129.252.86.83. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Society50 (1) A46-A56 (2003

compared to solid-phase conductivity, most of the polarization loss
occurs in a region close to the electrolyte matrix. Most of the mate-this article.
rial within the center of the electrode does not take part in the
electrochemical reaction. This leads to low active material utiliza-
tion within the electrode. Both low electrode and electrolytic con-
ductivity lead to very poor reaction rate distribution across the

(COy)¢
electrode. (0,)9
An increase in reaction rate as exemplified by the exchange cur- (co,)

rent density leads to a decrease in polarization losses. Further, with (0,
increase iri8 the polarization loss increases linearly with increasing (C0,)©"
applied loads. However, at low values 'rﬁ‘the polarization loss <02>“”:
increases asymptotically and reaches a plateau with increase in(Co.)"

current. Oz)i‘f;
The amount of active material utilized also varies with exchange 2(5.)
current density. At high values og (>10 mA/cnt), irrespective of b
the applied load most of the reaction takes place in a small part of c
the electrode near the electrolyte matrix and hence only 5% of the c®
electrode is utilized. For smal} values the reaction rate is slow and b d
hence this allows sufficient time for dissolved @d CQ to reach D&
the active solid interface and react. The slow reaction rate also al- Df;%
lows the reaction to take place much deeper within the electrode as DU?Z
compared to at high reaction rates. Both these factors contribute to 58)2
the higher utilization observed for lowy values. _(|°§
Changes in both gas-phase and liquid-phase diffusion coefficient Fe
do not have a significant effect on the polarization characteristics. In |
general, in the polarization curve a downward bending effect is ob- i
served due to kinetic limitations and an upward bending effect due io
to mass-transfer limitations. Under normal operating conditions i0
mass transfer is not rate limiting and the electrode is generally under i
mixed control. i0 (oriy)
The diffusion coefficients, electrolyte conductivity, and the ex- i
change current density are all affected by changes in temperature. J(i)
All of them have an Arrhenius form of dependency on temperature. 110}
The activation energy and the frequency factor for each of these '(gg
parameters have been estimated by fitting the model to experimental {0
data of LINIiCoG at different temperatures. Using these fitted pa- Keco,
rameters the performance of NiO and LiCo@athodes has been
studied. The exchange current density for different materials was Keo,
obtained by fitting the model to the experimental polarization data.
Hence, apart from qualitative analysis of the cathode behavior, the kg%)z
model can be used to extract critical thermodynamic, kinetic, and (o)
transport parameters from polarization data. OIZ_
A key parameter whose effect on the behavior of the electrode M)

has not been considered is electrolyte filling. Increasing the amount N;
of electrolyte within the MCFC cathode increases the conductivity,

but reduces the mass-transfer rate. Simulations were run by increas- N9
ing ¢’ and decreasing® to account for the increase in electrolyte

fill. Results from our model show that the polarization drops with Ni
increasing electrolyte filling. There was no optimum as seen experi- Mk
mentally. The model simulations were obtained by keeping all pa- g)
rameters except the porosities constant. Any modifications to the NG
electrolyte content will change the interfacial surface are&® énd
a9y, which has not been accounted for in these simulations. Mer- PEo,
cury porosimetry yields information on the active surface areas cor- Po,
responding to micropores and macropores and also the liquid and p
gas porosity. Assuming that the micropores are flooded with electro- R
lyte and macropores with gas, we can determine valueafdrand o9
aldh, )
These two parameters along with the porosities can be input into r'Sik
the model to determine the polarization behavior. In future, we plan Sto)
to extend the homogeneous model to account for electrolyte filling Sts)
by using data from mercury porosimetry.
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List of Symbols

volume averaged concentration of €@ the gas phase, mol/ém
volume averaged concentration o @ the gas phase, mol/cm
volume averaged concentration of €@ the liquid phase, mol/cfn
volume averaged concentration of @ the liquid phase, mol/cfn
bulk concentration of CQin the gas phase, mol/ém

bulk concentration of @in the gas phase, mol/ém

bulk concentration of CQin the liquid phase, mol/cin

bulk concentration of @in the liquid phase, mol/cfn

specific surface area at the gas/liquid interface?/cm®

specific surface area at the liquid/solid interfacem®
correction for diffusion coefficeint

total concentration, mol/ctn

concentration of species i in phase k, molfcm

correction for conductivity

diffusion coefficient of A into B, criVs

diffusion coefficient of CQ in the gas phase, dits

diffusion coefficient of Q in the gas phase, cits

diffusion coefficient of CQ in the liquid phase, chts

diffusion coefficient of Q in the liquid phase, cfis

average flux of species i from the liquid phase into the gas phase,
mol/cn? s

applied current, Alcth

concentration independent exchange current density, A/cm
concentration dependent exchange current density, A/cm

current density in the electrolyte, A/ém

current density in the solid, A/chn

volume averaged current density in the electrolyte, Alcm

volume averaged current density in the solid, Aflcm

molar flux of species i relative to molar average velocity, mofiam
mass flux of species i relative to molar average velocity, mdl/sm
mass flux of species i relative to mass average velocity, mél&m
average local current density due to reactiotaking place at the liquid/
solid interface, Alcrh

equilibrium constant relating the concentration of £0 the liquid and
gas phase(cgo,)/(cEo,)

equilibrium constant relating the concentration gfi@the liquid and gas
phase(cg,)"/(cg, )@

rate constant of molar flux of C{between the liquid and gas phase, cm/s

rate constant of molar flux of Obetween the liquid and gas phase, cm/s
thickness of the electrode, cm

molecular weight of species i, g/mol

molar flux of species i with respect to a fixed frame of reference,
mol/cn? s

molar flux of species i in phase k, mol/éra

volume averaged molar flux of species i in the gas phase, mbkcm

volume averaged molar flux of species i in the liquid phase, mdlEem
number of electrons exchanged through reackion

unit normal vector to the surfac®,y pointing out of the liquid into the
gas phase

unit normal vector to the surfacgs) pointing out of the liquid into the
gas phase

equilibrium partial pressure of GQ atm

equilibrium partial pressure of Q atm

total pressure, atm

average rate of productiof species i at the liquid/solid interface,
mol/cn? s

average rate of productidnspecies i at the gas/solid interface, molfcsn
molar flux of species i from the liquid into the gas phase, mol/esm
stoichiometry of species i in reactidn

surface that coincides with the liquid/gas interface inside volivmen?
surface that coincides with the liquid/solid interface inside voluhe
cn?

temperature, K

dimensionless concentration of species i in phase k

volume of porous media, cn

volume of phase i in the porous media, tm

diffusion volume of CQ

diffusion volume of Q
mole fraction of species i
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Greek

Q¢
Qg
(@
&0
£
K
Kapp
T app
P
(o

14
O

v
(d)
®
()0

cathodic transfer coefficient

anodic transfer coefficient

gas porosity

liquid porosity

solid porosity

electrolyte conductivity, S/cm

apparent electrolyte conductivity, S/cm k (¢(7)9
apparent electrode conductivity, S/ema(e()?
density of species i, g/cin

electrode conductivity, S/cm

mass average velocity, cm/s

molar average velocity, cm/s

overpotential, V

potential in phasé, V

volume averaged liquid-phase potential, V

(6)® volume averaged solid-phase potential, V

Superscripts

|
9

1.
2.

liquid phase
gas phase
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