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INTRODUCTION

The molten carbonate fuel cell is undergoing extensive research
and developmentlw3 as a potential option for converting synthesis gas
to electric power. In these cells a fuel gas containing principally
hydrogen and carbon monoxide is electrochemically oxidized in the fuel
cell anode

2 N o
H2 + CO3 > HZO + C02 + 2e (1)

CO + cog” + 2C0, + 2e

The carbon dioxide produced is recycled to the air intake for the

cathode to form the gas mixture that is electrochemically reduced,

1 - 2
CO2 + §~02 + 28 =+ CO3 (2)

This process is somewhat similar to that which occurs in the aqueous

4-6

alkaline electrolysis cell used by NASA as a CO, concentrator Am-

2

bient levels of CO? are removed at the cathode to be rejected at high
concentration of the anode. A molten carbonate electrolyte cell also

has the promise of use as a (O, concentrator, either with a reducing

2
gas at the anode or in an electrolysis mode. In the latter case,

application of an external potential produces a concentration gradient
across the cell, the cathodic reaction being the evclution of CO2 from

the carbonate melt,

2 1 -
003 > CO2 + 5»02 + 2€
Recent work on molten carbonate cells has focused on either the

kinetics in free electrolyte on noble electrodes7 or performance
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characteristics of subscale commercial cells with paste electrolyte
and porous nickel electrodeszﬁB, Development of these cells as gas
concentrators requires knowledge of the behavior under both anodic and

cathodic polarization with very low CO, partial pressures. Fundamen-

2
tally, observation of the kinetic reaction orders is an essential
step in the evaluation mechanistic sequences proposed for the 02/602
reaction.

The basic experimental approach we have used in this work is
similar to that used in the classic experiments of Broers and Katelaar8@
Here we employed paste electrolytes and nickel sinter electrodes. The
advantage of this apparatus over a free-electrolyte cell is that the
gas diffusion properties are such that the limiting currents are very
high and a region of overpotential exists where kinetically controlled
currents can be measured 1f the exchange currents are below ca. 1
mA/cm2 9e The disadvantage of such cells is that the total electrode-
electrolyte interfacial area is unknown.

We have used a two-step approach to the determination of reac-~

tion orders. First, exchange currents at various PCO and PO were
2 2

measured using the low polarization method. We assume a steady-state

current-voltage relationship of the form

I =1 Eexp (6, FN/RT) - exp (-o_ Fn/RT) (3)

where n = EmEcg o, is the anodic transfer coefficient, o the catho-
dic transfer coefficient (a+ + 0= 2). For n<< aRT/F, equation (3)

simplifies to

I 2 (2FT_/RT) 7
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so that IO = (RT/2F)(31/3n) The reaction orders can be obtained

T,P°
from the partial pressure dependence of IO and the values of the trans-

fer coefficient Q+ and o . Let

= m (4)
T
dlog IO
2
T

then the reaction orders for the anodic (I+) and cathodic (Im) partial

currents are, therefore,

9log I, m- 1+ (a/2)
20 ¢ m+ (a_/2)

dlog I, n - 1/2 + (o_/4)

3log P, - (7)
2 T n o+ (o _/4)

Second, the transfer coefficients were obtained from the slope of the

Allen-Hickling plot

tn [1/{exp (2Fn/RT) - 1}| = Lol - (aF/RT)  (8)

for current densities low enough so that concentration polarization

within the electrode can be neglected.

APPARATUS AND PROCEDURE

We assembled a molten carbonate test cell using paste electro-

lyte tiles and porous nickel electrodes typical of those used in
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current subscale molten carbonate cells. The cell was comprised of
two housings of 316 stainless steel which hold the electrolyte tile
between them. The electrodes, made of porous nickel, were 0.07 ¢m in
thickness and 1.9 cm in diameter. They fitted snugly in the center of
the cavity, in firm contact with the gas distributors. (See Fig. 1.)
The faces of the housings were aluminized to provide a wet-seal
against the tile upon melting of the carbonate. The upper housing

had a 0.5 cm hole drilled through for the reference electrode, which
was a gold flag suspended in the eutectic melt, as in Fig. 2. The

noble gas mixture (67% CO 33% 02) was bubbled slowly through the

o1
inner alumina tube past the electrode and then out through the center
tube. A small hole in the bottom of the outer tube allowed communi-
cation between the free electrolyte in the tube and that in the tile.
The upper housing had a well in which was placed an iron-constantan
thermocouple, sheathed in a stainless tube and mounted with a stan-
dard fitting. When assembled, the cell was mounted on a ceramic
block, held in place with steel guides and placed inside a furnace
made of two clam-shell heaters. The gas inlet line, of stainless tub-
ing, passed around the outside of the heater, allowing the gas to bé
pre-heated before entry into the cell. The outlet line, also of stain-
less, led straight out of the furnace. The furnace was insulated with
transite panels and fibrous zirconia felt. The entire apparatus was
mounted in a steel frame and a pneumatic cylinder applied pressure to
the top of the upper housing to assure firm contact between cell
components.

The gases were calibrated mixtures purchased from Matheson.

Fifteen binary combinations were used from the matrix 0.5, 1, 10, 20,
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50% CO?: 1, 19 50% 02, the balance N, in every case. The noble gas

2

mixture 67% C02/33% 0, was used as the reference gas.

2
The experiments were begun by assembling the cell with an elec-
trolyte tile supplied by Argonne National Laboratory. The composition

by weight of this tile is 25.6% Li,CO., 29.4% Kgco

otUs, and 45.0% L1A102°

3
The porous electrodes were fabricated by Gould for use in molten car-
bonate fuel cells and were pure nickel when the cell was assembled.
The physical characteristics of these electrodes are given in Table 1.
At startup, the cell was heated slowly while oxidant gases continually
flowed over both electrodes. About five hours were necessary to bring
the cell to 600°C. The cell was left in this open~circuit condition
for 30-50 hrs. before experiments were begun to assure complete con-
version of the electrodes to NiO.

Measurements were made only of the steady-state polarization of
the top electrode using a Princeton Applied Research Potentiostat/
Galvanostat (Model 371) in the galvanostatic mode. The gas flow to
the top electrode was increased until no change in polarization was
seen., The voltage reading was taken when apparent steady-state was
reached although some fluctuation was still seen. A current-interrup-
tion technique was occasionally employed to measure the IR drop be-
tween reference and top electrode. This loss averaged about 3 mV at
100 mA, as measured on an oscilloscope (Tektronix 5111) and was linear
over the range studied. This yields a specific conductivity of 2.1
{ohm cm)m1 for the 0.18 cm thick tile. The current was increased
step-wise until the potential was about =0.5V (all potentials are re-
lative to the 67% 002/33% 02 reference electrode). Larger polariza-
tions were avoided because, in a sacrificial experiment, cyclic vol-

tammetry disclosed that the reduction of NiO to Ni occurred at about
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-0.6V and cycling the electrode through this potential region irrever-

sibly changed the electrolyte/porous electrode structure.

RESULTS

The use of very low polarizations and the linear form of equa-
tion (3) to measure exchange current requires the absence of inter-
fering reactions near the rest potential of the system, i.e. the obser-
ved rest potential is not a mixed potential. The rest potentials we
observed were within #2 mV of the theoretical open circuit calculated
from the Nernst equation

RT 1/2

E = EO + §ﬁ~Ln PCO? POQ (9)

After anodic or cathodic polarization, the cell returned quickly to

the starting rest potential. These observations indicated the only
faradalc processes occurring at a measureable rate near the rest poten-
tial is the OZ/CO2 reaction. Typical current~voltage curves in the
very low polarization region are shown in Fig. 3. These curves were
reasonably linear and showed clearly that the partial pressure depen-
dence of the exchange current, which is proportional to the slope of
these lines, is very nearly zero. More than 100 sets of curves were
obtained with varying gas composition and temperature. The resulting

correlation was

0.5 expEm6xl03/(T+273)j (10)

where IO is A/cm2 for T = 550»7500C and partial pressures of 0.1-0.5

atm. We can report only the exchange current density per external



area of electrode, since the internal area of the electrode contac-
ted by electrolyte is not known. If all of the internal area were
contacted, then about 100 cm2 of NiO is available per cm2 external
area. At 7OOOC§ this would mean an io of about 1.4 mA/cm2 for 20%

COZ/ZO% 0,, about the same as that found by Appleby and Nicholson for

smooth Au in Li/K eutectic meltloe

2?

The second step necessary for determining reaction orders accor-
ding to equations (6) and (7) is the measurement of the cathodic trans-
fer coefficient, a_. The current-voltage behavior of these electrodes
at polarizations ca. RT/F was typically like those in Fig. 4; no reac-
tion limiting current was observed either anodically or cathodically,
nor was a cathodic diffusion limiting current observed above =0.6V,
where the NiO undergoes reduction to Ni. At current densities an
order of magnitude below the diffusion limiting current, the currents
are predominantly kinetically controlled. Typical Allen-Hickling
plots for cathodic polarizations to 2 RT/F are shown in Fig. 5. Accor=-
ding to equation (8), the intercept is just LnIO, which Fig. 5 shows
corresponds to IO = 150 md (53.5 mA/cm2 external), in good agreement
with the Fig. 3 values. The average values found from analysis of
ca. 100 polarization curves were 0.5 %+ 0.1 for o, 1.6 £+ 0.1 for Q-

Fig. 5 also shows the characteristic effect of CO, partial pressure

2

on both io and a_ and, as in Fig. 3, the exchange current is essen-

tially zero-order in CO. pressure. From equations (6) and (7), the

2

reaction orders are, therefore,



dlog I, - 3/4
3log PCO = (11)
2 + 174
T
dlog I, + 1/8
2 T + 5/8

DISCUSSION
It should be emphasized that the reaction orders given by equa-
tions (11) and (12) represent only apparent reaction orders, and not
necessarily the true kinetic reaction orders. The distinction arises
because the values of the transfer coefficient (a_) were determined
using porous electrodes, and the possible effects of diffusion on the
polarization behavior of these electrodes must either be accounted for

9 on Ni sinter elec~

or eliminated experimentally. Modelling studles
trodes like those used here have indicated that diffusion polariza-
tion is not significant for total polarizations ca. RT/F if the carbo-
nate melt wets the electrode in an optimal fashion. The very high
limiting currents observed with these electrodes (as in Fig. 4) indi-
cate thaﬁ the ideal thin-meniscus structure was approached with this
cell configuration, and that polarization behavior observed here was
essentially kinetically controlled. Independent studiesll utilizing
non-porous electrodes and applying transient techniques have indica-
ted the transfer coefficient o_ is 0.6 * 0.05, close to that found
here. However, while there is some support for a claim that the re-

action orders found in this work are the kinetic orders, the determi-

nation is certainly not definitive. More properly, one should regard
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these reaction orders as representative of the polarization behavior
of the paste electrolyte-Ni sinter electrode technology represented
by our apparatus. As such, they are useful for systems analysis and
for the design of large scale hardware based on this representative
technology.

The cathodic reaction, of primary interest for fuel cell applica~
tion, has a low but finite order in 002 pressure and the power density
of the cell at constant voltage will increase with increasing C02 pres=

sure., However, increasing CO2 partial pressure decreases O, pressure,

2

and since the reaction order for 02 is higher than that for C02, this

will result in a power density function that has an optimum C02/02

ratio. For an oxidant gas where PCO + PO = const., it can be shown
2 2

that the optimum CO?:OZ ratio is 2:5,

The reaction orders in 002 are ideally suited to the operation
of this cell as a gas concentrator. In this application, CO2 is re-

moved from a CO2,O2 mixture with very low (e.g. 0.005 atm) C02 par-

tial pressure by cathodic reduction to CO?9 and transported by anodic

evolution to a carrier gas stream where the CO, pressure is relatively

2

high. The cathodic reaction has a low order in COQ, so that the kine-

tics for 602 reduction are high even at very low CO, partial pressure.

2
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TABLE 1

Physical Characteristics of Ni Sinter Electrodes

Mean Pore Size, um 9

Pore Size Distribution (80%), um 3 to 16
Porosity T7%

BET Surface Area 0.15 mz/g

BET Area After Oxidation 0.20 m2/g
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FIGURE CAPTIONS

Figure 1 - Schematic diagram of the electrolysis cell assembly,
XBL 805-T777.

Figure 2 - Schematic diagram of the reference electrode. XBL 805-776.

Figure 3 - Polarization curves near the rest potential as a function
of C02 pressure. XBL 805-780A.

Figure 4 - Cathodic current-voltage behavior for porous Ni electrodes.
XBL 805-~781.

Figure 5 - Allen~Hickling plots of cathodic polarization data for

porous Ni electrodes as a function of CO, partial pressure.

XBL 805-782.

2
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