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A high performance molten carbonate fuel cell cathode
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A highly-conducting ceramic material, identified as stable in molten carbonate electrolyte, has been
fabricated by partial sintering of the powder into porous gas-diffusion electrodes. These have been
tested with commercial molten carbonate electrolyte ‘tiles’, to compare performance with that of
state-of-the-art NiO cathodes. Although the fabrication technique was quite simple, the resultant
La, ; Sty ,CoO; electrodes showed kinetic performance equivalent to the NiO. This, or other perovskite
or spinel-structure ceramic shown to be totally system compatible in long-term tests, can be formed

into effective electrodes to replace NiO.

1. Introduction

The molten carbonate fuel cell (MCFC) is directed at
large-scale power generation which can utilize a wide
variety of fossil fuels at very high efficiency and
with minimal pollution. In order for the MCFC to
compete with traditional power sources on an econ-
omic basis, the operational lifetime of a commercial
unit is required to approach 40000h [1, 2]. In order
to achieve such a life several problems must be over-
come, including electrode dissolution [3, 4], pore
structure degradation [5] and electrolyte losses due to
corrosion [6], evaporation [7, 8] and migration [9].
While the anode seems to be near design goals, the
cathode continues to be problematical.

The standard MCFC cathode is NiO, formed from
porous Ni plaques, oxidized in situ. Recent studies
have shown NiO is slightly soluble in the molten
carbonate electrolyte [3, 4]; the solubility has been
found to be a function of the acid/base chemistry of
the melt [10]. In an operating cell, an effective oxygen
concentration gradient is set up within the electrolyte
membrane {4, 11], continuously decreasing from the
cathode interface to the anode interface. As the dis-
solved NiO diffuses through the membrane a point is
reached where the local oxygen concentration drops
below the NiO stability limit. At this point metallic
nickel precipitates, forming nickel ‘sinks’ within
the electrolyte membrane. This process degrades both
the cathode and membrane structures, and results in
decreasing cell performance or even failure. These
considerations have stimulated a search for alternative
cathode materials which overcome these problems.

Baumgartner et al. [11] surveyed a variety of mixed
metal oxides as candidate materials for the MCFC
cathode. They evaluated the materials on the basis of
electronic conductivity and stability in the molten
carbonate electrolyte. Only two of the tested materials
satisfied both criteria: La,Sr;_,CoQ; and LaNiO;. Of
these, the La,Sr,_,CoO; displayed the higher con-
ductivities, approximately 35 (ohmcm) ™" for x = 0.6
and 20 (ohmcm)™' for x = 0.8. A more compre-
hensive long-term stability study [12] indicated that
the lanthanum oxides were slightly reactive with
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the LiAlO, matrix of the electrolytic membrane, for
example

LaCoO, + LiAlO, —> LaAlO; + LiCoO, 0

This result indicates that an alternative matrix
material, which alleviates the stability problem, would
have to be identified in order to use the lanthanum
oxides as the cathode material in long-term appli-
cations. The same study [12] identified SrTiO; as such
a material, overcoming these stability problems.

A successful cathode must, in addition to satisfying
the above material criteria, be able to be formed into
an efficient gas-diffusion electrode. That is, a
procedure must be developed to form a mechanically
sound structure with large gas pores and a fine-pore
pattern sufficient to create electrolyte-wetted pore
boundaries. The capillary forces set up in the electrode
must not be so great as to flood the large gas pores;
the capillary in the electrolyte membrane (or ‘tile’)
must not be overcome. The high conductivity of
La,Sr,_,CoO; coupled with its compatibility with the
carbonate made it a reasonable choice for a test of
electrode fabrication and performance. The first step
was to develop a technique which would allow the
perovskite material to be processed into an efficient
electrode structure. The next phase of research, and
the one focused on in this paper, was to evaluate
the performance of the perovskite electrodes in a
bench-scale MCFC. In preliminary experiments, the
perovskite electrodes exhibited performance com-
parable to that of commercial NiO electrodes [13].
However, the perovskite electrodes utilized in these
tests had a pore and particle size roughly an order of
magnitude larger than NiO electrodes. It was expected
that a finer structure would enhance the active area
and result in improved polarization behavior. Here,
we report a more comprehensive performance study
of the finer structure perovskite electrodes.

2. Experimental details
The La, ¢ Sr,,CoO; perovskite material was prepared

by ball-milling stoichiometric quantities of the corre-
sponding metal acetates to a homogeneous powder
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Fig. 1. Scanning electron micrographs of: (a) a perovskite electrode; and (b) a Ni electrode, furnished by Gould and oxidized in situ.

(> 6h) and then decomposing the powder in air for
1 h at each of the consecutive temperatures: 150, 200,
250, 300 and 500° C. The resultant perovskite material
was then ground and sieved to the smallest particle
size (sub-38 micron). The electrodes were fabricated
by pressing the perovskite powder in a die at
25kgem™? pressure and then sintering in air at
1100° C overnight. This procedure resulted in an elec-
trode disc approximately 1.0 mm thick with a porosity
of 65% and a conductivity of 0.3 (ohm cm)~' (600° C).
Figure 1 displays an electron micrograph of a perov-
skite electrode and, for comparison, an electron
micrograph of a NiO electrode (Ni, supplied by Gould
Inc., oxidized in situ). A BET surface area analysis
indicated 0.5m”g~' for both materials. These indicate
that the two materials are of similar particle and pore
sizes.

(a)

(b)

XX

A diagram of the test cell is shown in Fig. 2. The cell
housings were made of Macor, a machinable glass
ceramic. The Macor material appeared to be com-
pletely inert to the carbonate electrolyte, at least for
the relatively short duration runs of this investigation
(200 h). Each housing provided inlet and outlet gas
ports and a baffled gas flow channel adjacent to the
porous electrodes. The baffles were gold plated and act
as both an electrode support and a current distributor.
The housings were machined to accommodate an elec-
trode disc 1.0mm thick, with a geometric area of
7.92cm’. Electrical connections to the electrodes
were made with gold wires fed into the cell through the
gas outlet ports. The top housing provided an extra
machined port for a reference electrode. The reference
electrode was a gold wire bathed in 30% CO,, 70%
air. Cell potentials and currents were controlled
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Fig. 2. Schematic of membrane cell: (A) cell housing; (B) assembled cell cross-section.
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Fig. 3. IR-free cathodic polarizations at 650° C, under standard oxidant conditions (15% O,, 30% CO, in N, ). (#—#—®) perovskite; (- - -~}

NiO [14]; (- —--) NiO [15].

with a PAR-371 Potentiostat/Galvanostat with a
model 178 electrometer probe. Cell potentials were
monitored with Simpson Model 460 digital multi-
meters (4 0.1 mV accuracy); a Tektronix model 5111
storage oscilloscope was utilized to measure the cell
ohmic resistance via the current interruption method.

Perovskite electrodes were used as both cathode
and anode in the MCFC. The oxidant gas, mixed
from individual standard grade CO,, O, and N, gas
cylinders with Matheson model 600, 601 and 602
rotameters, was fed into both cathode and anode
compartments. The range of partial pressures investi-
gated was 0.5-50.0% for both CO, and O,. The total
flow rate to the cathode compartment was always
400 cm’ min~! except at low partial pressure of either
active component (0.5% or 2.0%) where the flow rate
was 1000 cm® min~'. Utilization was always less than
80% and was typically below 20%. At the higher
utilizations, checks were made to assure flow rate
had no effect on the polarization performance. The
temperature range investigated was 550-650° C. Care
was taken to ensure that potentials were not recorded
before the cell had reached steady state.

3. Results
IR-free polarizations of the perovskite cathode under

standard MCFC oxidant conditions are displayed in
Fig. 3. In addition, the figure shows /R-free polariz-

ations of NiO cathodes reported by the Institute
of Gas Technology (IGT) under otherwise identical
conditions [14, 15]. The data show the polarization
behavior of the perovskite is comparable to that of
the NiO. The perovskite data in the low polarization
region were used to estimate the exchange current
density, i, (superficial area basis).

. di ( RT
<= (3 v

where i is the current density and # is the cathodic
overpotential. Linear regression produced an i, value
of 148 mA cm~2. This value is consistent with the NiO
data in Fig. 3, where the i, values were 154 mA cm ~*
(estimated from [14]) and 134 mA cm ? (reported in
[15]). However, a direct quantitative comparison may
involve some error since the MCFC set-up used in our
laboratory is not identical to that used by IGT.
Figure 4 displays additional data comparing the
cathodic polarization behavior of the two electrode
materials. A direct comparison can be made with
greater confidence in this case since the two MCFC
set-ups are virtually identical. The data show the
performance of the perovskite cathode is comparable
and actually slightly better than the NiO. The
exchange current densities derived from the data in
Fig. 4 are reported in Table 1, extrapolated from high
polarization data. The perovskite values are seen to be
approximately 10% higher than the NiO.
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Fig. 4. IR-free cathodic polarizations at 590°C. B = perovskite, 19% O,, 50% CO,; O = perovskite, 19% O,, 10% CO,; 0 = NiO [16],
19% 0O,, 50% CO,; ® = NiO [16], 19% O,, 10% CO,.
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Fig. 5. IR-free cathodic polarizations of perovskite at 590° C with varying carbon dioxide partial pressure. B = 50% CO,, 20% O, in N,;
0 = 10% CO,, 20% O, in N,; O = 2.0% CO,, 20% O, in N,; ® = 0.5% CO,, 20% O, in N,.
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Fig. 6. IR-free cathodic polarizations of perovskite at 590° C with varying oxygen partial pressure. B = 50% O,, 20% CO,in N,; 0 = 10%
0,, 20% CO, in N,; 0 = 2.0% O,, 20% CO, in N,; @ = 0.5% O,, 20% CO, in N,.

In order to characterize the cathode process,
the effect of partial pressures and temperature were
examined. Figures 5 and 6 show the influence on
polarization behavior. It is clear that both gaseous
reactants have a fairly strong effect on the per-
formance. Similarly, Fig. 7 shows that temperature
also has a strong influence on the polarization per-
formance. The data in these figures were correlated to
Equation 1 to determine the corresponding exchange
current densities; Table 2 exhibits the results. Figures
8 and 9 display the quantitative relationship between
the exchange current density and partial pressures,
and the exchange current density and temperature,
respectively. The least squares correlation which
results from this analysis is

| —11000
iy = SO000PSPS exp (71—27_3) @

where i, is in A cm~? (superficial area) for T from 550
to 650° C and partial pressures from 0.005 to 0.5 atm.

Table 1. Exchange current densities (superficial area basis) cal-
culated from the data in Fig. 4 at 590° C

Cathode material Gas composition iy (mAem™?)

Perovskite 19% O,, 50% CO, 67
NiO 19% 0,, 50% CO, 60
Perovskite 19% 0O,, 10% CO, 47
NiO 19% 0,, 10% CO, 39

In a similar analysis by Winnick and Ross [16] using
NiO cathodes, the correlation which resulted was

— 6000 )

In their work, the low polarization data with varying
CO, partial pressure exhibited a large degree of
scatter. They determined the most reasonable
exponent for CO, to be 0.0. The two correlations
are considerably different, possibly indicating the
cathodic reaction mechanism with perovskite is dif-

ferent than with NiO.

Table 2. Summary of the exchange current densities (superficial area
basis) caleulated from the perovskite polarization data in Figs 5-7 at
various temperatures and gas compositions

Temperature (°C) Gas composition iy (mA cm™?)
590 20% CO,, 50% O, 74
590 20% CO,, 10% O, 52
590 20% CO,, 2.0% O, 36
590 20% CO,, 0.5% O, 24
590 50% CO,, 20% O, 67
590 10% CO,, 20% O, 47
590 2.0% CO,, 20% O, 28
590 0.5% CO,, 20% O, 16
650 30% CO,, 15% O, 145
600 30% CO,, 15% O, 81
590 30% CO,, 15% O, 62

550 30% CO,, 15% O, 35
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Fig. 7. IR-free cathodic polarizations of perovskite at varying temperature under standard oxidant conditions (15% O,, 30% CO, in N,).
W = 650°C; 0 = 600°C; 0 = 590°C; @ = 550°C.

13
<

tn (/4) (/'o in mA cm™2)
3.5
1

3.0
L

T T T T 1
—6.0 -5.0 —-4.0 ~3.0 —2.0 —-1.0 0.0

tn {P) [P in atmospheres)
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Fig. §. Relationship between the exchange current density (on a superficial area basis) and the temperature.

More insight on the cathodic reaction mechan-
ism can be obtained with knowledge of the transfer
coefficients and reaction orders. The Butler-Volmer
equation was used as a starting point

iolexp (e nf) — exp (—e_nf)] (5

where / = F/RT, n is the IR-free overpotential, o, is
the anodic transfer coefficient and «_ is the cathodic

I =

transfer coefficient («, + «_ = 2). For low #, Equa-
tion 4 simplifies to Equation 1. At high #,
i = hexp (4, nf) ©)

where i and 5 are the absolute values of current and
overpotential and «,, is «, for an anodic over-
potential or o_ for a cathodic overpotential. Anodic
and cathodic polarization data are plotted in Tafel
form in Figs 10 and 11, respectively. The intercepts
in these figures, y = 0, are the exchange current
densities, calculated from data in the low polarization
region. The linear portions of the Tafel plots extrapo-
late to the corresponding exchange current densities,
indicating the polarization behavior was most likely
not limited by diffusion. The slopes of the lines in these
figures show o, = 1.15and «_ = 0.75. These values
are somewhat different than those found using NiO
cathodes [16], where it was found that «, = 1.6 and
o_ = 0.5.

The reaction orders of CO, and O, can be obtained
from the partial pressure dependence of 4, (Fig. 8) and
the values of the transfer coefficients, o, and o_. The

anodic and cathodic reaction orders, x, and x,, for
both CO, and O,, after accounting for the Nernst
effect are then [17]

e = Mo, — 1+ (E) 0
Xeco, = Mco, + (“7) ®)
for = o, — 3+ (%) ©)
Xc0, = Mo, + (%‘) (10$)

where mco, and mo, are the slopes, dIn iy /01n P, of Fig.
8 for CO, and O,, respectively. Table 3 summarizes
the reaction order results for the perovskite and, in
addition, lists the corresponding reaction orders
derived for NiO [16]. Cathodically, CO, partial
pressure was found to have a greater kinetic impact
with the perovskite than with NiO. Conversely, O,
partial pressure was found to play a lesser role in the
kinetics.

4. Discussion

It must be emphasized that the reaction orders listed
in Table 3 represent apparent reaction orders and not
necessarily true kinetic orders. The distinction arises
because of the inherent uncertainties involved with
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Fig. 10. Tafel plot of anodic polarization data at 590°C. B = 50% CO,, 20% O,; O = 10% CO,, 20% O,; o = i, of the 50/20 oxidant;
& = i, of the 10/20 oxidant. Slopes correspond to o, = 1.15.
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Fig. 11. Tafel plot of cathodic polarization data at 590°C. @ = 50% CO,, 20% O,; 0 = 10% CO,, 20% O,; o = i, of the 50/20 oxidant;
A = i, of the 10/20 oxidant. Slopes correspond to o = 0.75.
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Table 3. Calculated reaction orders for CO, and O, on perovskite
and NiO [16] from the polarization data ar 590° C from Figs 5, 6, 8,
10 and 11

Condition Reaction orders

Perovskite NiO
CO,, cathodic +0.70 +0.25
0,, cathodic 40.45 +0.65
CO,, anodic -0.30 -0.75
0O,, anodic -0.05 +0.15

porous electrodes. The configuration of the electrode/
membrane interface plays a critical role in determining
the polarization behavior. Diffusion polarization may
become substantial if the active clectrode area is
not well dispersed or if the electrode surface is not
adequately wetted by the carbonate melt. Even under
conditions of optimal electrode/membrane contact-
ing, diffusion polarization can introduce significant
affects. However, the linear polarization curves we
observed, even at very high current densities, suggest
clectrode/membrane contacting was satisfactory and
kinetic control dominated.

A result of primary interest concerns the reaction
orders listed in Table 3. Cathodically, CO, was found
to play a more important role in the kinetics on the
perovskite than on NiQO. In contrast, O, was found to
have less kinetic impact on perovskite than on NiO.
These results indicate that the optimum CO,/QO, ratio
for an MCFC oxidant gas stream would be higher for
the perovskite than NiO. Thus, the anode exhaust
recycle rate to the cathode intake would necessarily be
increased with the perovskite.

The reaction orders also indicate there may be
a different mechanism on the two materials. The
cathodic orders with the perovskite, 0.70 for CO, and
0.45 for O,, are reasonably consistent with the stoi-
chiometry of the overall cathodic reaction

CO, + 10, + 2¢~ —» COZ" )

However, a mechanism which was consistent with
both the reaction orders and transfer coefficients
could not be determined. This problem has also
plagued researchers attempting to decipher the cath-
odic mechanism on NiO [18].

5. Conclusions

A simple procedure was developed for fabricating
porous ceramic electrodes for use in MCFC tests. The
technique involves pressing the powdered ceramic, in
this case a perovskite-type compound, La, s Sr,, CoO;,
under relatively low pressure (25kgem™?), and then
partially sintering the pressed structure at moderate
temperature (1100°C). This procedure produced
electrode structures of high porosity (65%), good

conductivity (~1(chmcm)™') and reasonable
mechanical strength, The MCFC tests indicated the
perovskite electrodes were comparable to NiO in mass
transfer performance.

The cathodic performance of the perovskite elec-
trodes in an MCFC were compared to that of the
standard cathode, NiO. Although the results indicate
there may be a different cathodic reaction mechanism
on the two materials, the overall kinetic performance
of the perovskite was comparable to that of the
NiO. The results are encouraging for future use of
La,Sry,Co0; as the MCFC cathode. However, more
extensive research needs to be conducted, with SrTiO;
as the matrix of the electrolyte membrane to assure no
long-term stability problems exist.
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