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EXECUTIVE SUMMARY

The objectives of the FY 1978 molten-carbonate fuel cell program were to
a) develop fuel cell components with improved performance and endurance and to
b) investigate, develop, and test cost-effective processes for electrolyte
powder preparation and electrolyte tile fabrication. The effort was sub-

divided into three tasks:

e Task 1. Cell and Component Development

Improved components and cost-effective fabrication processes were
developed. This included developing stable anode structures and im-
proved electrolyte structures that can be fabricated by cost-effective
processes.

e Task 2. Fuel Cell Electrolyte Optimization

New melt compositions were tested in laboratory-scale cells. Supporting
information necessary for electrolyte selection and for understanding
the processes occurring in these systems was obtained by developing
models to describe cell performance and by electrode kinetic measure-
ments.

e Task 3. Cell Operation at High Pressure

The system was operated at high pressure to identify and provide
solutions to cell-decay mechanisms and to identify problems associated
with operating these cells at high pressures.

The anode developmental work focused on using nickel- and cobalt-based
structures containing additives to inhibit sintering. Electrodes fabricated
from cobalt with the addition of 10%Z chromium showed the best cell performance
and physical stability after 3000 hours of testing with high- and low-Btu

fuels. This same electrode also demonstrated the best tolerance to low-Btu

fuels containing approximately 10 ppm H3S.

A significant experimental effort was devoted to defining the processing
parameters necessary for producing acceptable electrolyte powders by an
aqueous slurry technique. Both physical (thermal expansion, yield, etc.)
measurements and fuel cell tests were used to qualify the batches produced.
Promising results were obtained as demonstrated by operating cells using de-
velopmental tiles with Co-10% Cr anodes for 3000 hours, during which time the

performance exceeded that of standard state-of-the-art components.
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Potentially cost-effective tile manufacturing processes using the powders
produced by the aqueous slurry process were identified in a cooperative effort
with Coors Porcelain Co. Cell performance using such tiles was comparable
with cells using conventionally hot-pressed tiles. These promising results
indicate that scale-up and mass-producibility are feasible and should be in-

vestigated further.

Efforts to optimize the electrolyte composition focused on identifying
the rates of fuel oxidation as a function of anode material, temperature,
carbonate composition, and gas composition and the development of mathematical
models for the prediction of fuel cell performance as a function of various
system operating parameters. In general, it was found that the kinetics of
fuel oxidation were high. Measured exchange current densities, i,, ranged
from approximately 8 to approximately 80 mA/cm? at 650°C for the combinations
tested. The highest exchange currents were obtained with a ternary carbonate
eutectic. Subsequent laboratory-scale cell testing in the 550 to 650°C temper-
ature range using an off-eutectic ternary composition showed the highest cell
performance of all the compositions tested. This ternary off-eutectic compo-
sition performed approximately 30 mV better at 160 mA/cm? and 650°C than the
usual 62% Li/38% K carbonate composition.

The mathematical model developed predicts the performance of a scaled-up
molten-carbonate fuel cell with crossflow of fuel and oxidant for various
inlet gas compositions, gas flow rates, and operating pressures. The model
takes into account the water-gas equilibrium of CO and, in pressurized oper-
ation, the methane steam-reforming equilibrium. It contains only a single
adjustable parameter, the effective impedance, which may be adjusted locally or
given an average value. For all inlet gas compositions, the performance at
75% conversion predicted by the model agrees to within 4% of the experimental

data.

Several system control and component problems that prevented long-—-term
endurance operation in the 5 to 10-atm pressure range were identified. The
system problems were corrected, and high-pressure operation will be resumed

during the FY 1979 program.
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TASK 1. CELL AND COMPONENT DEVELOPMENT

1. Summary

The objective of Task 1 was to develop an improved and cost-effective
anode/electrolyte tile/cathode fuel cell package with demonstrated perform-
ance equal to or better than state-of-the-art cells. Nickel- and cobalt-
based anodes containing additives to inhibit sintering were commercially
fabricated and evaluated in screening tests and operating cells. Unstabi-
lized porous nickel compacts, which oxidize in situ to form NiO, were
utilized as the cathode material. Improved and more cost-effective fabri-
cation techniques were emphasized in the development of the lithium aluminate/
alkali carbonate electrolyte powder and tile materials. A significant experi-
mental effort was devoted to defining the processing parameters necessary for

producing acceptable electrolyte powders by an aqueous slurry technique.

The materials and components developed in the program were-subjected to
detailed physical and chemical characterizations to determine their as-
fabricated properties as well as their physicochemical stabilities during
cell operation. The most promising electrode and tile materials and structures
wvere tested in laboratory-scale (3 cm?) and bench-scale (94 cmd) fuel cells
with sulfur-free fuel gases and with fuels containing low levels of sulfur

(10 ppm H,S + COS).
Achievements realized during the course of the program included —

® The development of a modified aqueous slurry process for producing
acceptable fuel cell grade LiAlv,.

® Fuel cells operated with developmental tile from an aqueous slurry process
and with Co-10% Cr anode/NiO equalled or exceeded performance with
standard state-of-the-art components.

e Co-10% Cr porous anodes showed very good cell performance and physical
stability after as long as 3000 hours of testing with high- and low-Btu
fuels.

e The Co-10% Cr anode also demonstrated good resistance to ~10 ppm H;S
contaminant in low-Btu fuel (~40 mV loss at 160 mA/cm?).

e Promising cell performance results were obtained at 650°C with several
carbonate electrolyte compositions different from the standard 62 mole
percent L12C03/38 mole percent K,CO3 eutectic. An off-eutectic ternary
Li,C03/Na,C03/K,C053 composition showed lower, but still encouraging,
performance at 550° to 600°C. Cathode performance improvements are
necessary to obtain acceptable performance levels at these lower tem-
peratures.

1-1
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e A potentially cost-effective tile manufacturing process was identified
and investigated in a cooperative effort with Coors Porcelain Co. Cell
performance of tiles made by this process was comparable with that of
conventionally hot-pressed tiles. The results indicate that scale-up
of the process should be investigated.

1.1. Anode and Tile Development

1.1.1. Anode Development

A literature survey was conducted to identify anode materials that were
potentially more stable in sulfur-containing fuels than the nickel-based
anodes currently used. Based on available thermodynamic data, cobalt is
expected to be more sulfidation-resistant than nickel in fuel gases that
contain HyS. At the celi operating temperature of 650°C (923 K), the Ni/NiSy
equilibrium occursl at log (pHZS/sz) = —2.74 while the Co/CogSg equilib-
rium occursl at log (pHZS/sz) = —2,30. Thus, for a low-Btu fuel gas con-
taining 18.6 volume percent Hy, nickel would be sulfidized at HyS levels
above 338 ppm (by volume), while cobalt would remain metallic until the
HoS level reached 932 ppm (by volume). Sulfidation of nickel is particularly
detrimental because a Ni/Ni3S, liquid eutectic occurs at 645°C. However,
poisoning of catalytic activity of metals by chemisorption of sulfur can
occur at sulfur activities far below those required for the formation of a
metal sulfide corrosion product.z’3 For example, Rostrup-Neilsen observed
poisoning of a nickel catalyst at pHZS/pH2 ratios 102 to 103 times lower
than that required to form the sulfide.

Nickel- and cobalt-based anode materials 0.75-mm (0.030 in.) thick, with
nominal porosities of 657 to 807% and mean pore sizes of 5y, 10u, and 15u,
were selected for the anode development studies. Nichrome, chromium, and
tungsten carbide anode sintering inhibitors were investigated. Porous nickel
cathodes were selected for the cell-testing phase of this work. These
candidate electrode materials were fabricated by Gould Laboratories, Gould,
Inc., Cleveland, Ohio, a company with a good reputation for delivery of

high-quality electrodes.

1.1.1.1. Characterization of As-Fabricated Electrodes

Table 1.1 1lists the anode and cathode plaques fabricated by Gould
Laboratories and presents the characterization results obtained on the

as-fabricated plaques. The electrodes were characterized by krypton
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Table 1. CHARACTERIZATION RESULTS OBTAINED ON DEVELOPMENTAL ANODE AND CATHODE MATERIALS
Mercury Porosimetry B.E.T.
80% Pore Surface Quantitative Microscopy
Thickness, Porosity, mps, Size Range, Area Porosity, S,, ZIp, ZLs»
Material Plaque No. mm % H M mz/g % cm”™ u u
ANODES
Ni 480-31-36 0.76 83.3 7.9 4.1 to 14.8 0.24 79.8 2345 13.6 3.4
Ni 480-31-37 0.74 83.5 8.5 4.3 to 14.6 0.22 81.7 2050 16.0 3.6
Ni 480-31-42 0.79 75.4 5.7 3.2 to 7.9 0.23 65.2 3530 7.4 4.0
Ni 480-31-44 0.79 76.2 6.1 3.3 to 10.2 0.23 72.2 2990 9.7 3.7
Ni 480-31-51 0.76 80.5 15.1 7.6 to 22.6 0.23 83.6 1520 22.0 4.3
Ni 480-31-53 0.76 80.4 14.8 7.7 to 17.5 0.21 73.8 1540 19.1 6.8
Ni + 107 NiCr 416-71-4 - 76.3 7.0 3.7 to 14.9 0.20 69.8 2760 10.1 4.4
Ni + 10% NiCr 416-71-5 - - - - 0.19 60.3 3250 7.4 4.9
Co 480-31-62 0.76 78.7 4.1 2.4 to 6.1 0.31 71.2 5120 5.6 2.2
Co 480-31-65 0.76 77.1 3.5 2.1 to 6.1 0.34 71.2 5340 5.3 2.2
Co 480-31-66 0.76 83.9 9.3 2.9 to 18.6 0.28 79.4 3820 8.3 2.2
Co 480-31-67 0.79 83.6 7.2 2.7 to 15.7 0.33 75.0 3450 8.7 2.9
Co 480~-31-70 0.81 63.6 21.7 15.3 to 40.7 0.03 55.5 1000 22.2 17.8
Co 480-31-71 0.74 60.7 16.3 11.0 to 33.2 0.04 59.2 1020 23.2 16.0
Co + 10% WC 416-66-1 0.74 80.1 4.6 2.5 to 7.8 0.34 70.0 4610 6.1 2.6
Co + 107 WC 416-66-2 0.81 81.2 3.7 2.0 to 5.5 0.54 71.6 4990 5.7 2.3
Co + 107 NiCr 416-66-3 0.84 80.7 3.7 2.1 to 5.5 0.48 74.8 5880 5.1 1.7
Co + 107 NiCr 416-66-4 0.79 70.3 3.0 1.9 to 5.2 0.23 61.9 6090 4.1 2.5
Co + 10% Cr 416-66-5 0.79 80.1 3.2 1.7 to 5.2 0.46 70.0 5340 5.2 2.2
Co + 10% Cr 416-66-6 0.79 76.5 3.0 1.7 to 7.6 0.46 67.8 5360 5.1 2.4
CATHODES

Ni 480-31-27 0.53 80.3 9.6 4.7 to 15.5 0.21 73.1 2700 10.8 4.0
Ni 480-31-29 0.53 79.6 8.9 4.5 to 16.5 0.16 70.6 2620 10.8 4.5
Ni 480-31-50 6.53 81.3 13.3 7.2 to 35.1 0.28 77.7 1760 17.7 5.1
Ni 48G-31-54 0.51 81.7 14.7 7.4 to 27.8 0.22 82.5 1570 21.0 4.4
Ni 480-31-68 0.51 49.4 18.9 15.0 to 60.3 0.02 40.6 753 21.6 31.5
Ni 480-31-69 0.46 41.5 18.6 18.6 to 46.0 0.03 44,7 772 23.2 28.7
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adsorption B.E.T. (Brunauer, Emmett, and Teller) measurements, mercury
porosimetry, and quantitative optical microscopy (QM). Selected anodes were
also evaluated by QM after cell testing. These results will be discussed
below. Scanning electron microscopy was also performed on fractured sur-

faces of selected anodes.

The surface areas determined for the pure, unstabilized cobalt anodes
were significantly higher than those of the unstabilized nickel anodes.
These results are consistent with observations made during scanning electron
microscopy (SEM) analysis of fractured anode surfaces. As shown in the
typical SEM micrographs of nickel and cobalt materials in Figures 1.1 and
1.2, the cobalt anode microstructure consists of significantly finer
particulate chains than does that of nickel. The addition of fine nichrome,
chromium, or tungsten carbide stabilizing particles to the cobalt structure

increased the measured surface areas even further.

Specimens from selected areas of each 15.2 x 15.2 cm (6 x 6 in.) anode
and cathode plaque were also prepared for characterization by quantitative
microscopy. After impregnation of the porous structures with epoxy, electrode
cross sections were ground with 240, 320, 400, and 600-grit SiC abrasive
paper and polished with 1y diamond paste. Care was taken during this
metallographic preparation to minimize rounding of particle edges and loss of
material through pulling out. The polished surfaces were then viewed at
1600X magnification using an oil immersion objective lens. From a statistical
analysis of the number of particle intersections with a circular probe, it
was possible to determine particle surface area per unit volume, porosity,
mean intercept length in the solid, and mean intercept in the porosity, as
well as the standard deviation in each of these quantities. The use of
this technique for the evaluation of porous electrodes has been discussed
by Johnson.4 The results of these QM analyses also appear in Table 1.1.
Figures 1.3 and 1.4 show the comparisons between the electrode porosity and
mean pore size as determined by mercury porosimetry versus quantitative
microscopy. There are obvious systematic differences between these two
measurement techniques. The porosity values determined by mercury porosimetry
were generally larger than those found by QM, while the mean pore sizes
measured by porosimetry were smaller than the QM values. As shown in
Figure 1.5, QM surface areas were consistently and systematically smaller
than those determined by the B.E.T. method.

1-4
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Figure 1.1. TYPICAL MICROSTRUCTURE OF UNSTABILIZED NICKEL
ANODE AS SHOWN BY SEM (2000X)
(Electrode Plaque 480-31-42, 5.7u Mean Pore Size)
1-5
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Figure 1.2. TYPICAL MICROSTRUCTURE OF UNSTABILIZED COBALT
ANODE AS SHOWN BY SEM (2000X)
(Electrode Plaque 480-31-62, 4.1u Mean Pore Size)

1-6
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Figure 1.3. COMPARISON OF ELECTRODE POROSITIES MEASURED BY
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Pore size distributions measured on samples of the as-received Co-10% Cr ‘

anode plaques are shown in Figure 1.6. Plaque-to-plaque structural variations
were within acceptable limits, and a reasonably uniform chromium distribution
was achieved during fabrication. This anode material demonstrated the best
cell performance and stability of those tested and was thus used in most of

the electrolyte tile performance tests to be discussed under Task 2.

1.1.1.2. Characterization of Anodes After Cell Testing

Quantitative microscopy analyses were performed on anode electrodes from
laboratory-scale cells operated for the purpose of testing both these develop-
mental electrodes as well as tile materials. (Cell performance results are
discussed under Task 2.) Anodes of cobalt and nickel — pure or wiFh a 10 wt %
addition of sintering inhibitor — were analyzed by QM to observe the struc-
tural changes occurring in the various materials under actual cell testing
conditions. The types of anode materials evaluated included Ni, Co, Co-107%
Cr, and Co-10% WC. The structural stabilities of these anodes were then

correlated with cell performance level and stability.

The results of QM analyses on anodes from terminated cells are presented
in Table 1.2. The surface area, porosity, mean intercept length in pores
(E?), and the mean intercept length in the solids or particle size (ES) of
the as-received and of the cell electrodes are shown on this table. The
last two columns, the percent surface area loss and the ratio of final-to-
initial particle size, refer to changes of the electrode during cell operation
and indicate the relative structural stability. The results for the solid
area refer to the changes occurring under the solid portion of the perforated-
plate anode current collector and those for the open area refer to the changes
occurring under the holes of this type of anode current collector. The anode
structure under both the solid and open portions of the current collector was
studied because the compressive stresses applied to the anode in the hole
regions (as a result of the cell holding force) are significantly less than
those under the solid regions. The higher stresses under the solid regions

often manifest themselves by enhanced anode densification and sintering.

As seen in Table 1.2, the pure nickel and cobalt anodes showed relatively
poor structural stability. Under the open area the nickel showed a 247

reduction in surface area as a result of particle growth by sintering. The

1-10
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Table 1.2.

61021

QUANTITATIVE MACROSCOPY ANALYSES OF ANODES AFTER CELL TESTING

Relative Final

Particle Size
Mean Intercept

Open Area

* As-Received

Electrolyte composition =

I' N S T 1

T U T E

62 1Li/38 K unless otherwise indicated.

1-12

G A

S

Surface Lenath Surface ES Final

Material and Agea Pores (¢ )Q - Solids (L) Area Loss, .

Test Duration m‘/g Porosity, % P’ s % s AR
Ni (480-31-36)
624 Hrs (DOE-2)
As-Received (AR) 0.131 79.8 13.6 3.4 - -
Solid Area 0.076 44.1 4.7 6.0 42, 1.75
Open Area 0.099 67.8 9.6 4.6 24, 1.34
Co_(48-31-62)
1320 Hrs (DOE-10)
As-Received 0.200 71.2 5.6 2.2 - -
Solid Area 0.066 35.8 3.8 6.8 67. 3.1
Open Area 0.096  71.4 1.8 4.7 52. 2.1
Co - 10% NiCr (416-66-3)
2040 Hrs (DOE-3)
As-Received 0.265 74.8 5.10 1.7 - -
Solid Area 0.074 29.5 2.6 6.1 72. 3.60
Open Area 0.211 77.8 7.6 2.1 20. 1.26
1824 Hrs (DOE-8)
Solid Area 0.122 35.0 2.0 3.7 54. 2,19
Open Area 0.124 57.5 5.0 3.7 53. 2.18
Co - 10% Cr
3024 Hrs (DOE-5)
As-Received (416-66-6) 0.192 67.8 5.1 2.4 - -
Solid Area 0.159 49.1 3.6 3.1 17. 1.29
Open Area 0.195 68.6 5.5 2.5 - 1. 0.74
1992 Hrs (DOE-4)
As-Received (416-66-5) 0.205 70.0 5.2 2.2 - -
Solid Area 0.201 62.6 4.1 2.5 2. 1.16
Open Area 0.207 70.6 5.7 2.4 - 1. 1.09
Li/Na/K Off-Eutectic
672 Hrs (DOE-12)
Solid Area 0.389 67.8 2.7 1.3 - 89. 0.59
Open Area 0.459 78.0 3.8 1.1 ~139. 0.50
75% Li/25% K Electrolyte
648 Hrs (DOE-13)
Solid Area 0.247 62.7 3.4 2.0 - 20. 0.91
Open Area 0.481 83.4 5.2 1.0 -134. 0.47
Li/Na Electrolyte
504 Hrs (DOE-15)
Solid Area 0.308 72.8 4.3 1.6 - 50 0.73
Open Area - - - - - -
Co = _10% WC (416-66-1)
1272 Hrs (DOE-11)
As-Received 0.166 70.0 6.1 2.6 - -
Solid Area 0.033 13.3 2.0 13.6 80 5.1
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smaller mean intercept in the pores after cell testing was associated with a
lower porosity. The results for the solid area indicate that the holding
force applied to the cell greatly accelerated the sintering process — a 42%
surface area reduction was observed after only 624 hours of operation. The
particles under the solid area were almost double their original size, the
mean pore size was substantially smaller, and porosity had decreased from
79.8% to 44.1%. The relative losses of surface area and porosity in the
pure cobalt anode were as high as, or higher than, those of pure nickel, in
that the initial surface area was higher (0.20 m?/g foir Co versus 0.13 m?/g
for Ni) and the particles were smaller (2.2u for Co versus 3.4u for Ni).
These results indicate poor structural stability and explain the low perform-
ance and poor stability observed in cells DOE-2 (nickel anode) and DOE-10

(cobalt anode).

Of the sintering inhibitors used, (nichrome, tungsten carbide, and
chromium) only chromium proved to be effective. Cobalt-107% chromium anodes
were used in cells DOE-5 (operated 3024 hours) and DOE-4 (operated 1992 hours)
and yielded good cell performance and stability. Comparison of the changes
of the pure cobalt electrode (Cell DOE-10) with those of the Co-10% Cr showed
that the addition of 10% Cr provided good structural stability, even under
the solid areas of the current collector where the holding force applied to

the cell creates the highest stress levels.

The structural stability of this anode material correlates with the
good and stable performance observed in cells assembled with Co-10% Cr
anodes. In fact, while the pure cobalt anode under the open area showed a
52.07% surface area reduction and a doubling of the mean particle size, the
Co-107% Cr of Cells DOE-4 and DOE-5 showed1.0% and 1.67% surface area increases,
respectively, and the particle size either did not change or had a tendency
to decrease (relative final-to-initial particle size of 0.74 in DOE-5). The
changes of the Co-10% Cr observed under the solid area were small (2% to 17%
surface area loss and 1.16 to 1.29 relative particle size increase). The
very good structural stability of the Co-107% Cr anode observed after 3024
hours of operation in Cell DOE-5 is illustrated in the optical micrographs
of polished cross sections in Figure 1.7. The appearance of the cell-tested
anode under the solid and open areas of the current collector are compared

with the as~fabricated microstructure in this series of micrographs.
1-13
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Figure 1.7. STRUCTURAL STABILITY OF THE Co-10% Cr ANODE OF CELL DOE-5,
OPERATED FOR 3024 HOURS. a) AS-RECEIVED STRUCTURE. b) CENTRAL
PORTION UNDER A CURRENT COLLECTOR HOLE. c¢) ELECTROLYTE SIDE

UNDER THE SOLID AREA OF THE CURRENT COLLECTOR
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A Co-107% Cr anode was also used in cells assembled with electrolytes
different from the standard 62 mole percent LiCO3/38 mole percent K;COj3
composition. The structural changes observed in the anodes of these cells
also indicated that a surface area increase and a breaking-up of the particles
may be occurring in the Co-10% Cr electrode. As seen in Table 1.2, the anode
of Cell DOE-12, assembled with a ternary off-eutectic electrolyte and
operated for 672 hours, showed a very large increase in surface area (124%
in the open area, 90% in the solid area) and the particles decreased to half
the original size. Similar increases in surface area and breaking-up of
particles were observed in cell DOE-13, assembled with a 75 mole percent
Li,C03/25 mole percent K»CO3 electrolyte and operated for 648 hours, and
in cell DOE-15, assembled with a Li;CO3/Na;CO3 electrolyte and operated for
504 hours. Cells DOE~-12, DOE-13, and DOE-15 showed better performance than

the average shown by cells assembled with the standard electrolyte.

As stated above, chromium was the only sintering inhibitor that proved
effective. Both nichrome and tungsten carbide additives were ineffective
against anode sintering. The surface area loss and particle growth observed
in Cells DOE-3 and DOE-8, assembled with a Co-10% NiCr anode, were approxi-
mately the same as those for pure Co (20% to 53% surface area loss and 1.26
to 2.15 relative particle size versus 527 and 2.1 for pure cobalt). The
surface area loss and particle growth of the Co-10% WC anode were even
greater than those of the pure cobalt anode. Cells assembled with Co-10%
NiCr anode showed low performance but were more stable than those assembled

with pure Co anodes.

Cells assembled with Co-10% WC anode material showed extremely poor and
erratic performance. Examination of the as-received Co-10% WC anode struc-
ture by SEM and energy-dispersive X-ray analysis revealed significant
inhomogeneities in the distribution of the WC additive. Discussions with the
electrode fabrication group at Gould Laboratories indicated that experimental
difficulties were encountered in manufacturing these plaques because of
agglomeration of the WC particles. Because of the resultant inferior anode
structures and associated poor cell performance, the Co-107 WC material was

not studied extensively.

The results observed with the Co-107%Z Cr anode indicate that chromium is

effective in preventing structural changes during cell operation and that

1-15
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long-term stable performance may be obtained. The mechanism of sintering
retardation by chromium is not fully understood. It is recognized that
chromium is not stable as the metal in the anode environment, but is likely
converted into Cr03 or LiCrO;. The distribution of these second-phase
chromium-containing oxide particles throughout the porous metal matrix
apparently acts to retard the sintering of the cobalt by reducing diffusion.
However, more detailed surface characterizations of as-fabricated and cell-
tested anodes are needed to more clearly elucidate the mechanisms involved
and to explain the increases in surface area and cobalt particle breakup

observed for the Co-10% Cr materials.

1.1.1.3. Compressive Deformation of Porous Anodes

It is generally observed in metallographic cross sections from terminated
cells that a noticeable amount of anode deformation has occurred under the
solid portions of the perforated plate current collector as a result of the
compressive cell-holding forces. The resulting compressive stresses can
cause both gross compressive deformation of the anode plaque and accelerate
particle growth by sintering. Because of the importance of this problem to
long~term anode stability in an operating cell stack, some scoping experiments

were performed to investigate anode compressive deformation behavior.

Anode specimens 0.75 inch in diameter x 0.03 inch thick were punched
from the 6 x 6~inch plaques and tested under compressive loading in an
Instron Universal testing machine.* The specimens were held between two
cylindrical stainless steel platens situated in the cavity of a resistance-
heated tube furnace. The temperature of the specimen was maintained at 650°C
and continuously monitored by a thermocouple. A rapid purge of high-purity
argon was continually passed through the furnace cavity in an effort to
avoid oxidation of the anode samples. The Arinert gas blanket provided
oxidation protection for the nickel~based samples but not for the cobalt-
based materials. All of the cobalt-containing samples (Co, Co-10% Cr,
Co-10% NiCr, and Co-10% WC) were severely oxidized because of the greater

tendency of cobalt to oxidize in trace amounts of moisture or oxygen.

*
Experimental work performed in the Metallurgical and Materials Engineering

Department of the Illinois Institute of Technology, Chicago, Illinois.
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Therefore, meaningful measurements were obtained only on the Ni and Ni-10Y%

NiCr anode materials.

The compressive béhaviors of Ni (5p and 10p nominal mean pore sizes
from plaques 480-31-42 and 480-31~36, respectively) and of Ni-10% NiCr (5u
nominal mean pore size from plaque 416-71-4) were measured at a deformation
rate of 0.02 inch/minute. This was the minimum crosshead speed for the
Instron machine and corresponded to a strain rate of approximately 0.01
inch/inch-second. The compressive stress-strain behavior observed at 650°C
for these materials is shown in Figure 1.8. The compressive strength at
650°C was found to decrease with increasing pore size of the electrode
materials tested. Three samples were tested from 2 of the 3 plaques under
evaluation, and reproducibility of the g-¢ curves was very good. For
compressive stresses generated under typical cell-holding forces (<25 psi),
strains at 650°C were in the 2% to 4% range. At higher stresses, the porous
electrodes exhibited noticeable nonlinear deformation behavior, which may be
suggestive of a '"hardening" mechanism. However, detailed microstructural
characterizations of these porous, sintered materials before and after
testing are needed before the operating deformation mechanisms are identified

and understood in detail.

An effort was made to study the compressive creep behavior of a nickel-
based anode at 650°C under a constant, low stress. A sample of Ni from
plaque 480-31-42 (5.7u mps) was held under a constant stress of 20 psi for
approximately 4 hours at 650°C under the Ar purge. After testing, however,
the specimen was found to be partially oxidized and warped so that no meaning-
ful information was obtained. Thus, it is evident that in order to adequately
test Co and Ni anode materials at elevated temperatures, it is necessary to
provide a better control of the gas environment than is possible with the
present furnace design. We are investigating the possibility of obtaining a
controlled-environment furnace chamber attachment for the Instron testing

machine to provide this capability.

1.1.2, Tile Development

Introduction

The objective of this subtask was to develop an electrolyte tile having

the characteristics (LiAlO; particle size distribution, surface area, thermal
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expansion behavior, yield upon melting, etc.) required for high and stable
cell performance when coupled with the electrodes developed under Subtask
1.1.1. The electrolyte tile is a composite material containing 45 weight
percent LiAl0, and 55 weight percent lithium-rich carbonate eutectic composed
of 62 mole percent Li;C03/38 mole percent Kp;CO3. At a cell operating
temperature of 650°C, this composition corresponds to approximately 62

volume percent molten carbonate and 38 volume percent LiAlO, (assuming a
LiA10, density of 2.6 g/cm3).

Efforts were focused upon four areas of tile development: 1) electro-
lyte powder processing, 2) tile fabrication, 3) characterization of tiles and
their aluminate and carbonate constituents, and 4) cell testing of develop-

mental tiles coupled with both state-of-the-~art and developmental electrodes.

The objectives of this task were met by developing an electrolyte
processing procedure based on modification of the original aqueous slurry
process studied at Argonne National Laboratory. The modified procedure was
derived after a careful investigation of the various factors affecting the
LiAl0, properties, tile thermomechanical behavior, and the ultimate
performance in cells. Batches as large as 2500 grams have been prepared, and
scale-up of the process for mass production of electrolyte powder appears to
be feasible. Preliminary tests indicate a good potential for using the less
expensive hydrated aluminas in place of Degussa 'C" y-Al,03 that is presently

used as starting material.

In this report, the effect of various processing parameters on the
final electrolyte properties will be reviewed and the optimized process will
be summarized. The physical and chemical stabilities of various LiAlO,

products during out-of-cell tests will also be discussed.

1.1.2.1. Electrolyte Preparation and Characterization

The original aqueous slurry process, developed at Arsonne National
Laboratory,s’6 involves suspension into an aqueous slurry of all the Li, K,
and Al needed in the final electrolyte in the forms of LiOH-H,0, KOH, and
Degussa "C'" y-Al,03 respectively. The slurry is stirred at 80°C to obtain
an intimate mixture and dried at 110°C in air. The dried slurry is then

pulverized and reacted with CO, gas to convert the hydroxides to carbonate.
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Finally, the powder is fired for 22 hours at 600°C to convert any unreacted
Al303 to LiAlO; and to homogenize the mixture. (Details of the experimental
procedure used during this program to evaluate this original slurry process
are outlined in Appendix A, along with characterization data of the LiAlO,
products obtained.) The product obtained by this procedure is 8-LiA10,

(45% by weight) in a eutectic mixture of Li,C03 and KyCO3 (Li:K = 62:38 on a
molar basis). Although the L1A10; particles have the rod-like morphology
desired for good tile support, the particle sizes are too large and the sur-
face area too low (less than 10 m?/g) to be acceptable for good carbonate
retention. Tiles pressed from such electrolytes slumped or deformed badly
when subjected to our dilatometer thermal cycling test. Therefore, a study
of the effects of different processing variables on L1Al0, particle charac-
- teristics was undertaken to improve electrolyte tile properties. Descriptions
of the various electrolyte and tile characterization test methods used to

evaluate these materials are presented in Appendix B.

1.1.2.2. Effects of Aqueous Slurry Processing Variables

The aqueous slurry method of electrolyte processing consists of four
basic stages (Figure 1.9). There are a number of processing variables

associated with each stage —

1. Mixing Stage

a. Starting materials

b. Chemical composition of the slurry
c. Dispersing liquid

d. Consistency of the slurry

e. Mixing temperature

f. Mixing time.

2. Drying Stage

a. Temperature
b. Time
c. Extent of dryness.

3. Carbonation Stage

a. Time and temperature
b. Carbonation during slurry stage versus carbonation after drying.

4, High-Temperature Firing

a. Time and temperature
b. Electrolyte composition.
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Figure 1.9. ELECTROLYTE POWDER PREPARATION BY THE AOUEOUS SLURRY PROCESS
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To study the effect of each variable, our approach has been to vary the
conditions related to that variable and then characterize the resulting
electrolyte powder product. In the discussion that follows, results of these
studies on each variable will be discussed in order with reference to Table
1.3, which summarizes the final properties of Li,C03/K,CO3/LiAl0, electrolytes

prepared by the slurry process.

1.1.2.3. Starting Materials

Cost is a significant factor in the choice of starting materials in
any fuel cell scale-up effort. It would be desirable to use the low~-cost
hydrated aluminas* in place of the expensive Degussa gamma alumina (approxi-
mately $3.00/1b) and the technical-grade alkali compounds in place of the
purified reagent-grade hydroxides. With technical-grade alkali compounds,
the effects of impurities and anionic constituents should be taken into
consideration, although this was not within the scope of the current program.
Since the cost of Degussa alumina used in the conventional process has a
striking effect on the cost of the final electrolyte, preliminary experiments
were performed to investigate the possible use of lower-cost aluminas in

the process.

Three electrolyte batches, namely, AD55-1A, AC55-1A, and AR55-1A were
prepared from Degussa "C" Al,03 (y-Al,03), Conoco Catapal SB hydrated alumina
(Boehmite, or q-Al,05-H,0), and Reynolds RH-33 hydrated alumina (Al,05-3H,0
or A1(OH);), respectively, following the original method. Analytical results
of these electrolytes (presented in Appendix A) indicated that the formation
mechanism of g-LiA10, is the same for all three Al,0; materials studied.
Therefore, it appears likely that lower cost aluminas can be used in the
slurry process for producing electrolytes. However, since all three electro-
lytes failed our dilatometer screening test because of significant yielding
behavior, it was decided to modify the original process in order to produce
a more acceptable carbonate-retaining electrolyte, capable of producing good
cell performance. Because of our extensive electrolyte processing experience

with Degussa alumina, we used it as the starting material in all subsequent

Cost of Alcoa Grade C-33 hydrated alumina A1(OH)3 is $0.085/1b based on
a quantity of at least 45,000 1lbs, effective January 1979.
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Table 1.3. PROPERTIES OF LiZCO3—K2C03-—LiAlO2 ELECTROLYTE BATCHES PREPARED BY

AQUEOUS SLURRY PROCESS

Electrolyte Composition LiAl0 Properties
Carbonate
Molar Surface
Ratios, Phase Composition Agea
Electrolyte LiAl02 Li2CO03  K2CO3 Li:K o -2 -y, % n'/g Purpose of Preparation
AD55-1A 40.8 28.9 30.2 1.792 0/100/0 7.5 To study LiAl0, formation mechanism
- in original aqueous slurry process.

AD55-2A 45.0 26.2 28.8 1.701 53/47/0 20.2 To study effect of eliminating K
from slurry step.

ADS55-2B e-—o not available ——-- 71/29/0 23.1 To determine if carbonate composition
affects LiAl0; development during the
600 C firing.

AD55-2C 49.9 35.2 14.9 4,441 22/78/0 17.4 Scale-up K-free slurry process to
900 g batch.

AD55-2D 44.1 26.7 29.2 1.711 29/71/0 19.6 Scale-up K-free process to 2500 g
batch for use in cost effective tile
development.

AD55-2E 44,9 25.2 29.9 -1.573 30/70/0 25.2 2500 g of electrolyte by K-free process
for use in lab- and bench-scale cell
testing.

AD55-3A 47.6 24.4 28.0 1.634 "1/99/0 7.4 To determine effect of Li concentration
in slurry on LiAl02 formation.

AD55-3B -—— not available -—— 1/99/0 7.7

AD55-5A 46.4 25.0 28.6 1.637 85% a 1 To investigate acetic acid as an alternate

157 (3+y) slurry dispersing liquid.
AD55-6A 45.7 25.5 To determine effect of slurry drying rate

28.8 1.664 0/100/0 13.5
, on LiAl0z particle size and morphology.

AD55-8A 45.8 23.6 30.6 1.442 24/76/0 15.9 To determine effect of Li2C03:K2C03
ratio on LiAl02 development during
600°C firing.

AD55-9A 45,5 24,6 33.4 1.38 34/66/0 22.1 To reproduce AD55-2A.

AD55-10A 38.1 28.4 33.5 1.573 15/85/0 25.0 To determine effect of Li2C03:K2CQ3 on
LiAl02 development during the 600°C firing.

AD55-12A 48.9 19.0 32.0 1.113 27/59/14 13.4 To determine feasibility of controlling
LiAl02 particle size by freeze drying of
slurry.

AC55-1A ———— not available — 0/100/0 11.1 To invesiigate feasibility of using low-cost
hydrated alumina (Boehmite) as starting

ARS5-1A —_— not available - 0/100/0 Not avail- material.

able

To investigate feasibility of using low-cost
Al(OH)3 as starting material.
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electrolyte development studies. Further development with more cost-effective .
aluminas was deferred pending successful development of Degussa-derived

electrolytes.

1.1.2.4. Chemical Composition of the Slurry

It was demonstrated in our initial experiments that B-LiAl0, was formed
during the slufry reaction stage, most likely by a dissclution-precipitation
process. Therefore, the composition of the starting mixture was expected to
be a very important factor in the process. The slurry conditions may, in
principle, affect both the crystal morphology and phase composition of the
final LiAl10p particles. Thus, the effect of the Li/K ratio in the starting
slurry mixture on the final LiAlO, properties was determined. For this pur-
pose, Electrolytes AD55-2A and AD55-7A were prepared, starting with mixtures
having Li/K ratios different from the conventional starting composition used
in Electrolyte AD55-1A. 1In these electrolytes, all the required Li and Al
were added to the slurry as LiOH-H;0 and Degussa alumina, respectively. Only
the amount of K as KOH in the slurry was varied. The necessary makeup
potassium was added as K,;CO3 after the slurry had been dried and carbonated,
but before the 600°C firing. The starting composition and characterization
of Electrolytes AD55-1A, AD55-2A, and AD55-7A at different stages of electro-
lyte processing are presented in Table 1.4. It shows that the intermediate
reaction products in the slurry and the LiAlO; in the final electrolyte were
significantly different between batches AD55-1A and AD55-2A. When all the K
required in the electrolyte was added to the slurry as KOH (Electrolyte
AD55-1A), rod-like B-LiAl0, formed readily in the slurry stage (Figure 1.10),
and the LiAl0; particles remained essentially unchanged in morphology after
the 600°C firing (Figure 1.11), although some particle growth did occur. Its
surface area of 7.5 m2/g, however, is considered too low to sufficiently hold
the molten carbonate in the tile structure and to prevent the electrolyte
tile from deforming when subjected to nominally low compressive loading
(3 psi) in the dilatometric test. On the other hand, when the slurry is
potassium free (Electrolyte AD55-2A), the reaction products formed in the
slurry consisted of R~LiAl0, and a hydrated lithium-aluminum oxide compound.
On the basis of chemical and gravimetric analyses, this hydrate was found to
correspond to the chemical formula Li,0-2A1,03-11H,0 cited by Lileev_gglglL7,
although the X-ray diffraction pattern matched that of Li,0-Al1,03-yH,0 given .
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Table 1.4.

Electrolyte

*
Starting Materials

AD55-1A 100%
100%
100%

AD55-2A 100%
100%
0%

AD55-7A 100%
100%
50%

Li and A% for LiAl0:2
Li for Li2CO3;
K for K2C03

Li and A¢ for LiAlO:
Li for Li2CO3
K for K2CO0;

Li and A2 for LiAlOQ;
Li fcr LiaCO4
K for K2C03

AL Containing

Material Added

Final LiAl0, Analysis

Compound Before Surface Area,
Dried Slurry 600°C Firing mi/g
Rod-like None 7.5
B-Lial0>
B-Lial02 20.7
+ Hydrated Li & Makeup K2C03
AL compound
Not analyzed Makeup K,CO; 10.8

af/Bly
0/100/0

(rod-like structure)

53/47/0
(porous aggregate
of polyhedral

structure)

4/96/0
(structure not
determined)

*Numbers indicate percentage of materials required in final electrlytes Li as LiOH'H,0, K as KOH, and AL as Y-Al203.

6L/Y

PROPERTIES OF ELECTROLYTES PREPARED FROM STARTING MATERIALS OF DIFFERENT COMPOSITIONS

Behavior During
Dilatometer Test

Slumped upon

melting

Slumped slightly

upon melting

Slumped upon melting

TZ0T9
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Figure 1.10. SEM MICROGRAPH OF LiA1Q0> PARTICLES WASHED FROM DRIED
SLURRY OF ELECTROLYTE AD55-1A (5000X)

Figure 1.11. SEM MICROGRAPH OF LiAl0, PARTICLES WASHED FROM FINAL
ELECTROLYTE AD55-1A (5000X)
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in the X-ray diffraction File Card No. 20-618. It is believed that a
significant fraction of this hydrate is transformed to a-LiAl0O, in the sub-
sequent firing. Thus, the final LiAl0, formed from the K-free slurry is a
mixture of the o and B phases. The microstructure (Figure 1.12) consists of
aggregates of polyhedral particles with relatively high surface area (20.7
m2/g). No other type of morphology is distinguishable from the micrograph,
although two LiAl0O; phases, the a and the B, were identified by X~ray
diffraction.

Electrolyte AD55-7A was prepared by adding to the slurry only half of
the K (as KOH) required for the K,CO3 in the final electrolyte product.
Analysis of the final LiA10, from this electrolyte batch (Table 1.4)
indicated minor formation of a-LiAl0, and increased surface area over the
LiAl0, in Electrolyte AD55-1A prepared by the original aqueous slurry method.
The increased surface area, however, still was not sufficient to hold the
carbonate and the tile slumped during the thermal cycling test. However, it
appeared that LiAlOs, with properties intermediate between those exhibited
by the LiAl0, from Electrolytes AD55-1A and AD55-2A and possessing acceptable
carbonate retention behavior, could be obtained by adding less than half of

the required K as KOH to the slurry.

1.1.2.5. Non-Aqueous Dispersing Liquid

Use of a non-aqueous dispersing liquid in the initial stage of prepara-
tion may result in a different type of LiAlO, formation reaction, and hence,
different LiA10, properties. Unfortunately, there are very few organic
solvents (such as, methanol and acetic acid) that dissolve alkali hydroxides.
One can, however, consider carbonates and perhaps nitrates in addition to the

hydroxides as alkali sources.

Electrolyte AD55-5A was prepared using glacial acetic acid as the dis-
persing liquid instead of water. The detailed processing of this electrolyte
has been discussed in the Project 9105 Second Quarterly Report. Analysis of the
LiAl0, after the 600°C firing indicated 85% as a-phase and the remainder as
B-phase. The surface area measured was 111 m?/g and was consistent with
significant a-LiA10, diffraction peak broadening observed from the X-ray
diffraction pattern, each of which indicated very fine o-LiAl0, crystallites.
The thermal cycling behavior of a tile pressed from this electrolyte powder
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Figure 1.12. SEM MICROGRAPH OF LiA10, WASHED FROM
ELECTROLYTE AD55-2A (20,000X)
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was unusual in that the tile expanded significantly, rather than yielding,
after the carbonate became molten. Analysis of the thermal cycling test

tile showed insignificant changes in LiA10, composition, but the surface area
was drastically reduced to 17.8 m2/g. Similar changes were also observed
when the electrolyte powder was subjected to additional heat treatments of

50 hours at 685°C and 48 hours at 650°C. The LiAl0; composition remained
essentially unchanged but the surface area was reduced to 16.4 m?/g. Thus,
the tile expansion behavior observed when the carbonate melted was apparently
related to a LiAl0, crystal growth process and associated surface area

reduction.

1.1.2.6. Slurry Mixing Temperature

Several electrolyte powders with the standard carbonate composition
(62 mole percent Li,CO3/38 mole percent KoCO3) were prepared to study the
effect of slurry reaction temperature on resulting LiAlO, properties. Batch
AD55-14 was processed according to the standard procedure of dissolving
LiOH:HpO0 in distilled water and reaction with Degussa y-Al,03 at a tempera-
ture of between 75° and 80°C for 1 hour. During the preparatiom of batch
AD55~15 with the same starting slurry composition for AD55~14, the slurry
temperature was maintained at 25°C. This modified procedure was employed
to determine the feasibility of simplifying the preparation of large electro-
lyte batches by elimination of the slurry heating. Electrolyte AD55~15 and
half of AD55-14 (designated AD55-14A) were then oven dried under the same
conditions of 110°C for 20 hours. X-ray diffraction analyses of the two
dried slurries (Table 1l.4a) indicated nearly identical product phase assem-
blages. Thus, it appears that the slurry mixing temperature can be lowered

from 80°C to room temperature without affecting the resulting dried slurry

Product. (More details on the preparation of batches AD55-15 and AD55-14
are given in Table 1.4b.)

The diffraction lines of the major reaction products in the dried
slurries corresponded to those of LiOH and LiAl,0,-yH,0 (ASTM Card 20-618).
Although this latter lithium aluminum oxide hydrate phase was reported by
Lejus8 to have a Li/Al molar ratio of 1, our analyses indicated that the

composition corresponds to Li,0-2A1,05-11H,0.
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Table 1.4a. EFFECT OF SLURRY MIXING TEMPERATURE ON THE
DRIED SLURRY. PRODUCT

*
Slurry Oven Relative X-Ray Intensity at Indicated d-Spacing
Electro- Mixing Drying LipAlzOu-yH20 B-LiAl02 LiOH LiOH-H20
lyte Temp,°C Conditions 3.81A 2.492A 4.05A 3.87A 2.73A 4.37A 2.67A 2.97A
AD55-14A 75 20 hrs at 50 27 10 11 42 37 10 4
110°C
AD55-15 25 21 hrs at 60 18 9 11 43 25 7 3
110°C

Peak heights of two selected reflections used to compare relative amount of
the same crystalline phase.

1.1.2.7. Consistency of the Slurry

The consistency of the slurry did not appear to have a significant
effect on the rate of LiAl0, formation. Larger volumes of liquid, however,
increase the time necessary to dry the slurry and may consequently affect
the final LiAl0, properties because, as will be discussed in a later section,
slurry drying-time and temperature are important factors in the control of

LiAl0, production by the slurry process.

1.1.2.8. Drying Conditions

The most probable cause of excessive deformation of tiles pressed from
Electrolyte AD55-1A, the electrolyte batch processed by the original slurry
process, was the unacceptable large B-LiAl0O; particle size in the electrolyte.
Some efforts were thus taken to control the particle growth of these rod-like
B-LiAl0, structures during the slurry stage by varying the rate of slurry
drying. Electrolyte AD55-6A was prepared exactly as AD55-1A, except that the
amount of water used to make the slurry was reduced by 37.5% and the hot
slurry was dried by spreading it thinly in a dish and blowing air over it.

The LiAl0; in the final electrolyte had smaller particle sizes, yet maintained
the same phase and morphology as that in Electrolyte AD55-1A, (See Figure
1.12a.) Nevertheless, a tile pressed from AD55-6A, although it showed
acceptable behavior during the first cycle of the thermal deformation test,
failed by cracking during the second cycle, indicating that further reduction
in particle size or modification of morphology and phase assemblage may be
necessary. The result, however, confirmed that rod-like R-LiAl0, particle

size can be controlled by varying the drying conditions.
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Table 1.4b. PREPARATION AND CHARACTERIZATION DATA FOR
ELECTROLYTES AD55-14 AND AD55-15

AD55-14A AD55~14B AD55-15

Starting Material, wt %

Al,03 49.6 49.6 49.6

LiOH 50.4 50.4 50.4
Slurry Mixing 1 hr at 75% 1 hr at 75°% 1 hr at 25°%
Carbonation

Material powder slurry powder

pH Change - 12.4 to 8.7 -
Slurry Drying 20 hrs at 110°C 24 hrs at 110°C 21 hrs at 110°g

* + 3 hrs at 130°C

Weight Ratio 1.21 - 1.23
Dry Slurry + Co: 17 hrs at 25°C 16 hrs at 25°C 23 hrs at 25°C

Weight Ratio* 1.44 1.40 1.31
Firing 22 hrs at 600°C 22 hrs at 600°C 22 hrs at 606°C

Z Yield 93.5 95.1 94.9
Composition, Mole %

Li2CO3 62 62 62

K2C03 38 38 38
Washed LiAl0>

Surface Area, m?/g 16.7 13.9 12.2

Density, g/cm® 2.86 3.18 2.74

al/B/Y 32/62/6 72/18/10 17/81/2

*Ratio of product to initial Al;03 and LiOH materials
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Figure 1.12a. SEM MICROGRAPHS OF LiAl0; WASHED FROM
ELECTROLYTE AD55-6A (6000X)

Figure 1.12b. SEM MICROGRAPHS OF LiA10, WASHED FROM
ELECTROLYTE AD55-12A (20,000 X)
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Based on the encouraging results from AD55-6A, Electrolyte AD55-12A was
prepared by freeze drying a slurry similar in composition to that of AD55-1A.
The slurry was stirred for only 15 minutes at room temperature instead of the
usual 60 minutes, immediately frozen, and then dried in a vacuum. The LiAl0,
phase composition in the final electrolyte was a mixture of the three LiAl0,
phases (26Za - 60%B - 147y), and the crystal morphology was polyhedral instead
of rod-like. (See Figure 1.12b.) This change of LiA1l0, morphology may have
been a result of the shorter slurry reaction time. The LiAl0, surface area
was 13.4 mz/g, and, although it was lower than the LiAl0, from AD55-2 type
electrolytes, a tile pressed from Electrolyte AD55-12A did not slump upon
melting. However, due to malfunctioning of the thermal expansion apparatus,
we were unable to trace its thermal expansion curve. The results of this
experiment also indicate that the rate of drying of the slurry has an impor-
tant effect on the properties of the electrolyte. Furthermore, non-slumping
tiles can be pressed from an electrolyte containing a mixture of the o-, 8-,
and y-~LiAl0O; phases produced by the aqueous slurry process. Based on the
results observed from Electrolytes AD55-6A and AD55-12A, it appears that
slurry reaction and drying times in between those of these two electrolytes

should produce more desirable LiAl0, particle characteristics.

In potassium~-free aqueous slurries typical of the Electrolyte Batch
AD55-2A, a lithium aluminate hydrate phase was identified that appeared to
ultimately determine the phase composition and morphology of the final LiAlO,.
Therefore, the effects of drying conditions on the hydrate formation and the
final LiAl10, properties were investigated. Five electrolyte batches were
prepared from potassium-free slurries following essentially the same procedure
as that used for Electrolyte AD55-2A, except that the drying conditions were
varied. The different slurry drying conditions and the characterization data
are presented in Table 1.5. Electrolyte AD55-2~1 was dried for 1 day at
110°C. Electrolytes AD55-2-2 through AD55-2-5 were dried to constant weight
during a 4-day period at temperatures ranging from 90° to 270°C. The weight
of the dried slurries ranged from 110 to 210 grams, compared with a theoretical
weight of 95 grams had the slurries undergone complete reaction and dehydration
to LiA10, and LiOH. A lithium aluminate hydrate phase with an X-ray diffraction
pattern matching lines for the compound Li,0-A1,0;:-yH,0, as given in Card No.
20-618 of the Inorganic Powder Diffraction File, was identified from the X-ray
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Table 1.5. EFFECT OF DRYING CONDITIONS ON SLURRY AND FINAL LiAl10, PROPERTIES
Final LiAlO2

Slurry Drying Dried Slurry + Surface Area,
Electrolyte Conditions* Weight ,*% o H:B a:Biy m?/g
AD55-2-1 1 day at 110°C ~210 84:100 95:5:1 n.a.
AD55-2-2 4 days at 110°C 130 29:100 26:74:1 25.2
AD55-2-3 4 days at 90°C 170 - 67:27:6 26.9
AD55-2-4 4 days at 160°C 110 0:100 12:87:1 11.1
AD55-2-5 4 days at 270°C 114 0:100 10:90:1 7.8

Except for Electrolyte AD55-2-1, all electrolytes were dried at the
specified temperatures to constant weight.

*k
Theoretical weight of anhydrous LiA10, + LiOH slurry is 95 g.

From X~-ray diffraction pattern of carbonated dry slurry, the peak height
ratio of Liy0,-2A1,03-yH,0 peak at d = 1.899 A to B-LiAl0, peak at
d = 2.452 A.

diffraction patterns of the slurries dried at 110°C or lower. Chemical and
gravimetric analyses of this hydrate produced by stirring LiAlO2 (B or ¥) in
water showed its chemical formula to be L120-2A1203-11H20. No such hydrate
phase was detected from the slurries dried at 160°C and 270°C. After carb-
onation, only L12C03 and B—LiAlO2 were detected from the X-ray diffraction
patterns of the dry slurry. The higher-than-theoretical dry slurry weight

obtained from these electrolytes was perhaps due to LiOH+H,0 which subse-

quently transformed to L12C03 upon reaction with COZ' ?
The data shown in Table 1.4 indicate that the more thoroughly the slurry
is dried before further processing, the higher the g-phase LiAl0, content in
both the dried slurry and in the final electrolyte powder after 600°C firing.
However, higher slurry drying temperatures result in lower LiAlQO, surface
areas in the final electrolyte. It should be noted that some problems were
encountered in processing batches AD55-~2-3, AD55-2-4, and AD55-2-5. The
composition of these electrolytes deviated from the nominal composition after

adding K,CO3 to the carbonated slurry. The Li,CO; to K,C03 molar ratio was
about 3.8 for all three electrolytes instead of the nominal value of 1.63.
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This deviation, as will be discussed in a later section, could result in a
higher percentage of a~LiAl0; in the final electrolyte, but the effect on the
overall LiAlO; surface area should not be significant. The trend of decreas-
ing a-phase content with increasing drying temperature shown by these three
electrolytes is expected to also hold for electrolytes having the nominal

Li»CO3 to K,CO3 molar ratio of 1.63.

The effect of drying conditions on properties unaffected by the electro-
lyte composition, such as the hydrate to B-LiAlO; ratio in the dried slurry
and final LiAlO; surface area, are shown in Figure 1.13. Considering that
LiAl0, surface areas below about 10 m2/g do not retain carbonate adequately,
as observed from thermal deformation behavior of tiles, the maximum allowable

slurry drying temperature appears to be about 160°C.

The effect of slurry drying temperature was also studied on Electrolytes
AD55-14A and AD55-15, which were prepared according to the same procedures,
(Table 1.4a) except that AD55-15 had a lower slurry temperature (25°C versus
75°C) and higher drying temperatures (110° and 130°C versus 110°C) than -
AD55-14A. The powder products at various stages of preparation were
characterized by X-ray diffraction, and the results are summarized in Table

1.4b.

At the low drying temperature of 110°C, the dried slurry was generally
composed of the phase yielding the X-ray lines reported for Li,AL,0,-yH50,
excess LiOH and/or LiOH-H,0, and 8-LiAl1l0;. However, when this dried slurry
was given an additional thermal treatment at 250°C for 16 hours, the phase
assemblage changed to Li,CO3, B-LiAl0, and LiOH. All of the LijALy0y-yH50
appeared to decompose to form a material that was undetected by X~ray
diffraction. Most of the excess LiOH (about 85%) reacted with CO, in the air

to form Li,CO3, and the B-LiAlO, content remained essentially unchanged.

After the addition of Ky,CO3 and final firing of the carbonated slurries
for 22 hours at 600°C, AD55-14A had a LiAlO, a/B ratio of 0.47, while AD55-15
had a o/B ratio of 0.13. Because the slurry reaction temperature earlier was
shown to have no significant influence on the dried slurry, it is suspected
that the higher drying temperature was responsible for the lower a-LiAlO,

phase content in the AD55-15 powder (11% o versus 30% a).
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1.1.2.9. Time and Temperature of Carbonation

Carbonation of the dried slurry powder was always performed without
external heat for a sufficiently long period to ensure complete conversion
of hydroxide to carbonate. The carbonation reaction itself is exothermic,
and the heat liberated causes the powder to heat up. The temperature meas-—
ured during carbonation was, typically, 50° to 60°C. No attempt was made to
determine the effect of carbonation temperature on the final electrolyte

properties.

Carbonation of Wet Slurry

The electrolyte processing could be simplified if carbonation could be
performed on the wet slurry instead of the dry powder. In preparing Electro-
lyte AD55-14B, the potassium—-free slurry was first stirred for 1 hour at 75°C
and then CO; gas was bubbled through the slurry with continuous stirring at
room temperature for 16 hours. The pH of the wet slurry before and after
carbonation was measured to be 12.4 and 8.7, respectively, indicating the
conversion of LiOH to Li,CO3 and, probably, the formation of carbonic acid.
During the carbonation process, the formation of Li,CO3, rather than LiHCOj,
is thermodynamically favored because Li;CO3 has a lower free-energy of forma-

tion (—266.7 versus —210.5 kcal/mole).

After carbonation, the wet slurry was oven-dried at 110°C for 24 hours.
The X-ray diffraction pattern of the dried powder was compared with that of
Electrolyte AD55-14A, which was prepared in a way similar to AD55-14B, except
that carbonation was performed on the dried slurry. AD55-14B (CO, through
wet slurry) had more Li,CO; but less Li,0-2A1,03-yH,0 than AD-55-14A and no
g-LiAl0,. The ratio of the weight of the dry powder after carbonation to
that of the dry slurry materials (Al,03 and LiOH) was almost the same for
both AD55-14B and AD55-14A (1.40 versus 1.44), which indicates that the
degree of carbonation was about the same for both Electrolytes AD55-14B and
AD55-14A. However, the LiAlO, from AD55-14B had a lower surface area (13.0
versus 16.7 m2/g) and a significantly higher a/f ratio (a/B/y composition
being 74/17/9 versus 30/64/6). This phase difference in g-LiAl0, had been
evident earlier by the lack of g-LiAl0O, in the dried CO, slurry from AD55-14B.
These data indicate that the pH value of the slurry is affecting the phase
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assemblage of the final product; a less basic wet slurry (e.g., 8.7 versus .
12.4) favors the production of more o-LiAlOy (747 versus 30%).

1.1.2.10. Firing Schedule

As previously reported (Project 9105 Second Quarterly Report),

some electrolyte powders have been given additional thermal treatment after
the 600°C firing at a temperature equal to or greater than the normal cell
operating temperature of 650°C. The purpose of this treatment is to "stabi-
lize" the LiA10, with its carbonate enviromment prior to cell operation and
thus minimize the changes occurring during the cell lifetime. The results
showed that the additional firing causes a significant reduction in measured
LiAl0, surface area. Consequently, dilatometric yield upon melting is higher
with tiles pressed from more severely heat-treated electrolytes. The LiAlO,
composition, however, showed only insignificant B to o transformation during

~a 40 to 50-hour treatment at 685°C.

1.1.2.11. Carbonate Composition During Firing

The effect of carbonate composition in contact with the LiAlO, during
the 600°C firing of electrolytes has been discussed in both the Project 9105 Second
and Third Quarterly Reports. Four electrolyte batches, namely, AD55-2A,
AD55-2B, AD55-8A, and AD55-10A were prepared from potassium—free slurries.
For Electrolytes AD55-2A and AD55-2B, all the required lithium for the final
electrolyte was added to the slurry as LiOH-H,0. For Electrolytes AD55-8A
and AD55-10A, only 50% and 25%, respectively, of the required amount of
lithium for the final Li,CO; were added to the slurries as LiOH-H,0, in
addition to the stoichiometric LiOH-H,0 required to form LiAlO, by reaction
with Al,03. After drying and carbonating the slurries, all the required
amounts of K,CO3 for the electrolytes were added before firing at 600°C,
except for Electrolyte AD55-2B which was fired without added K,CO3. Thus,
the Li,CO3 to K,CO3 molar ratio during the 600°C firing was different for
all these four electrolytes. (See Table 1.6.) The corresponding LiAlO,
characteristics after the 600°C firing are also included in Table 1.6. The
results indicate that the LiAl0, o/ phase ratio increases as the Li;CO3-to-
K,CO; ratio during firing is increased. The surface area, on the other hand,
appears to be independent of the carbonate composition, with values ranging

from 21 to 25 m?/g for the four electrolytes. .
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Table 1.6. EFFECT OF CARBONATE COMPOSITION DURING 600°C
FIRING STEP ON FINAL LiA10, PROPERTIES

K,CO3/Lis CO3
Molar Ratio LiAlO LiA10, Surface
Electrolyte During Firing a/8/y, % Area, m?/g
AD55-2B 0 71/29/0 23.1
*

AD55-2A 0.61 47/53/0 20.7
AD55-8A 1.22 24/76/0 24.0
AD55-10A 2.44 15/85/0 25.0

Standard composition: 62 mole percent Li;CO3/38 mole percent K,COj3.

The morphology of the LiAl0O; appears to be unaffected by the carbonate
composition in which the LiAl0, was fired. SEM micrographs of lithium
aluminates washed from Electrolytes AD55-2A and AD55-2B after both had undergone
similar heat treatments are shown in Figures 1.14 and 1.15. They have
similar structures. The particles are plate-like and have internal porosity.
Although both lithium aluminates consisted of two different phases, o and 8,
as identified by X-ray diffraction, no two distinguishable particle structures

can be identified from the SEM micrographs.

The electrolytes whose carbonate compositions differed from the nominal
composition of the eutectic after the 600°C firing were adjusted by adding
the makeup components after firing and then heat treating the electrolytes
to homogenize the carbonate distribution. This additional heat treatment
reduced the LiAlQO; surface area, but had no significant effect on LiAlO;

phase composition and morphology.

From the observed dependence of the a/R ratio on carbonate composition
of electrolyte during the 600°C firing, it appears that pure g phase could
be synthesized from a mixture containing minimum Li,CO3. Because, as
discussed earlier, drying the slurry at higher temperatures also affects
LiA10, phase composition, varying the drying temperature and carbonate com—
position allowed production of a variety of LiAl0O, phase compositions and

morphologies.

1.1.2.12. Recommended Preparation Procedure

Based on characterizations and cell performance (reported in later
sections) of electrolyte powders prepared under varying conditions, the
1-39
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Figure 1.14. SEM MICROGRAPH OF LiAl0, WASHED FROM ELECTROLYTE AD55-2A,
(50 hrs at 680°C) (20,000 X)
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Figure 1.15.

61021

SEM MICROGRAPH OF LIA%OZ WASHED FROM ELECTROLYTE AD55-2B,
(40 hrs at 685 C) (20,000 X)
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following processing procedure was adopted for preparation of the 55 weight .
percent Li;CO03-K,CO3/45 weight percent LiAlO, powder having a Li/K eutectic

molar ratio of 1.63.
Characteristics of the electrolyte powder are —

a. Nominal Final Composition: 45 weight percent LiAl10,, 25.6 weight percent
Li,CO3, 29.4 weight percent K;COj3

b. Carbonate Electrolyte Composition: 62 mole percent Lip;CO3/38 mole per-
cent K»CO3 eutectic

c. Materials needed for 2500 gram batch of electrolyte powder: Gamma
alumina (Degussa 'C'): 941 grams with {43z assay correction factor
is (870 grams theoretical); LiOH-H,O0 (Fisher Reagent Grade No. L-127):
1445 grams; and K,CO3 (Fisher Reagent Grade No. P-208): 754 grams with
7375 assay correction is factor (735 grams theoretical).

The processing steps are —

a, Step 1. Dissolve all the LiOH-H,0 in 7 liters of distilled water and
all the Al,03 in 6 liters of water (14.5 g Al,03/100 ml)
separately at room temperature.

b. Step 2. Add the Al,03 solution slowly into the LiOH-Hy;0 solution and
stir the mixture for 1 hour at room temperature.

c. Step 3. Pour the slurry into shallow containers to about 3 inches deep and
dry in an oven at 110° to 1(U°C  to constant weight (the
weight ratio of dried slurry to starting dry Al;03 and LiOH
powders is approximately 1.0:1.25). After overnight drying of
stagnant slurry, the lumps can be broken to speed final drying
under vacuum.

d. Step 4. Carbonate the dried slurry by passing CO» gas through the powder
for 6 hours, mixing occasionally.

e. Step 5. Pulverize carbonated cakes to —80 mesh.

f. Step 6. Pass CO, gas through pulverized powder for an additiomal 4 hours
to ensure complete carbonation.

g. Step 7. Blend carbonated powder with —325 mesh K,CO3 and fire under
flowing CO, at 600°C for 22 hours.

h. Step 8. Pulverize the electrolyte to —100 mesh and mix well in "V'-
blender. The powder is now ready for characterization and
pressing.

1.1.2.13. Alternative Electrolyte Composition Studies

In order to optimize the carbonate composition in the electrolyte, five
additional electrolyte compositions other than the 62 mole percent Li;COg3/38%
K,CO3 (62 Li/38 K) eutectic were prepared for cell testing purposes. The

alternative compositions were selected based upon considerations of electrical .
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conductivity, melting point, vapor pressure, gas solubility, and diffusion
coefficients. The details of the five chosen compositions are outlined in
Table 1.7. Two of them are eutectic compositions, namely Li-Na binary
eutectic of 52 Li/48 Na and Li-K-Na ternary eutectic of 43.5 Li/25 K/31.5 Na.
The three remaining compositions are non-eutectic, including the Li-K binary
of 75 Li/25 K and 50 Li/50 K, and one Li-K-Na ternary of 56 Li/12.5 K/31.5 Na.

As shown in Table 1.8, the five alternative electrolytes (carbonates plus
LiAl0;) were prepared on the basis of maintaining the same volume fraction of
molten carbonate (~0.62) at the cell operating temperature as that in the
standard electrolyte composition of 45 weight percent LiAl0, plus 55% carbon-
ate of composition 62 Li/38 K. The five alternative electrolytes were
prepared by using the potassium~ and sodium-free aqueous slurry process.

A summary of the starting materials and the calculated final compositions

for the five alternative electrolytes is presented in Table 1.9. The slurries
were formed by slowly pouring the Degussa y-Al,03 aqueous dispersion (about

18 grams Al,03 per 100 ml) into the LiOH-H,0 aqueous solution (about 23 grams
per 100 ml) and mixing at room temperature for one hour. All the lithium
required in the final electrolyte powder was added to the slurry in the form
of LiOH-Hy0. The various slurries were then dried at 130° to 155°C for

20 to 68 hours. The dried slurries were pulverized to —80 mesh and carbonated
at room temperature for 20 to 40 hours. The carbonated powder was again
pulverized to —80 mesh and mixed with —325 mesh carbonates of Ky,CO3 and/or
NayCO3 prior to firing at 600°C for 22 hours. The details of the various
electrolyte preparations are summarized in Table 1.10. It was noted that
under the same drying and carbonation conditions, the ratio of final powder
weight to the weight of the Al;03 and LiOH starting materials was proportional
to the starting LiOH content. The carbonation step seemed to be completed

in about 20 hours, and there was little change in weight during any further
carbonation. Complete carbonation to LiyCO3 was confirmed by X-ray diffrac-

tion analysis.

The five alternative electrolytes were characterized by X-ray diffraction,

B.E.T. surface area, SEM, chemical analysis, thermal cycling tests, and labora-

tory-scale cell tests., The test results are listed in Table 1.10 and
discussed as follows. The five alternative electrolyte slurries were dried

at higher temperatures of 130° to 155°C for 20 to 68 hours, compared with
1-43
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‘Table 1.7. LIST OF CARBONATE COMTOSITIONS USED IN VARIOUS ELECTROLYTES

6L/Y

Electro- Composition, Mel. # Composition, Wt. %
lyte Carbonate Molecu- Meltin
Type Purpose of Test Composition Li>CO3 K»,CO3 NayCO; Li»CO3 K2C03 Na,CO3 lar Wt. Point, C

AD55-2D Basgline eutectic for 62 Li/38 K 62.0 38.0 - 46.6 53.4 - 98.3 488
650 C cell operation

AD55-50-2 Investigate congruently 50 Li/50 K 50.0 50.0 —_ 34.8 65.2 —_ 106.1 505
melting LiKCO3; composi-
tion between two
eutectics. Increased
gas solubility at 650°¢

AD55-50-1 Li,CO3-rich to compen- 75 Li/25 K 75.0 25.0 - 61.6 38.4 - 90.0 590
sate for preferential
cell operation. In-
creased conductivity at
650°C

AD55-LN Li,C0;3-Na,C0; eutectic 52 Li/48 Na 52.0 — 48.0 43.0 -~ 57.0 89.3 501
for 650°C cell oper-
ation. Lower vapor
pressure

AD56-T-3 Study low-melting (397°C) 43.5 Li/ 43.5 25.0 31.5 32.1 34.5 33.4 100.1 397
ternary eutectic for 25 K/
550°C cell operation 31.5 Na

AD56-T-1  Off-eutectic ternary 56 Li/ 56.0 12.5 31.5 44.9 18.8 36.3 92.0 508
for 650°C cell oper- 12.5 K/
ation. Increased 31.5 Na

conductivity

12019
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Table 1.8. ESTIMATION OF ELECTROLYTE COMPOSITIONS BASED ON
0.62 VOLUME FRACTION OF CARBONATE PHASE*

Density, Molar
Electrolyte Material Basis Weight, g g/cm® Volume, 7 Ratio

1.iA10, 45 2.60 38.12 1.0
AD55-2D 62 Li2COs5 25.62 0.508
38 K2C03 29.38 1.357 61.88 0.311
55.00 0.819
AD55-50-2 50 LiCOs3 19.20 0.381
50 K2CO3 35.96 1.963 61.88 0.381
55.16 0.762
AD55-50-1 75 Li2COs 33.25 0.659
25 K2CO 3 20.73 1.921 61.88 0.220
53.98 0.879
AD55-LN 52 Li,COs 23.94 0.475
48 Na»COs 31.73 1.981 61.88 0.438
55.67 0.913
AD56-T-3 43.5 Li2COs3 18.38 0.364
25 K2C03 19.76 2.038 61.88 0.209
31.5 Na2COs 19.13 0.264
57.27 0.837
AD56-T-1 56 Li2CO3 24.78 0.491
12.5 K2CO03 10.38 1.964 61.88 0.110
31.5 Na2COs 20.03 0.277
55.19 0.878

*
Assuming a LiAl0; density of 2.6 g/cm?
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Table 1.9. COMPOSITIONS OF STARTING MATERIAL AND CALCULATED FINAL PRODUCT COMPOSITION

FOR VARIOUS ELECTROLYTES

Composition, Wt. %

Electrolyte Al,04 LiOH Li2CO3 K2CO3 Na,>CO3 LiAl0, Total
AD55-2D, 62 Li2C03/38 K2C03
Starting Material (1)* 51.4 48.6 - - - - 100.0
(2)* 35.8 33.9 - 30.3 - _— 100.0
Final Product - - 25.6 29.4 - 45.0 100.0
AD55-50-2, 50 Li2Co03/50 K2CO3
Starting Material (1)* 54.7 45.3 - - — - 100.0
(2)* 35.9 28.9 - 36.1 - - 100.0
Final Product - - 19.2 35.9 - 44.9 100.0
AD55-50-1, 75 Li2C03/25 K2C03
Starting Material (1)* 47.9 52.1 -— - - — 100.0
2)* 37.2 40.6 - 22.2 - - 100.0
Final Product - - 33.6 20.9 - 45.5 100.0
AD55-LN, 52 Li2C03/48 Na,CO4
Starting Material (1)* 52.2 47.8 —-— — - - 100.0
2)* 35.4 32.4 - - 32.2 - 100.0
Final Product - - 23.8 - 31.5 44,7 100.0
AD56-T-3, 43.5 Li2C03/25 K2C03/31.5 Na,CO3
Starting Material (1)* ' 55.2 44.8 - - - - 100.0
(2)* 34.1 27.7 - 19.4 18.8 - 100.0
Final Product . - - 18.0 19.3 18.7 44.0 100.0
AD56-T-1, 56 Li»C03/12.5 K2C03/31.5 Na»CO3
Starting Material (1)* 51.8 48.2 - - - - 100.0
2)* 35.7 33.2 - 10.6 20.5 - 100.0
Final Product - - 24,7 10.4 20.0 44.9 100.0

*() = Slurry  (2) = 600°C Firing

6L/Y
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Table 1.10.
Electrolyte AD55-2D AD55-50-2 AD55-50-1
Starting Material, wt %
Al203 49.6 54.7 47.9
LiOH 50.4 45.3 52.1
Slurry Mixing 1 hr at 25°C 1 hr at 25°C 1 hr at 25°%
Slurry Drying, >128 hrs at 64 grs at 66 grs at
Sk 95°C 135°C 1557°C
Weight Ratio 1.24 1.08 1.02
Dry Slurry + CO,, >12 hrs at 22 hrs at 16+24 hrs at
. 25°C 25°C 25°C
Weight Ratio 1.44 1.29 1.16
Firing 22 hrs at 16 Ers at 22 hrs at
600°C 520°C+8 hrs  600°C
at 600 °C
% Yield 97.9 94.7 94.5
Composition, Wt 7 Mol %
Li,CO3 26.7/63.1 18.6/49.2 32.8/76.6
K2CO3 29.2/36.9 35.8/50.8 18.7/23.4
Na»CO3 - - -
LiAl0; 44.1/-- 45.6/-- 48.5/--
Washed LiAl0
Surface Area, m?/g 19.6 18.5 10.1
Density, g/cm® 2.83 2.63 2.62
alB/ly 29/66/5 4/96/0 3/94/3
3 cm? Cell Testing*
mV at 160 mA/cm? 870 660 905

*

%k
Ratio of product to initial Al1,03; and LiOH materials.

AD55~-LN

52.2
47.8

1 hr at 25°C

66 hrs at
155°¢

1.03
16+24 hrs at
25°¢

1.25

22 hrs at
600°C

96.1

25/52.2

32.9/47.8
42.1/--

13.7
2.66
7/90/3

879

Test with high-Btu fuel Co + 10% Cr anode and NiQ cathode at 650°C.

PREPARATION AND CHARACTERIZATION DATA FOR VARIOUS ELECTROLYTES

AD56T-3

55.2
44.8

1 nhr at 25°C

68 grs at
130 C

1.07
22 hrs at
25°¢

1.22
16 hrs at
520°C+8 hrs
600°C

97.5

18.2/43.4
18.7/23.9
19.7/32.7
43.4/)--

17.5
2.62
2/98/0

675

AD56T-1

51.8
48.2

1 hr at 25°C

20 grs at
155°C
1.0

20 hrs at
25°¢
1.21

22 hrs at
600°C

97.1

26/56.8
10.2/12.0
20.5/31.2
43.3/--

10.5
2.66
8.90/2

914
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95° to 120°C used for drying the standard AD55-type electrolyte. The slurries

dried at 155°C consisted of B-~LiAlO,, none or trace y-LiAlO,, no a-LiAl0,,

excess LiOH and LiOH-H;0, and small amounts of Lij;CO3. The presence of Li,COg

in the dry slurries indicates that at the drying temperature of 155°C, some

small amount of LiOH and/or LiOH:H,0 starts to react with CO, in the air to

form Li,CO3.

remaining in the dried slurries were transformed into Li,CO3 in about 20 hours.

During the subsequent carbonation, all LiOH and LiOH-H,0

Diffraction lines for the individual carbonates, Li;CO3 and K,;CO3, were

observed before firing (in separate experiments) and when each pure carbonate

was fired individually at 600°C.

No phase change was observed for Li»CO3 or Na

alone, but some change in X-ray lines was noted for K;CO3 during the firing.

However, upon firing at 600°C, the carbonates in the electrolyte combine to

form eutectic compounds.

This was the case for both the eutectic and the

non-eutectic electrolyte compositions, though the magnitude of the eutectic

compound formation varied.

This finding seems to agree with the DSC

(Differential Scanning Calorimetry) measurements on AD56T-1 (an off-eutectic

ternary), as shown below —

Temperature, °C

Melting, %

398
449
505
508

397

60
25
15

Melting point as estimated
from phase diagram

Melting point of eutectic

ternary

The carbonates in the off-eutectic ternary composition have a melting point

of 508°C, based on the ternary phase diagram.

However, the majority of the

carbonates (60%) melt almost at the eutectic temperature of 397°C. Of the

remaining carbonates, 25% melt at 449°C and 15% melt near the liquidus of

508°C.

Finally, the o-LiAl0, produced in the final washed product of the

five alternative electrolytes ranged from 2% to 87 and was much lower than

that in the standard electrolyte compositions after drying at lower tempera-

tures of 95° to 120°C (17% to 75%).
to produce less q~LiAl0, phase.

Thus, higher drying temperatures tend

This confirms the same conclusion reached

during the preparation of standard electrolyte compostions of 62 Li/38 K.

N § T

T UTE
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Because the drying of the wet slurry is critical in controlling the
final LiA10, phase assemblage and surface area, the drying step and its
effects on LiAl0; were studied in detail. The drying conditions were found
to be critical to the stability of the lithium aluminate hydrate phase, the
so—-called LiAl0,-yH,0 (ASTM 20-618). The exact composition of the hydrate
was identified as Li;0-2A1,03 11H,0. Such a hydrate always forms during the
potassium-free slurry process, and all of the eleven hydration waters will be
preserved when dried at 80°C or lower. As the drying temperature or time
increases,ithe hydrate starts to lose hydration water. According to DSC
measurements, the eleven hydration waters were lost at the following
temperatures:

Molecules of
Temperature, °C Hydration Water Lost
218.5 5
270 4
1
1

280.5
304.3

Since the hydration water peaks are very broad, it was suspected, and later
confirmed, that the hydration water may be driven off at a much lower drying
temperature but at longer drying times. For example, when dried at 155°C for
20 hours, all the hydration water was driven off and the hydrate was decom-
posed to the extent that no "yH,0" phase remained. The "yH,0" phase was
reported to be a hexagonal structure and was assumed to have a structural
arrangement similar to that of the o-LiAl0O, phase, which is also hexagonal.
Thus, if the slurry is dried at a low temperature and the hydrate phase
remains intact prior to firing, a predominant og-phase is likely to be obtained.
Alpha-phase contents as high as 757 were produced by the slurry process by
drying at a temperature of 110°C. On the other hand, if the slurry is dried
at a high temperature and the hydrate is decomposed by losing all the hydra-
tion water, very little g-phase will be formed in the electrolyte. As shown
in Table 1.10,o0nly 2% to 8% a-phase was produced when the slurry was dried
either at 155°C for 20 to 66 hours or at 130°C for 64 to 68 hours. Thus,

a very wide range of g-phase contents (possibly 0% to 100%) may be produced

by the slurry process by varying the drying conditions.
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The composition of the so-called LiAl0;-yH,0 phase was determined as
follows: An electrolyte containing y-LiAl0, was first washed with 30% acetic
anhydride/70% glacial acetic acid and then with methanol to remove all the
carbonates. The remaining pure LiAlO, was boiled with water for 2 hours to
complete the hydrolysis. (If only 1/2 hour was allowed for the boiling, 28%
LiAl0s did not undergo the hydrolysis). The hydrate that had the same X-ray
diffraction pattern as that prepared by the slurry process (Table 1.11)
was identified as Lip0-2A1,03-11H,0 by both chemical analysis and density

measurements, as shown below —

Composition, wt % Density, g/cm3
Theoretical Observed Observed X-Ray (As Liz0-2A1503-11H,0)
Lis0 6.9 7.1
2A1,04 47.2 47.8 2.11 2.10
11H,0 45.9 45.1
100.0 100.0

In addition, the two following mechanisms are both possible for the hydrolysis

reaction —

3 (Lip0-Al,03) + 11H,0 = Liy0-Al,03-11H,0 + (2Li,0)+Al,03 (1)
Mass Balance: 1 0.50 1.092 0.409
and, 2 (Li»0-Al,053) + 12H,0 -+ Li,0-2A1,03-11H,0 + 2LiOH (2)
Mass Balance: 1 0.819 1.638 0.182

The first reaction was identified as the probable mechanism based on the

following experimental data:

Weight Ratio, Dissolved Material

Hydrate/LiAlQ2 Solution Composition Loss, %
Possible mechanism (1) 1.092 (2Li,0)-A1,04 40.9
Possible mechanism (2) 1.638 LiOH 18.2
Experimental data 1.12 (2Li,0)-A1,04 43.6

By knowing the LiAl0, hydrolysis mechanism, it is possible to estimate the
amount of hydration water in the hydrate by simply calculating the weight

ratio of hydrate over LiAlO,.
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Table 1.11. A COMPARISON OF X~RAY DIFFRACTION PATTERNS OF
LiA10, -yH,0 AND LiH(A10,),*5H,0

Relative X-Ray Intensity at Indicated d-spacing

LiAlO -yHp0 d 4.42 4.36 3.81 2.538 2.492 2.226 1.899
ASTM 20-618 I 20 20 70 40 70 40 70
Hydrate From Slurry d 4.40 4.33 3.77 2.525 2.488 2.222 1.892
(14A~2) T 7 6 50 14 34 17 25
Hydrate From y-LiAl0, d 4.35 4.31 3.75 2.522 2.481 2.217 1.888
LiH(A105), +5H,0 I 17 14 51 14 29 25 30

Note: Peak heights were used to obtain relative X-ray intensity.

The five electrolytes prepared by the slurry process in general had
very high product yields, ranging from 947 to 97%. The chemical compositions
of the electrolytes were determined and are listed in Table 1.10. The
compositions agreed well with the corresponding target compositions listed

in Table 1.9.

The prepared electrolyte materials were first hot-pressed into thermal
expansion tiles of 0.7-inch in diameter x 0.2-inch thick for the dilatometer
thermal cycling test. If no slumping occurred during the two cycling tests
between room temperature and 650°C, the materials were used to fabricate
tiles 1 inch in diameter x 0.07-inch thick for evaluating the lab-scale cell
performance of the new electrolytes. The pressing conditions and resulting
tile densities for the five different electrolytes are listed in Table 1.12.
They all passed the dilatometer thermal cycling test. The test results are
shown in Figures 1.16 through 1.20. The LiAl0; size and shape were observed

by SEM, as shown in Figures 1.21 through 1.25.

Two additional alternative electrolyte compositions were prepared by a
two-step firing process. However, both of them failed the thermal cycling
screening test. After slurry preparation by the potassium-free process, they

were fired as follows —

Electrolyte AD55-LN~1B AD56-T-1B

1st firing
Prior addition - K,CO 5
°C — hour 600°C — 22 hrs 600°C — 22 hrs
2nd firing
Prior addition Na,CO3 Na ,CO 4
°C — hour 600°C — 10 hrs 600°C — 10 hrs
1-531
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Table 1.12, A SUMMARY OF PRESS CONDITION AND TILE DENSITY FOR SIX ELECTROLYTES

Tile . "
Electrolytes No. Type
AD55-2D 2832 TE
2882 3 cm?
AD55-50-2 2897 TE
2894 3 em?
AD55-50-1 2855 TE
2858 3 cm?
AD55~LN 2851 TE
2862 3 cm?2
AD56T-3 2898 TE
2888 3 cm?
AD56T-1 2842 TE
2889 3 cem?

*
TE: thermal expansion tiles of
tiles of l-inch~diameter

3cm?:

Pressing Conditions

Density, g/ml

Dimensions, inch

U

C

480
475

490
490

475
475

480
480

387
387

396
390

psi

3550

3550

3550
3550

3550
3550

3550
3550

3550
3550

3550
3550

Observed Estimated

Diameter Thickness

2.382
2.385

2.349
2.362

2.328
2.348

2.392
2.322

2.325
2.349

2.241
2.338

0.7-inch~-diameter x 0.2-inch thick

x 0.07 inch-thick having 2 layers of Kanthal A-1 20-mesh screens

2

2.
2.26

NN

.35
2.

35

26

.24
.24

.28
.28

.29
.29

.28
.28

.6981
.9952

.6982
.9962

.6984
.9991

.6993
.9989

.70
.9935

.6999
.9970

.1822
.0694

.1871
.0697

.1864
.069

.1873
.0708

.1755
.0692

.1975
.0716

6L/Y
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Figure 1.16. RESULTS OF THERMAL CYCLING TEST
OF TILE NO. 2897 PRESSED FROM AD55-50-2A
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Figure 1.17. RESULTS OF THERMAL CYCLING TEST
OF TILE NO. 2855 PRESSED FROM AD55-50-1A
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Figure 1.18. RESULTS OF THERMAL CYCLING TEST
OF TILE NO. 2851 PRESSED FROM AD55-LN-1A
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Figure 1.19. RESULTS OF THERMAL CYCLING TEST
OF TILE NO. 2898 PRESSED FROM AD56T-3A
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Figure 1.20. RESULTS OF THERMAL CYCLING TEST
OF TILE NO. 2842 PRESSED FROM AD56T-2A
(SAME AS AD56T-1A)
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Figure 1.21. SEM MICROGRAPH OF LiAl0, WASHED FROM
ELECTROLYTE AD55-50-2A (20,000 X)
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Figure 1.22. SEM MICROGRAPH OF LiAl0, WASHED FROM
ELECTROLYTE AD55-50-1A (20,000 X)
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Figure 1.23., SEM MICROGRAPH OF LiAl0, WASHED FROM
ELECTROLYTE AD55~LN-1A (20,000 X)
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Figure 1.24., SEM MICROGRAPH OF LiAl0, WASHED FROM
ELECTROLYTE AD56-T3A (20,000 X)
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Figure 1.25. SEM MICROGRAPH OF LiAl0Op PARTICULES
WASHED FROM ELECTROLYTE AD56-T2A (6000X)
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[
The test results of the two-stage fired materials were compared with those
for one-stage firing in Table 1.13. The phase assemblages were almost
identical for the two different firing stages. However, the surface areas
of the two-stage fired materials were lower than those after one-stage
firing (9 versus 13.7 m?/g for AD55LN-1B and -1A, and 10.2 versus 10.5 m?/g
for AD56T-1B and ~1A). The two materials prepared by two-stage firing were
not tested in 3-cm? laboratory cells because of failure during the thermal
cycling test. However, in view of the following considerations, it may be
worthwhile to proceed with the evaluation of these two materials.
a. Their counterparts of one-stage fired materials had excellent cell

performance (914 mV at 160 mA/cm? for AD56T-1A and 879 mV for AD55-LN-1A)

compared with the goal performance of 840 mV at 160 mA/cm? for high-Btu
(reformed methane) fuel.

b. Their phase assemblage and the surface area were similar to those of
their counterparts. The evaluation of the two electrolytes by 3-cm?
cell tests should provide insight into the following questions:

(a) Will Kanthal screens be strong enough to prevent the cracking

during thermal cycling? (b) What are the important factors, for

example, phase assemblage, crystal morphology, surface area, etc.,

controlling the cell performance and correlation with thermal cycling

performance?

Laboratory-scale (3~cm2) cells were assembled and tested in order to
evaluate the performance difference of the five new electrolytes. The cells

were tested under the operating conditions shown below —

Operating temperature: 650°C

Fuel: High-Btu of equilibrium composition 60% H,, 7.4% CO,, 10% CO, and
22.67% Hy0

Oxidant: 68% air, 29.2% CO,, and 2.87% Hy0
Utilizations: 7.5% fuel, 15% oxidant (based on 200 mA/cm?)
Anode: Co + 10% Cr

Cathode: NiO (oxidized in situ from porous Ni)

The cell performance goal under these conditions was a cell potential of
840 mV at 160 mA/cm?. The test results were listed earlier in Table 1.10.
Three of the five new electrolytes had cell potentials of 914, 905, and
879 mV, each of which exceeded the goal potential of 840 mV at 160 mA/cm?,
while the remaining two electrolytes had much lower performances (660 and

675 mV). The two poorly performing electrolytes had phase assemblages
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Table 1.13. COMPARISON OF 0NE—_(6OOOC - 22 HRS) VERSUS TWO-STAGE (6OOOC - 22 + 10 HRS)

Starting Material, wt %
Al,03
LiOH

Slurry Mixing

Slurry Drying
Weight Ratio

Dry Slurry + CO,
Weight Ratio

Firing
% Yield Product

Composition, wt/mol %
LigCO 3
KsCoj
N32C03
LiAl0,

Washed LiAlO,
Surface Area, m?/g
Density, g/cm?

a/Bly

Behavior During Dilatometer
Screening Test

FIRING OF ELECTROLYTE MATERIALS

AD55-LN-1A AD55-LN-1B AD56T-1A AD56T-1B
52.2 52.2 51.8 51.8
47.8 47.8 48.2 48.2
25°C - 1 hr 25°C - 1 hr 25°C - 1 hr 25°C - 1 hr
155°C - 66 hrs 155°C - 66 hrs 155°C - 20 hrs 155°C - 20 hrs
1.03 1.03 1.0 1.0
(o] [o] e} o
25°C - 16 + 24 hrs 25°C - 20 hrs 25°C - 20 hrs  25°C - 20 hrs
1.25 1.26 1.21 1.22
600°C - 22 hrs 600°C - 22 + 10 hrs 600°C - 22 hrs 600°C - 22 + 10 hrs
96.1 96.3 97.1 94.5
25/52.2 22.8/49.5 26/56.8 25/56.7
— - 10.2/12.0 9.9/12.0
32.9/47.8 33.3/50.5 20/5/31.2 10.8/31.3
42 .1/ 43,9/ - 43,3/ - 45.3/—-
13.7 9.0 10.5 10.2
2.66 2.66 2.66 2.66
7/80/3 7/81/12 8/90/2 8/89/3
Little yield Slumped Little yield Slumped

Upon melting

Upon melting

Upon melting

Upon melting

6L/%
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similar to those showing high performance (a/B/y composition was 4/96/0 versus
3/94/3, 7/90/3, and 8/90/2). However, the former were dried at 130° to 135°C
for 64 to 68 hours, while the latter were dried at 155°C for 20 to 66 hours.
As expected on the basis of drying conditions, the two inferior electrolytes
had higher surface areas (18.5 and 17.5 versus 10.1, 13.7, and 10.5 m?/g) and
smaller particle sizes. (See Figures 1.21 through 1.25.) Whether the differ-
ence in cell performance between the two groups of electrolytes is due to
carbonate compositional differences, differences in LiAlO, properties
resulting from different drying temperatures, or other factors, it should

be investigated. A correlation between cell performance and carbonate
composition is outlined in the phase diagram for the Li,C03/Na,CO3 system

in Figure 1.26. A compositional range of interest is indicated in this

figure.

1.1.2.14. Fabrication of Electrolyte Tiles

The normal tile pressing conditions established during this program were
475° to 485°C temperature and 3550 psi pressure. The H-21 steel tool mold
was heated in the hot press to the desired temperature; this took about 3
hours. Then the heater control was carefully adjusted so that the temperature
fluctuation during the next hour was within + 1°C. The pressure was then
applied in four equal increments for 5 minutes at each pressure. At the end
of the pressing period, the pressure was released and the mold was allowed to
cool in the press furnace. The tile density thus obtained was usually |
greater than 957% of theoretical, which is suitable for cell testing. If the
tile density was lower than 95%, increasing the pressing temperature up to
485°C generally resulted in improved tile density. When tiles pressed at
485°C still produced low densities, the pressure was increased to above
3550 psi; this is because the pressing temperature is limited by the melting

point of the electrolyte.

1.1.2.15. Pot Test of Tiles

Electrolyte tile stability was investigated in a simulated anode
environment to study the nature and extent of LiAlO; transformations and
thus obtain a better understanding of LiAlO, instabilities in fuel cells.
The results will also serve as a guide in determining the LiAl0, character-

istics needed for optimum fuel cell performance and endurance. Each test
1-65
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Figure 1.26. COMPOSITIONS OF INTEREST IN THE Li2C03—NaZC93—K2C03
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N02C03

A79041032

6L/%

12019



4/79 61021

specimen consisted of an electrolyte tile coupled with a porous anode sand-
wiched between two stainless steel perforated sheets as supports. The sand-
wich was held together with stainless steel clips. The electrolyte tiles
were pressed from six different electrolyte batches, and the electrodes were
sampled from six different materials described in Subtask 1.1.1. The test
specimens were placed on porous alumina supports inside a three-zone Lindberg
tube furnace and maintained under a constantly flowing stream of anode gas at

650°C. Two samples of each tile/anode couple were tested.

The test was started with a low-Btu fuel gas mixture (21.17 Hy, 9.2% CO,,
17.8% CO, 5.67% Hp0, balance N at equilibrium), but was changed to a high-Btu
mixture (60.0% H,, 7.4% COp, 10% CO, and 22.67% H,0) after ~100 hours because
of a gas flow blockage attributed to carbon deposition from the low-Btu
mixture. After 250 hours of testing, the furnace was shut off and allowed
to cool. One sample from each tile/anode couple was taken for analysis. The
remaining samples were tested for an additional 750 hours (total exposure =

1000 hours) and then analyzed.

The anodes separated cleanly from the electrolyte tiles after the test.
After separation from the electrodes, the electrolyte tiles were measured to
determine the changes in weight and dimensions. A small piece of tile,
approximately 0.5 gram, was saved from each sample for analysis of electrolyte
composition, and the remainder was washed with 70% acetic acid/30% acetic
anhydride solution to obtain the LiAlO, particles. The LiAl0, was analyzed
for phase composition, surface area, and microstructure. The results of
these various analyses of the tile materials are pfesented in Table 1.14.
Physically the tiles did not deform or lose weight appreciably, except for
tile AD55-2B, which was tested for 1000 hours. This tile was badly cracked
and had lost 187% of its original weight. These observations probably
indicate poor carbonate-retaining properties of o0-~-LiAl0,, as the tile con-

tained 887 a — the highest among all the tiles tested.

The chemical composition of the electrolyte tiles remained essentially
unchanged after 250 hours; this was expected because of small changes in tile
weights. The analyzed compositions after 1000 hours of testing are not yet
available, but should provide information regarding any preferential loss of

one alkali component over the other under simulated anode conditions.

1-67
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The electrolyte tiles that did not contain any Kanthal A-1 reinforcement
were analyzed for metallic elements contained in the coupling anodes to obtain
indications of anode/electrolyte interactions. The results of the 250~hour
tests are shown in Table 1.15. The levels of Co and Ni, as analyzed by
atomic absorption spectroscopy, were fairly low, while Cr levels were sig-
nificantly higher. More detailed analyses of the carbonate and aluminate
components are desirable to isolate and understand the possible effects of

such chemical interactions on LiAl0, stability.
Changes in LiAlO, phase composition indicated the following:
a. Transformation to and from the y-phase is insignificant under the

described environment.

b. When the a-phase is initially present in small percentages (<5%), the
B to o transformation is much slower, as observed for AD55-6A and
AD55-50-1A tiles, than when initial a contents are higher.

c. Not enough data are available to assess the effect of carbonate
composition on the rate of the B to o transformation.
The following observations were made from the LiAl0, stability data
shown in Table 1.14 —
] In all the tile materials studied, there was a tendency to form a-phase
LiAl0; at the expense of B-phase.

e When the o-phase was initially present in small concentrations (<5%), the
B to a transformation was much slower than for higher initial o contents.

] All materials showed a decrease in LiAl0, surface area as a result of
high-temperature exposure to the simulated fuel environment.

. Not enough data are available to assess the effect of carbonate composi-
tion on the rate of the 8 to o transformation.

e Transformation from 8- to y-LiAl0, was insignificant under the test
conditions studied.

. The greatest stability with respect to o formation and surface area loss
was exhibited by electrolyte AD55-6A, which was originally 100% B of
rod-like morphology.

These results will be compared with LiAl0, stability data currently
being obtained on materials extracted from cells operated for as long as
3000 hours under this program to obtain a better understanding of the mechanism

and kinetics of LiAl0, transformations under actual operating conditions.
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Table 1.14.

LiAlO2 STABILITY RESULTS FOR VARIOUS TILE/ANODE COUPLES
TESTED UNDER SIMULATED ANODE ENVIRONMENT

Coupling Test Electrolyte Composition 11410, LiAl0:
Anode Period, Percent Change in Tile - Li,C03:K2C03 Composition, Surface Mean Pore
Electrolyte Material Hours Weight Diameter Thickness Density LiAl0; Li,C0, K2C03 Molar Ratio o/BlY Area, mz/gr Size, L
AD55-2B Ni 0 o] 0 0 0 45.0 26.2 28.8 1.71 75/25/0 12.2
(480-31-42) 250 - 3.5 -0.1 + 2.9 - 6.4 43.4 25.6 30.9 1.55 80/20/0 7.0 0.40
1000 -18.0 -0.2 +11.5 -27.2 88/12/0 5.5
AD55-2D Ni+10% Ni Cr 0 0 0 0 0 44.1 26.7 29.2 1.71 29/70/1 24.7 0.19
(416-71-4) 250 - 3.9 +0.1 6.8 - 5.3 43.6 26.9 29.4 1.71 65/32/3 12.9 0.28
1000 - 9.7 0 - 1.8 - 8.5 60/37/3 9.7
AD55-6A CO+10% WC 0 0 0 0 0 45.7 25.5 28.8 1.66 0/100/0 15.8 0.18
(416-66-1) 250 - 1.9 -0.2 3.4 - 5.1 47.1 25.5 27.4 1.74 3/97/0 11.8 0.21
1000 - 8.8 -0.2 - 1.8 -7.1 2/98/0 9.7
AD55-12A Cotl0% Ni Ca 0 0 0 0 0 48.9 19.0 32. 1.11 27/59/14 13.4
(416-66-3) 250 - 2.9 +0.2 + 4.1 - 7.5 47.5 21.3 31.1 1.277 43/40/17 8.1
1000 - 8.5 -0.4 + 2.7 -10.9 69/19/12 5.0
*
AD55-LN-1A Co+l10% Cr 0 0 0 0 0 42.1 25.0 32.9, 1.09, 7/90/3 12.7
(416-66-6) 250 - 4,2 -0.2 - 0.7 - 4.7 46.3 23.0 30.7 1.07 22/77/1 8.4 0.30
1000 -10.8 -0.3 + 9.7 -25.4 67/33/0 3.5
AD55~-50-1A co [¢] 0 0 0 0 48.5 32.8 18.7 3.27 3/94/3 10.1 0.35
(480-31-62) 250 - 1.5 +0.6 + 9.5 -12.3 50.0 31.4 18.7 3.15 9/89/2 7.1
1000 - 5.8 0 + 3.1 - 9.0 26/71/3 4.1

*
NaCO; substituted for K,COj
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Chemical Analysis

% Cx %z Ni
- 0.066
0.133 0.017
0.198 0.022
0.010 -

Table 1.15. ANALYSIS OF ANODE METALLIC ELEMENTS IN ELECTROLYTE TILES
AFTER 250 HOURS OF TESTING

Electrolyte

Tile Coupling Anode % Co
AD55~2B Ni (480-31-42) -
AD55-2D Ni + 10% Ni Cr (416-71-4) -
AD55-6A Co + 107% WC (416-66-1) <0.036
AD55-12A Co + 10% Ni Cr (416-66-3) <0.036
AD55-LN~1A Co + 10% Cr (416-66-6) 0.025
AD55-50~1A Co (480-31-62) <0.036
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1.2. Cost-Effective Electrolyte Tiles

As the development of the molten-carbonate fuel cell system proceeds into
the demonstration and commercialization stages, large quantities of electrolyte
tiles will be required. A 5-MW demonstration system operating at an ECAS-

projectedlO power density level of 127 W/ft? will require 39,370 ft? of +

Vi

e

Similarly, each 100 MW of installed fuel cell plant capacity corresponds to
over 785,000 ft?2 of tile requirement. Thus, if the molten-carbonate fuel cell
system is to have a significant impact on electrical power production, then a
tile fabrication process capable of mass-production of high-quality tiles

at a icw cost clearly must be developed.

The fabrication processes used in the conventional powder metallurgy,
ceramics, glass, and plastics industries were evaluated for their potential
ability to form the composite alkali carbonate/lithium aluminate tile into
thin, high-density (>95% of theoretical) shapes with relatively small toler-
ances. Although systems studies currently being performed may identify other
suitable configurations, most attention was given to the fabrication of thin
(~0.05 to 0.07 inch in thickness), square or rectangular tiles with cross-
sectional areas of 2 to 4 ft?. A rather tight tolerance will have to be
maintained on the thickness and parallelism of such tiles to minimize
potential problems associated with gas leakage through wet seals and to
maintain geometric compatibility at gas manifolds, etc., when many cells are
assembled into a package. Incorporating reinforcement structures and

openings for gas transfer are also being considered.

The processes evaluated can be divided into two classes of operations:
a) cold forming and b) hot forming. The cold-forming class of operations
can be further subdivided into those operations requiring the application of
a load to form the '"green" body and those, such as slip casting, requiring no
pressure or a nominally low pressure. A list of the processes considered is

given in Table 1.16.

It is apparent that a number of related problem areas need to be

addressed when choosing processes for experimental testing, such as —

e Can "green" tile bodies be fired to the required density after a cold-
forming operation without warping, cracking, or blistering?

e Binders and plasticizers used in conjunction with cold forming need to be
compatible with LiAlO, and the carbonate in a nonaqueous solvent.
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Table 1.16. MASS-PRODUCTION PROCESSES UNDER EVALUATION
FOR FABRICATION OF ELECTROLYTE TILES

Cold Forming

Pressure Pressureless Hot Forming
Die Pressing Slip Casting Hot Pressing
Anvil Pressing Tape Casting Hot Extrusion
Isostatic Pressing Hot Rolling
Extrusion Hot Stamping
Roll Compaction Fusion Casting

Injection Molding

® Tor hot-forming processes, the rheological behavior, or plastic deformation
response, of the tile to the temperature/pressure conditions needs to be
experimentally determined.

e In any mass-production process involving processing of a powder, the flow
of the powder from storage hoppers into the forming cavity must be reliably
maintained. Spray-drying of powders with binders to form spherical agglom-
erates of fine particles is widely used in the conventional ceramics indus-
try to provide the necessary powder flowability. An adequate nonaqueous
spray drying process will probably have to be identified for the electrolyte
powder.

e Consideration needs to be given to the use of reinforcement within the
tile body and to the incorporation of gas-transfer holes.

e The overall impact of using low-cost raw materials on tile processing and
quality must be evaluated.

After preliminary evaluation of the above processing considerations,
contacts were made with production or research and development groups of
five major companics involved in the high-volume production of technical
ceramics and glasses. Based on its experience and expertise in fabricating
a wide range of high-quality technical ceramic products, Coors Porcelain Co.,
Golden, Colorado was selected to identify and perform experimental feasibility
studies on potential cost-effective tile fabrication processes, under sub-
contract to IGT. The following section summarizes the tile fabrication
studies performed by Coors Porcelain. Cell test evaluation results of tiles
provided by Coors to IGT are presented in Section 2.1.1. Cell performance
levels attained with tiles fabricated by the simulated roll compaction/warm
laminate/hot stamping process were comparable with those from conventionally

hot-pressed tiles, confirming the potential of this process.

1-72

I' NS Tt TUTE O F G A S TECHNOLUOGY



4/79 61021

‘ 1.2.1. Summary of Tile Fabrication Studies Performed by Coors
Porcelain Co.

The objective of this project was to investigate potential ceramic
fabrication processes applicable to cost-effective mass production of molten
carbonate fuel cell electrolyte tiles and to provide samples of tiles fov

evaluation.

The most feasible fabrication method at this stage of the development
seems to be a three-stage process. First, the electrolyte powder is formed
into a thin sheet by roll compaction, (Tape casting or sheet extrusion and
calendering are also possibilities.) Next, warm lamination is used to
incorporate Kanthal reinforcement screens between electrolyte sheets. Finally.
the laminates are hot-stamped to achieve final densification and to cut the

tiles to size.

Roll compaction, tape casting, sheet extrusion, and calendering were
selected over iso-pressing, dry pressing, and slip casting because they are
the most cost-effective methods of producing large thin sheets. Also, the
resulting sheets are flexible and, consequently, are easy to handle and more

amenable to lamination.

Of the three methods, roll compaction appears to be the most favorable
as it is faster than tape casting and less complicated than sheet extrusion

and calendering.

The scope of the project was, therefore, to examine the electrolyte
powder and its response to various preparation and fabrication techniques.
These results will provide the necessary insight into the viability of the

conceptual "roll compaction/warm laminate/hot stamp" process.

The project was divided into the following areas: electrolyte powder
characterization, the response of the powder to dry ball-milling, and the

cold- and hot-pressing characteristics of milled and unmilled powders.

1.2.1.1. Characterization

The material used for this project was DOE electrolyte powder from Lot
No. AD55-2D. The powder was characterized using scanning electron microscopy,

thermal gravimetric analysis (TGA) and B.E.T. gas adsorption.
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SEM photographs show that the as-received powder consists of agglomerates ‘
ranging from a few microns to 250 microns, (See Figure 1.27.) Other than size,
the particles all have a similar appearance; LiAlO, particles cannot be
differentiated from carbonate particles. An energy dispersive X-ray (EDAX)
on several particles showed them all to contain potassium, lithium, and
aluminum cations; it appears that the agglomerates are composed of both

LiA10, and carbonate particles.

A particle-size distribution was obtained by measuring the agglomerates
shown in Figure 1.27. The results are listed in Table 1.17. The range of
particle sizes observed (28% smaller than 10 microns and 5% larger than 100
microns) is usually not conducive to forming compacts with a homogenous

microstructure.

Table 1.17. PARTICLE SIZE DISTRIBUTION FOR AS-RECEIVED AND MILLED POWDERS

4-Hour 6.5-Hour

As-received Milled Milled

Size Range, Powder Powder Powder

Distribution, 7

0-10 28% 53% 807%
10-30 267% 39% 14%
30-50 267% 7% 5%
50-100 15% 1% 17
100-200 47 0 0

>200 1%

A TGA was run up to 1000°C, with a heating rate of 5°C/minute. The
sample began to lose weight gradually at 150°C. The weight loss was then
linear up to 850°C, where the total weight loss was 4%. Between 850° and
1000°C, the sample lost weight rapidly; an additional 22% was lost for a
total weight loss of 267%. These results indicate that the sample did not
contain a significant amount of water, and that only one species was respon-
sible for the observed weight loss. This species is probably the carbonate
salts; it appears that they evaporate slowly up to 850°C, at which point

they begin to vaporize rapidly.

The surface area was measured by B.E.T. gas adsorption to be 1.4 m?/gram.

This is significantly smaller than the 19.6 m?/gram surface area of the ‘
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Figure 1.27. SEM PHOTOGRAPH OF AD55-2D
AS-RECEIVED POWDER (100 X)
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washed LiAl0; particles measured at IGT. These results, combined with the
EDAX data, indicate that the agglomerates are made of high surface area LiAl0,

particles bound together by carbonate salts.

In conclusion, the most striking feature of the as-received AD55-2D
powder is the presence of large agglomerates. How they react under an applied
pressure could have a profound effect on the powder compact's '"green" density.
If the agglomerates do not break down, it could result in large pores and/or
low density regions that would decrease the compact's overall density. Thus,
the powder was subjected to various milling conditions in an attempt to
break up these agglomerates and observe the effect on the powder's compaction

characteristics.

1.2.1.2. Dry Ball-Milling Tests

The as-received powder was milled in a high-alumina ball-mill (6-in.-1ID)
charged with a high-alumina medium (0.4-in. diameter) to a powder ratio of

6:1. All milling runs were made at 90 rpm.

When milled, the as-received powder stuck excessively to the sides of
the mill and the medium. This reduced the milling action and made testing
laborious, so a combination grinding aid and lubricant was added. This

successfully solved the caking problem.

Powder samples (containing the grinding aid) were milled for runs of 2,
4, 6.5, and 66 hours. SEM photos of the 4 and 66-hour milled powders are
shown in Figures 1.28 and 1.29, respectively. It is evident that the ball-
milling was effective in breaking down the agglomerates. For example, the
largest agglomerates for the 66-hour powder were approximately 30 microns
compared with 250 microns for the as-received powder. The particle size
distributions for the as-received, 4 and 6.5-hour milled powders are listed

in Table 1.17.

1.2.1.3. Cold Pressing Tests

The compaction response of the as-received and milled powder was
examined using a characterization technique described by Niesz.ll Pressure-
density data for the as-received and 6.5-hour milled powders was obtained
from 5 to 60,000 psi. This data was used to make a plot of percent-theoretical-

density versus logarithm of pressure (see Figure 1.30).
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SEM PHOTOGRAPH OF 4-HOUR MILLED POWDER (120 X)

Figure 1.28.

1-77

TECHNOLOGY

S

N ST I TUTE



4/79 61021

Figure 1.29. SEM PHOTOGRAPH OF 66-HOUR MILLED POWDER (120 X)
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Figure 1.30. COMPACTION RESPONSE OF MILLED AND AS-RECEIVED POWDERS
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Such plots are useful because they usually contain several linear regions
which are each controlled by different compaction mechanisms. The inter-
sections of the linear regions can be used to evaluate the strength of the

powders being compacted.

Figure 1.30 shows that each plot has two linear regions. Looking at
the low—pressufe regions, it can be seen that the tap density (where log psi
equals 0) for the 6.5-hour milled powder is higher than that of the
as-received powder. The lower density for the as-received powder is probably
the result of large porous agglomerates, such as the ones shown in Figure
1.27. Milling the powder breaks down these porous agglomerates and enables
the powder to pack with fewer inhomogeneities; both of these effects result

in higher densities.

When the pressure is applied initially, compaction is achieved by
particle sliding and rearrangement. Thus, compaction in the low-pressure
region is controlled by particle-particle friction. The slope in this region
is steeper for the as-received powder compacts because their coarser pore
structure alldws more particle rearrangement before the available interstices

are filled and the agglomerates impinge on one another.

The §.5-hour milled powder compact densities did not increase signifi-
cantly until the applied pressure was great enough to break up or crush the
agglomerates. This induced more particle rearrangement, which is controlled
by the strength of the agglomerates. This compaction mechanism is evidenced

by the high-pressure linear regions in Figure 1.30.

The intersection of the high- and low-pressure regions correlated with
the strength of the agglomerates. The intersection for the 6.5-hour milled
powder, 225 psi, is lower than for the as-received powder, 1800 psi, so
milling the powder reduces the strength of the agglomerates as well as their
size. This enables the milled powder to be compacted to higher densities

over the entire range of the pressures examined.

These tests provided encouraging results. They showed that ball milling
enables the DOE powder to be pressed to over 80% of its theoretical demnsity

(2.0 grams/cc) at pressures comparable to those exerted during roll compaction.
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1.2.1.4. Hot-Pressing Tests

All hot-press tests were made using the tooling shown in Figure 1.31.
The die is made out of TZM molybdenum, and the spacers and punch are made out
of Poco graphite. The die cavity is 1.019 inches in diameter. The tooling
was heated using an induction furnace, and the parts were pressed In an air

atmosphere.

Initial tests showed that the standard hot-pressing schedule used at
IGT to make electrolyte tiles can be streamlined considerably. The standard
schedule calls for as-received powder (precompacted only by the weight of
the pressing apparatus) to be heated to 485°C and pressed for 5-minute
intervals at 1100, 2200, and 3550 psi. It was found that parts can be presscd
to an acceptable density (95% of theoretical) at 485°C by applying a load of
750 psi for an instant (the time it takes to release the hydraulic fluid
from the ram, which is approximately 2 seconds). Following this schedule,

parts were pressed to 96% of theoretical density (2.34 grams/cc).

The microstructure for such a part is shown in Figure 1.32., Porosity is
observed in both the partially densified agglomerates and in the interstices
formed by the packed agglomerates. Some areas may also contain free carbonate,

although further microstructural analysis is required to confirm this.

The fact that the schedule could be streamlined to such an extent was
encouraging because it indicates that the hot-stamping stage of the conceptual
fabrication process may be possible. Reducing the pressure to this extent
means the load required to hot-stamp a 4~ft? tile is reduced from 1000 tons

to 220 tons.

Unfortunately, it was not quite as easy to hot-press the 6.5-hour milled
powder to greater than 95% of theoretical density. When the powder (precom-
pacted by approximately 40 psi due to the weight of the apparatus) was heated
and pressed at 1000 psi for an instant, the density was only 2.01 grams/cc.

To reach a density of 2.34 grams/cc, it was necessary to press at 7700 psi.

Subsequently, the 6.5-hour milled material was calcined in air at ~500°C
overnight to assure complete removal of the milling aid. It was found that
this treatment permitted a 2.32 g/cnﬁ tile density to be achieved after
pressing for 1 second at 1000 psi and 485°C. Thus, the higher pressure
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Figure 1.31. HOT PRESS TOOLING (0.8 in. = 1 in.)

1-82

IN‘STITUTE O F G A S T ECHNOLOGYY



4/79 61021

Figure 1.32. POLISHED SECTION OF AS—REgEIVED POWDER
HOT PRESSED AT 750 PSI AND 485 C
DENSITY = 2.34 gm/cc. (200_X)
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required to achieve high density in the initial milling experiments was
associated with incomplete removal of the milling aid rather than agglomerate

size and carbonate redistribution effects.

Figure 1.33 shows the microstructure of a 6.5-hour milled sample with
a density of 2.34 grams/cc. The microstructure is much finer and more
homogenous than that of as-received powder samples with a comparable density.
(See Figure 1.32,) It will be very imstructive to determine how the cell
performances, mechanical strengths, and bubble pressures of the two types of

microstructure compare.

For the next stage of the development progrvam, a fabrication technique
that roughly simulates a roll compaction/warm lawination’t -t stampinz process

was used to make electrolyte tiles.

First, two as-received powder wafers were pressed to 40,000 psi (this
is comparable to the pressure exerted during roll compaction). A disc of
Kanthal screen was placed between the wafers and they were loaded into the

hot press. They then were heated to 485°C and pressed at 1000 psi.

Figure 1.34 shows the microstructure of such a sample. The white oval
in the photograph is the result of light reflecting off of the Kanthal wire.
It can be seen that the wafers knitted together well, and that the Kanthal
wire was well incorporated into the electrolyte. Cold pressing the powder
at 40,000 psi broke up agglomerates, so the LiAlOz'particles are finer than
in the samples pressed below 1800 psi (See Figure 1.32.) The electrolyte
density of this sample 1s 2.35 gréms/cc.

A similar fabrication technique was used to prepare samples with 6.5-hour
milled powder, with the only difference being that the samples were hot-pressed
at 7700 psi. A typical microstructure is shown in Figure 1.35. Again, the
wafers knitted together and the wire was well incorporated into the electrolyte.
The microstructure is fine and homogenous; hopefully, this will increase the
strength and enable such tiles to withstand the fuel cell environment better

than the as-received powder tiles.

The fabrication technique used to make the sample tiles does not simulate
a roll compaction/warm lamination/hot stamping process exactly. A roll

compaction process may produce a different microstructure, and there may be
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Figure 1.33, POLISHED SECTION OF 6.5-HOUR MILLED POWDER
PRESSED AT 7700 FSI
DENSITY - 2.34 gm/cc (200 X)
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Figure 1.34. POLISHED SECTION OF ELECTROLYTE TILE SAMPLE
MADE USING AS-RECEIVED POWDER (200 X)
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Figure 1.35. POLISHED SECTION OF ELECTROLYTE TILE SAMPLE
MADE USING 6.5-HOUR MILLED POWDER (200 X)
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problems with binder burnout. However, the results do indicate that such a

process using hot stamping or hot rolling as the final operation is possible.

1.2.1.5. Summary

AD55-2D electrolyte powder is made of agglomerates ranging from a few
microns to 250 microns. When this powder is cold- and hot-pressed, the
microstructures are coarse and inhomogeneous. Milling the powder breaks down
these agglomerates and enables parts to be pressed with finer and more homoge-

neous microstructures.

The most feasible fabrication method for mass producing electrolyte tiles
seems to be a roll compaction/warm lamination/hot stampingprocess. Initial
tests have been performed that indicate such a process is possible. Scale-up
of such a process, the study of nonaqueous spray-drying operations, the use
of binders and plasticizers, and the study of tile microstructural effects,

etc., should be pursued in the next phase of this work.

1.3. Cell and Component Development. Bench-Scale Cell Testing

1.3.1. Introduction and Summary

The objective of this subtask is to test in bench-scale cells (1 atm

pressure) the components developed under Subtask 1.1, to —

a. Demonstrate their performance capabilities on low-Btu fuel gas

b. 1Identify the physical and chemical changes occurring in cell components

during operation. :

The goals of this subtask were to —

1. Demonstrate the performance of 0.74 volts at 160 mA/cm? on low-Btu fuel

gas and standard oxidant at 75% fuel and 50% CO, utilizations

2. Demonstrate Goal a performance after 1000 hours of operation with 10 ppm

HyS in the low-Btu fuel gas.

During fiscal year (FY) 1978, we operated four bench-scale cells to
evaluate the components that IGT developed for DOE. The results of these cells
show that —

e Bench~scale cells assembled with tiles pressed with electrolyte powders
prepared by the modified aqueous slurry process are capable of yielding
power outputs equal to, or better than, those of cells assembled with
state-of-the-art electrolytes. As with state-of-the-art tiles, pressed

densities greater than 957 of theoretical are,necessary to obtain perform-
ance levels at, or above, 740 mV at 160 mA/cm , with low-Btu fuels.
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e Bench-scale cells assembled with Co + 10% Cr anodes yield power outputs
equal to, or better than, thicse of cells assembled with state-of-the-art
anodes.

e A bench-scale cell assembled with an AD55-2C electrolyte tile (modified
aqueous slurry process) and a Co + 10% Cr anode attained, or surpassed,
the Goal 1 performance level of 740 mV at 160 mA/cm” with 75% fuel and
507 CO2 (oxidant) utilizations for 60 hours, thus demonstrating the
performance capabilities of the components developed during FY 1978.

e A similar cell is presently in operation to demonstrate the performance
capability when the low-Btu fuel gas contains 10 ppm HpS. This cell will
continue to operate during the FY 1979 program.

In addition, some preliminary wet-seal efficiency tests showed that,
early in life, these cells are capable of withstanding a pressure differen-
tial of up to 15-~in. water column across the wet seals, for periods of 1 to
2 hours, without a significant increase in leakage. However, additiomnal
testing is necessary to verify these results and to evaluate the capability
of the tiles to withstand such pressure differentials without increased
reactant crossover (bubble pressure). This testing will be conducted during

the FY 1979 program.

1.3.2. Bench-Scale Cell Tests

Four bench-scale cells (94—cm2 active electrode area) were operated

during FY 1978 to evaluate the electrolyte tiles and electrodes developed
under Subtask 1.1. The first two cells were assembled with state-of-the-art
electrodes to evaluate an electrolyte prepared by the aqueous slurry process
(without the uncertainties that would be introduced when using unproven
electrodes). Once the electrolyte was proven iand its performance capabilities
demonstrated, two other cells were assembled with DOE electrodes and tiles

and their performance demonstrated. Tahles 1.18 through 1.21 list the
components used in these four assemblies and their characteristics. A

description of the performance behavior of these four cells follows.

Cell DOE 78-1

This cell was assembled to evaluate one of the first large tiles (6-5/8
inch-diameter) pressed with electrolyte AD55-2C (56.4% carbonates; a/8/y
LiA10, = 53/47/0). These early tiles were of lower density (~2.0 g/cm3) as
we were experimenting with pressing temperatures and pressures to determine
the optimum conditions to obtain tiles in the 2.3 g/cﬁ3density range. How-
ever, we felt it was necessary to begin bench-scale cell testing, in spite
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Table 1.18. CELL COMPONENT CHARACTERISTICS FOR CELL DOE 78-1

CURRENT COLLECTORS - Anode ® Type 316 Stainless Steel Perforated Plate

@ 3/32-in.-diam holes on staggered
5/32-in. centers

® 47 holes/in.?

e 67% coverage

Cathode e Type 316 Stainless Steel Perforated Plate
e No. 7 straight, 0.057-in.-diam holes
e 144 holes/in.?

e 627 coverage

ELECTROLYTE TILE - Batch: AD55-2C

H.P. No.: 247 at 480°C and 3550 psi (before
cold-pressing

Reinforcement: 2.08 vol % Kanthal

Thickness: 1.969 mm, avg
Weight: 57.6915 grams
Density: 2.019 g/cc{B4.4% of theoretical
density) '
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Table 1.19. CELL COMPONENT CHARACTERISTICS FOR CELL DOE 78-2

CURRENT COLLECTORS - Anode e Type 316 Stainless Steel Perforated Plate

e 3/32-in.-diam holes on.staggered
5/32-in centers

e 47 holes/in.?

e 677% coverage

Cathode e Type 316 Stainless Steel Perforated Plate
e No. 7 straight, 0.057 in.-diam holes
e 144 holes/in.?

® 627 coverage

ELECTROLYTE TILE - Batch: AD55-2C

H.P. No.: 250 at 487°C and 7000 psi (before
cold-pressing)

Reinforcement: 2.07 vol Z Kanthal

Thickness: 1.811 mm, avg

Weight: 57.14 grams

Density: 2.305 g/cc (96% of theoretical
density)
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Table 1.20. CELL COMPONENT CHARACTERISTICS FOR CELL DOE 78-3
Characteristic Anode* Cathode

Manufacturer Gould Inc. Gould Inc.
Material Co + 10% Cr Nickel
Part No. 416-66-5 480-31~29
Mean Pore Size, U 3.2 8.9
80% Pore Spectra, U 1.7 to 5.2 4.5 to 16.5
Pore Spectra Porosity, % 80.1 79.6
Surface Area, mz/g 0.566 0.155
Thickness, mm 0.79 0.53
Weight, grams 13.9 10.5

CURRENT COLLECTORS -

ELECTROLYTE TILE:

*Anode wet-seal protected with aluminized coating,

I'N S T I TUTE

Cathode e

Anode o

Type 316 Stainless Steel
Perforated Plate

e 3/32-in.-diam holes on
staggered 5/32-in centers

® 47 holes/in.?

e 67% coverage

Type 316 Stainless Steel
Perforated Plate

e No. 7 straight, 0.057-in.-diam holes
e 144 holes/in.?

® 627 coverage

Batch:
H.P. No.:

Reinforcement:

Thickness:
Weight:

Density:

1-92

AD55-2C

251, at 492°C and 7000 psi
(before cold-pressing)

2.08 vol 7 Kanthal
1.776 mm, avg
56.0 grams

2.309 g/cc (96.5% of
theoretical density)
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Table 1.21, CELL COMPONENT CHARACTERISTICS FOR CELL DOE 78-4

Characteristic Anode* Cathode
Manufacturer Gould Inc. Gould Inc.
Material Co + 10% Cr Nickel
Part No. 416-66-6 -

Mean Pore Size, M 3.03 9.05

80% Pore Spectra, U 1.69 to 7.61 4.5 to 15.87
Pore Spectra Porosity, % 76.49 76.76
Surface Area, m®/g 0.461 0.139
Thickness, mm 0.79 0.41
Weight, grams 16.81 11.36

CURRENT COLLECTORS - Anode o Type 316 Stainless Steel
Perforated Plate

e 3/32-in.-diam holes on
staggered 5/32-in. centers

e 47 holes/in.?
® 677 coverage
Cathode e Type 316 Stainless Steel
Perforated Plate
e No. 7 straight, 0.057-in.-diam holes
e 144 holes/in.?

e 627 coverage

ELECTROLYTE TILE: Batch: AD55-2D
H.P. No.: 254, at 480°C and 3550 psi
(before cold-pressing)
Reinforcement: 2.06 vol 7 Kanthal
Thickness: 1.875 mm, avg
Weight: 58.25 grams
Density: 2.271 g/cc

*Anode wet-seal protected with aluminum foil.
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of the low-density tiles to obtain preliminary cell performance data with the ‘
new electrolyte. In addition, to ascertain electrolyte performance capabili-
ties without the uncertainties that new, unproven electrodes could introduce,
it was decided that the first few electrolyte tests had to be conducted with

proven, state-of-the-art electrodes.

The components used in the assembly of Cell DOE 78-1 are listed in Table
1.18 The cell operated for 315 hours and was voluntarily terminated after
it demonstrated that, in spite of a lower density tile (2.02 gﬁnf%, electro-
lyte AD55-2C was capable of sustaining a performance just 10 mV lower (at
160 mA/cm?) than state-of-the-art electrolytes when the fuel is the product
gas from steam-reformed naphtha. We expected to match or surpass state-of-the-
art performance with higher density tiles. The performance parameters for
this cell are shown in Figures 1.36 and 1.37. Notice in Figure 1.3 that
the initial rate of performance gain of Cell DOE 78-1 is slow. This is
because of the low density tile: As the carbonate melts and expands, it fills
the void volume of the tile instead of the pores of the electrodes, and as a
result, a longer time is needed for the cell to reach its full performance

potential.

Cell DOE 78-2

This cell was a repeat of Cell DOE 78-1, except that the electrolyte tile
(AD55-2C) was of high density (2.305 g/cm% 96% of theoretical). As expected,
because of the higher density, the initial rate of performance gain was much
faster than that of DOE 78-1: Approximately 100 hours to reach peak power

outpu* versus 250 hours for DOE 78-1.

Cell DOE 78-2 operated for a total of 315 hours, the first 200 hours on
a fuel simulating the product gas from steam-reformed naphtha, and the last
115 hours on a low-Btu, air-blown, coal gasification product (standard oxidant
during the 315 hours). Figure 1.36 presents the cell's performance while
on a steamreformed naphtha fuel, and shows that cells assembled with electro-
lyte AD55-2C are capable, at least during the first 200 to 300 hours, of
sustaining performance levels comparable to those of state-of-the-art cells
(~770 mV at 160 mA/cm?; 75% fuel and 50% CO, utilizations). Figure 1. %7
includes a life-graph of Cell DOE 78-2, which shows that when the fuel was
changed to the low~Btu gas, a significant loss of performance occurred (~100 mV ‘
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at 160 mA/cm?). This performance drop was in excess of that predicted by
Nernst. No change in IR-losses were observed, which indicates that the
losses were due to electrode polarization. As shown in Figure 1.38, the
slope of the constant conversion polarization curve suddenly changes beyond

100 mA/cm?, indicating mass transport limitations (diffusion).

The highest performance on low-Btu fuel was 670 mV at 160 mA/cm?® (75%
fuel and 50% CO, utilizations), which is 70 mV below the FY 1977 level

(and Goal 1). Because of the low power output, the cell was terminated.

Upon disassembly, the tile layer between the anode and the Kanthal
screen by the fuel outlet section of thecell separated, remaining bonded to
the electrode, as shown in Figure 1.38. This indicates either a zone of
high carbonate losses and/or a fault in the as-pressed tile. An area of
anode oxidation was evident (Figure 1.39), possibly corresponding to a
crack in the tile, or to fuel flow maldistribution; the anode side corre-
sponding to the oxidant inlet showed discoloration. A smallﬁarea of the
wet seal was corroded (Figure 1.39) to a serious degree, considering the
short operating time. Qualitatively, we can say that the low cell perform-
ance was associated with the tile problem by the anode outlet and the crack

or flow maldistribution on one side of the cell.

Cell DOE 78-3

Cells DOE 78-1 and 78~2 demonstrated that electrolyte AD55-2C was
capable of sustaining acceptable cell performance with steam-reformed
naphtha fuel. Lab-scale cells (3-cm?) demonstrated that Co + 10% Cr anodes
were stable and capable of high performance. Cell DOE 78-3 was assembled
with these components (see Table 1.20 for specifications) for evaluation in
bench-scale hardware. Figures 136 and 137 show cell performance with steam-
reformed naphtha and low-Btu coal gasification fuels. During the first
285 hours, the cell operated with the Hy~rich fuel, reaching a peak output
of 775 mV at 160 mA/cm? (75% fuel and 50% CO, utilizations). After 285 hours,
the fuel was changed to low-Btu gas. For the next 60 hours, cell performance
fluctuated between 739 and 747 mV at 160 mA/cm? (75% fuel and 50% CO, utiliza-
tions), meeting Goal 1 of this program.(See Figure 1.38 also.) At 360 hours,
cell output on low-Btu fuel suddenly dropped. Reinstating the Hy-rich fuel

proved ineffective; cell performance reached only 735 mV at 160 mA/cm?, 40 mV

1-97
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lower than at 285 hours. The Hp-rich fuel flow was maintained for 300 hours,
but the cell did not recover. At 650 hours of operation, cell performance
dropped to 625 mV at 160 mA/cm?. This sudden drop was accompanied by a
similarly sudden increase in cell IR (3.8 to 5.4 mR2). A cell holding pressure
increase from 15 to 30 psig resulted in a recovery of up to 715 mV at 160
mA/cm?. At 800 hours, the cell was terminated to investigate the reasons for
its performance behavior. During its lifetime, anode and cathode wet-seal

efficiencies were always above 987%.
After disassembly, the following observations and conclusions were made —

a. The drop in performance after the successful 60 hours of operation on
low-Btu fuel (at 360 hours lifetime) was caused by carbon deposition
by the fuel inlet, (See Figure 1.40,)

b. The drop in performance at 650 hours was caused by loss of contact
at the anode/electrolyte interface as a result of carbon build-up.

c. The loss of carbonate from the cell package also contributed, though
to a much lesser extent, to cell decay (See the corners and side of
the assembly of Figure 1.40.)

Cell DOE 78-4

This cell was assembled for the dual purpose of evaluating clectrolyte
AD55-2D (a/B/y LiAl0O, = 29/66/5) and evaluating the effect of H,S (10 ppm on
low-Btu fuel) on cell performance endurance, and components. A Co + 10% Cr
anode, similar to the one in Cell DOE 78-3, was used in the assembly. (See
Table 1.21 for component specifications.) The cell has now operated for
290 hours on a fuel simulating steam-reformed naphtha. 1Its performance at

160 mA/cm?, 75% fuel and 50% CO, utilizations, is shown in Figure 1.36.
This cell will continue to operate during FY 1979. We plan to —

a. Feed a sulfur-free, low-Btu, air-blown coal gasification fuel for
approximately 200 hours

b. Feed a similar fuel, but with approximately 10 ppm HyS to evaluate the
effect on performance

¢. Reinstate the sulfur-free fuel to evaluate performance recovery
d. If possible, operate the cell for ~2000 hours

e. Conduct complete analyses of the terminated cell components to determine
carbonate losses and changes in component characteristiecs.

1-1¢9
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During the operation of Cell DOE 78-3 on low-Btu fuel, carbon deposition
occurred, in spite of the fact that enough steam was present to thermodynami-
cally control carbon formation- by the Boudovard reaction. Consequently, we
will further increase the water content of the low~-Btu fuel, starting with
Cell DOE 78-4, to make certain that carbon formation does not impair cell

component evaluation and endurance testing.
1.3.3. Conclusions

Based on the data generated with the bench-scale cell tests conducted
during FY 1978, we conclude that Goal 1 performance, 740 mV at 160 mA/cm? at
75% fuel (low-Btu coal gasification) and 50% CO, (standard oxidant) utiliza-
tions, can be attained with a cell assembled with electrolyte tiles fabricated
with powders prepared by the modified aqueous slurry process, a Co + 10% Cr
anode, a Ni cathode, and perforated plate current collectors. A tile density
above 957 of theoretical is required to initially obtain a rapid rate of

performance gain to attain peak performance.
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TASK 2. FUEL CELL ELECTROLYTE OPTIMIZATION

2.1. Testing in Laboratory- and Bench-Scale Cells

2.1.1. Laboratory-Scale Testing

Introduction

Laboratory-scale (3 cmz) fuel-cell tests were used to evaluate the
performance of cells assembled with the standard composition tile and electrode
components developed in this program and of tiles with carbonate compositions
other than the standard 62 mole percent Li»CO3/38 mole percent K;CO3 eutectic.
A schematic diagram of a laboratory-scale cell is shown in Figure 2.1. The
tile and electrode studies were carried out at 650°C with fuel compositions
corresponding either to reformed natural gas (607% Hp, 7.4% CO», 10% CO,

22.6% Hy0) or to a simulated low-Btu air-blown coal gasification product
(21.1% Hy, 9.2%C02, 17.7% CO, 5.6% HpO, 1.17% CHy;, bal No), and an oxidant
consisting of 30% CO0»/70% air (humidified at room temperature). The reactant
gas utilizations were 7.5% Hy in the fuel and 15.0% CO, in the oxidant, based
on a 200 mA/cm? current density. Besides cell potential, IR-free anode and
cathode polarizations and IR-losses at 160 mA/cm? are reported with respect
to a 66.7% CO2/33.3% 0, gold reference electrode. Most of the lab-scale
testing was devoted to the testing of tiles and anode structures, although

a limited amount of HpS contamipant testing was also performed. The approach
followed was first to test tiles developed in Subtask 1.1.2 and then cell-test
new anode structures from Subtask 1.1.1 with the most promising tiles. To do
this, tiles fabricated from electrolyte batches that showed promising results
in screening tests were coupled with state-of-the-art electrodes and tested
for performance and stability. Once the performance and stability levels
were known, the new tiles were coupled with the developmental electrodes to
evaluate their performance with the new electrodes, making it possible to
discriminate between a poor performance associated with the electrolyte and

that as a result of poor electrode stability.

2.1.1.1. Laboratory-Scale Cell Testing of Tiles

The first two cells, DOE-Al and DOE-A2, had state-of-the-art electrodes
and electrolyte tiles fabricated from Electrolytes AD55-2A (50 hours at 685°C)
and AD55-2A, respectively. These two electrolytes were prepared by the

2-1
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aqueous slurry process described in Task 1 of this report. The main differ-
ence between the two electrolytes was that the AD55-2A had a significantly
higher surface area: 20.7 m?/g versus 11.0 m?/g for the AD55-2A (50 hours at
685°C).

Cell DOE-Al operated nearly 1200 hours on high-Btu fuel and standard

oxidant. The cell performance at 160 mA/cm?

is shown in Figure 2.2, As seen
in the figure, the cell potential increased from 815 mV to 870 mV during the
-first 300 hours of operation and remained nearly at that level during the
rest of the test period. The performance goal under these conditions (840 mV

at 160 mA/cm?) was thus surpassed by 30 mV with this test.

Cell DOE-A2 operated over 3500 hours with high- and low-Btu fuels. High~
Btu fuel was used up to 1525 hours of op:-ation and low-Btu from 1536 hours
until termination of the test at 3536 hours. As seen in the cell performance
plot of Figure 2.3, DOE-A2 showed 816 mV at 160 mA/ cm? initially and reached
the goal cell potential of 840 mV at 160 mA/cm? after 60 hours of operation
with high-Btu fuel. The cell further improved to 870 mV at 250 hours and
to 875 to 885 mV during the 600 to 1500 hour ﬁeriod. During the 600 to 1500
hour period, this cell performance was 10 to 15 mV better than that of cell

DOE-Al, which contaired the AD55-2A (50 hours 685°C) electrolyte tile.

The fuel in Cell DOE-A2 was changed from high-Btu to low-Btu after 1536
hours of operatioun. Within 1 to 2 hours, the cell potential at 160 mA/cm? had
dropped 50 mV because of higher anode ﬁolarization. The cell was operated for
2000 hours on low-5tu ¥oei vntil its termination at 3536 hours. During cper-

2 decreased grad..ully

ation with low-Btu fuel, ihe ceii puiential at 160 mA/cm
from 835 mV at 1526 hours to 745 wV at 3536 hours. Of the 90 mV loss, we

can discount ~20 mV lost in anode open circuit when the humidity of the low-Btu
fuel was increased (from 5.G7% to 107%) to avoid carbon deposition. Therefore,

a rate of performance loss of ~35 mV/1000 hours was obtained. Most of the

performance loss (~25 mV,/1000 hours) was due to higher IR-losses.

The performance cf thesc cells, DOE-Al and DOE-A2, surpassed the perform~
ance goal at 160 mA/cm? with high-Btu fuel (840 mV) by 30 and 45 mV, respec-
tively. These results demonstrated that acceptable electrolytes can be
prepared by the aqueous slurry process, and that tiles pressed from such

electrolytes will show good cell performance and stability if the electrodes
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and tiles are properly matched and the electrodes are structurally stable (do
not lose surface area, porosity or experience other physiochemical changes). '
' Tiles pressed from electrolyte powders prepared by the aqueous slurry process

were used in the anode stability studies, alternate electrolyte composition

studies, HZS contaminant effect work, and evaluation of cost effective tile
fabrication techniques. Results of these cell-test studies are described in

turn,

Testing of Porous Anode Structures

Acceptable performance and stability of the fuel cell are directly de-
pendent on the stability of its components. Because any major structural
changes of the cell components will affect the performance stability, correl-
ation of cell performance stability with analysis of structural changes can
be used to identify the solve cell performance degradation problems associlated
with component aging effects. One of the components susceptible to instabil-
ities during prolonged high~temperature operations is the porous sintered

anode structure.

In the previous section the performance level and short term stability were
reported for laboratory-scale cells assembled with developmental tiles pressed
from the most promising electrolyte batches, when coupled with state-of-the-
art eiectrodes. Good performance (870 to 885 mV at 160 mA/cmz) and stability
were observed. In this section we present the results of laboratory-scale cell
tests when such developmental tiles are coupled with developmental anode struc-
tures, These cells were, in general, operated for short times (500 to 1000 hours)
but those showing good stability were operated for longer periods (up to
3000 hours). The porous anode structures tested were fabricated from nickel
or cobalt powder, in some cases with 10% sintering inhibitor (nichrome, chrom-
ium or tungsten carbide) as a second-phase dispersion. The cell stability was
studied with both high~ and low-But fuels. The cells operated for this purpose
are listed in Table 2.1.

Cells DOE-1 (100% Ni, 6.0y mps anode) and DOE-2 (100 Ni, 7.9y mps anode)
were assembled with AD55-2A (50 hrs at 685°C) electrolyte and operated on high-
But fuel. The results were presented in the January to March Progress Report.
The cell potential at 16Om.A/cm2 of cell DOE-1 reached only 770 mV after 400
hours of operation and declined thereafter. Cell DOE-2 showed a cell potential
of 840 to 845 mV at 160 mA/cm2 during the first 200 hours of testing, but it ‘

2-6
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was not stable and dropped to 700 mV at 600 hours. The drop in potential

in both cells was associated with an increase in the anode polarizatiom.

Cell DOE-3 (Co-10% NiCr, 3.7u mps anode) achieved the goal performance
of 840 mV at 160 mA/cm? during the first several hundred hours of operation
on high~-Btu fuel, but experienced a gradual decline thereafter. At 720-hours
lifetime, the cell holding force was increased, and the cell potential
increased from 820 to 860 mV. As shown in Figure 2.4, this change in holding
force resulted in a decrease in anode polarization and a slight increase in
cathode polarization. Upon switching to low-Btu fuel at 864 hours, the cell
potential decreased significantly, from 859 mV to 782 mV, as a result of a
large increase in anode polarization. The performance with low-Btu fuel
increased during the following 350 hours, and then decreased during the period
of 1248 to 2040 hours at a rate of 90 mV/1000 hours. In contrast with Cell
DOEA-2, whose performance decline was caused by increased electrode IR losses,
the losses in DOE-3 were associated with a continuing increase in anode
polarization. The IR losses in DOE-3 were fairly constant during the lifetime

of the cell.

Cells DOE-4 and DOE-5 both exceeded the performance goal on high-Btu fuel
at the beginning of life, (See Figures 2.5 and 2.6.) Peak cell potentials of
898 mV and 886 mV at 160 mA/cm? were attained by DOE-4 and DOE-5, respectively,
before switching to low-Btu fuel. Changing from high- to low-Btu fuel resulted
in cell potential losses of 40 mV and 38 mV, respectively, for these two cells,
which were also associated with anode polarization increases. Cells DOE-4
and DOF-5 showed very stable performance on low-Btu fuel with cell potential
loss rates of 20 mV/1000 hours in both cells. These cells operated for 2000
hours (DOE-4) and 3000 hours (DOE-5).

Cell DOE-8 (Co-10% NiCr, 3.7u mps anode, 9.6p mps cathode) was operated
with low-Btu fuel. The maximum cell potential at 160 mA/cm? was only 800 mV
because of somewhat high anode polarization (~90 mV versus ~60 to 70 mV with
the Co-10Cr anodes in DOE-4 and DOE-5). The cell, however, showed very stable
performance, and the cell potential dropped only 20 mV from 800 mV at 144 hours

2-7
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to 780 mV at termination (1824 hours). The rate of cell potential loss at
160 mA/cm2 was 12 mV/1000 hours. Again the loss is related to higher anode

polarization. The cell performance plot is shown in Figure 2.7.

Cell DOE-10 (100% Co, 4.1y mps anode, 9.6p mps cathode), which was oper-
ated only with low-Btu fuel, showed good performance (850 mV at 160 mA/cm?)
up to 70 hours of operation. The cell potential dropped rapidly to 770 mV
after 170 hours and showed very unstable performance therafter. As seen in
Figure 2.8, very large performance fluctuations resulted from a very unstable
anode polarization. Cell DOE-11 (Co-107%Z WC 4.6y mps, 9.6u mps cathode) showed
similar fluctuations in the cell performance from day to day. Again, as
seen in Figure 2.9, a very unstable anode polarization was responsible for

the fluctuations. Cell DOE-11 also was operated only on low-Btu fuel.

Cells DOE-17 (Co-10% NiCr, 3.7y mps anode), DOE-18 (Co-10% WC, 4.6y mps
anode), DOE-19 (Co, 4.1y mps anode), and DOE-22 (Ni-10% NiCr, 7.0u mps anode)
were started with tiles pressed from AD55-2D electrolyte batch and operated
on high-Btu fuel for the purpose of determining the cell performance and
stability with these components. The results are shown in Figure 2.10. In
general, they followed a similar pattern to that of cells with the same
type of anode operated on low-Btu fuel (Cells DOE-8, DOE-10, and DOE-11),
The cells with the Co-107Z NiCr and Ni-10% NiCr anodes (DOE-17 and DOE-22)
showed good initial performance levels (850 and 860 mV at 160 mA/cm?) and a
rate of performance decay of 36 mV/1000 hours and 100 mV/1000 hours, respec-
tively. The cells with the 100% Co (DOE-19) and Co-10% WC (DOE-18) anodes,
showed very erratic performance because of large fluctuations in the anode
polarization, similar to that seen in Cells DOE-10 and DOE-11 with the same
types of anodes. The cathode polarization and the IR losses were generally

stable in all the cells operated for anode studies.

The results of these laboratory-scale cell tests can be summarized as

follows —

a. When developmental tiles were used, a good cell performance (870 to 885 mV
at 160 mA/cm? on high-Btu fuel) was obtained. This performance was
attained by coupling tiles pressed from electrolyte batches prepared by
the aqueous slurry process with electrodes of known good stability
(state-of-the-art). Good cell performance stability up to 3500 hours of
operation (DOE-A type cells) was demonstrated with these developmental
tiles.
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b. When Co-10% Cr anodes were used in conjunction with developmental tiles
of demonstrated good stability, good cell performance (as high as 898 mV
at 160 mA/cm? with high-Btu fuel in DOE-4 and stability up to 3000 hours
in DOE-5) was attained.

c. When Co-10% NiCr or Ni-10% NiCr anodes were used with developmental tiles,
good performance (860 mV at 160 mA/cm? with high-Btu fuel in DOE-22), but
only fair stability, were obtained.

d. When Co, Ni, or Co-10% WC anodes were used, only fair performance and
extremely poor stability were observed. The poor stability was associated
with very rapid increases and fluctuations in the anode polarization.
These results demonstrate the need for stabilizing the anode and the
superiority of chromium over nichrome and tungsten carbide in providing
this stability through retardation of matrix sintering.

2.1.1.%. Testing of Alternative Electrolyte Compositions

Cell testing of alternative electrolyte compositions was carried out after
such electrolytes prepared by the aqueous slurry process showed good properties
in the characterization and screening tests. These alternative electrolyte
studies were performed in cells assembled with electrolytes prepared by the
aqueous slurry process described in Subtask 1.1.2. The cells were assembled
with Co-10% Cr anodes and NiO cathodes and were operated on high-Btu fuel/
standard oxidant for a maximum of 500 hours. In addition to obtaining the
cell performance with electrolytes of various carbonate compositions at 650°C,
the performances with two ternary electrolytes, the eutectic (melting point
397°C) and one ternary off-eutectic (melted completely at 590°C), was also
obtained at 550° and 600°C as shown in Figures 2.11 through 2.19 and Table
2.1.

As seen in Figure 2.11 and as discussed above, the cell potential at
160 mA/cr? of Cells DOE-Al and DOE-A2 was in the upper end of the performance
band of the state-of-the-art cells. When these new developmental tiles with
the 62 Li/38 K baseline composition were tested with the Co-10% Cr anode/NiO
cathode combination, the cell potential at 160 mA/cm?® was 870 to 895 mV
(curves 1 and 2 in Figure 2.12) versus 840 to 875 mV for state-of-the-art
cells (seen in Figure 2.11). The cell potential at 160 mA/cm? was further
improved to 903 mV by using a 75 mole percent Li,CO3/25 mole percent K,CO3
electrolyte and to 912 mV by using a 57 mole percent Li,CO3/31 mole percent
Na;C03/12 mole percent K,CO3 composition. Good performance (883 mV at 160
mA/cm?) was also obtained when a 52 mole percent Li,CO3/48 mole percent NayCOj3
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Table 2.1. LABORATORY-SCALE CELL TESTING OF ANODE STRUCTURES
Type of
Cell Electrolyte Rating of Anode
No. Anode Cathode (Tile) (Performance/Stability)
DOE-1 Ni-6.1u mps Ni-9.6u mps AD55-2A o Fair/poor
(480-31-44) (480-31-27) (50 hr 685 C)
(2755)
DOE-2 Ni-7.9y mps Ni-9,6py mps AD55-2A o Good/poor
(480-31-36) (480-31-27) (50 hr 685°C)
(2756)
DOE-3 Co-10% NiCr Ni-9.6p mps AD55-2A Good/fair
3.7y mps (480-31-27) (2760)
(416-66-3)
DOE-4 Co-10% Cr Ni-9.6y mps AD55~2A Good/good
3.2y mps (480-31-27) (2778)
(416-66-51)
DOE-5 Co-10% Cr Ni-9.6y mps AD55-2A Good/good
3.0y mps (480-31-27) (50 hr 685 C)
(416-86-6) (2783)
DOE-8 Co-10% NiCr  Ni-9.6u mps  AD55-2C Fair/good
3.7u mps (480-31-27) (2821)
(416-66-3)
DOE-10 Co-4.1u mps Ni-9.6u mps AD55-2A Good initially/very
(480-31-62) (480-31-27) (2787) poor
DOE-11 Co-10% WC Ni-9.6u mps AD55-2A Good initially/very
4.6 mps (480-31-27) (2788) poor
(416-66-1)
DOE-17 Co-10% NiCr Ni-9.6p mps AD55-2D Good/fair
3.7y mps (480-31-27) (2871)
(416-66-3)
DOE-18 Co-10% WC Ni-9.6u mps AD55-2D Poor/poor
4.6u mps (480-31-27)  (2876)
(416-66-1)
DOE-19 Co-4.1y mps Ni-9.6p mps AD55-2D Fair/poor
(480-31-62) (480-31-27) (2878)
DOE-22 Ni-10% NiCr Ni-9.6u mps AD55-2D Good/fair
7.01 mps (480-31-27) (2879)
(416-71-4)
2.25
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electrolyte was used, as shown in curve 3 of Figure 2.12. The cell potential
at 160 mA/cm? was extremely low (~670 mV and 680 mV) with a 50 mole percent
Li2C03/50 mole percent K,CO3 and the ternary eutectic (397°C melting point),

respectively.

Figure 2.13 illustrates the variation in the anode and cathode potentials
at 650°C as a function of carbonate composition. In general, with the
exception of curves 5 and 7, which are very steep, the curves of anode poten-
tial are nearly parallel so the anode polarization (at 160 mA/cm?) remains
at 38 + 8 mV. The curves for the cathode poteﬁtial, on the other hand, vary
considerably, and the cathode polarization values range from 36 mV for the
AD56T-2A (ternary off-eutectic) electrolyte to 140 mV for the AD55-LN-1A
(Li/Na) electrolyte (See Table 2.2,) These results indicate that the improve-
ment being observed in the cell potential comes primarily from decreased
cathode polarization. As seen in Table 2.1, the improvement in cell conduc-
tivity also resulted when the AD55-50-1A (75 mole percent Li;CO03/25 mole
percent K,CO3) and the AD55-LN-1A (Li/Na) electrolytes were used. This last
electrolyte, however, showed above average (91 mV at 160 mA/cm?) cathode
polarization. The poor performance of the AD55-50-2A (50 mole percent
Li; C03/50 mole percent K,CO3) and the AD56T-3A (ternary eutectic) electrolytes
was caused by a combination of factors: cathode polarization and poor
cell conductivity, as seen in Table 2.2. One repeat test with the ternary

eutectic electrolyte showed low performance levels similar to the first one.

Although additional data would be desirable, these alternative electrolyte
studies indicate that improved cell performance can be obtained with at least
two, and perhaps three, other types of electrolyte. The AD56T-2A (ternary
off-eutectic) electrolyte showed the best performance, followed by the
AD55-50-1A (75 mole percent L12C03/25 mole percent K2C03) electrolyte. The
AD55-1N-1A (52 mole percent Li,C0;/48 mole percent Na,C0O;) showed the lowest
cell resistance; however, the cathode polarization was greater than average,
and the cell performance was only as good as the performance with the standard
electrolyte. If comparable cathode polarization could be obtained, this
composition would also show a better performance than that with the standard

electrolyte.
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Table 2.2, SUMMARY OF LAB-~-SCALE CELL TEST RESULTS FOR ALTERNATIVE ELECTROLYTE COMPOSITIONS

Electrolyte AD55-2A AD55-2D AD55-LN-1A AD55-50-1A AD55-50-2A  AD56T-2A AD56T-3A
(Code) 1 2 3 4 5 6 7
Final LiAl0, 53/47/0 29/66/5 7/90/3 3/94/3 4/96/0 8/90/2 2/98/0

af/B/y

S.A. (m2/g) 20.2 19.6 13.7 10.1 18.5 10.5 17.5
LiAl0, 45.0 44.1 42.1 48.5 45.6 43.3 43.4
we. ) Li2€03 26.2 26.7 25.0 32.8 18.6 26.0 18.2
* *Y Na,CO4 - - 32.9 - - 20.5 19.7
K,C04 28.8 29.2 - 18.7 35.8 10.2 18.7
[ Li,CO4 63.0 63.1 52.2 76.6 49.2 56.8 43.4
Mol %{ Na,CO, - - 47.8 - - 31.2 32.7
K,CO4 37.0 36.9 - 23.4 50.8 12.0 23.9

Cell Potential 896 870 883 903 ~670 912 ~680

(mv at 160 mA/cm?)

IR-Drop 77 77 57 77 135 72 91
(mV at 160 mA/cm?)

IR-Free Polarization

(mV at 160 mA/cm?2) 1 :
30 IQJ [ﬂ] [éi [___130 c 49] ri3e
Total [Anode ] 106[22 113457 128|357 102 681 250|350, &l3g 276L140}
Cathode
Total Losses 183 190 185 169 ~385 157 ~483

(mV at 160 mA/cm?)

6L/%
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Short term stability data were obtained for two of the alternative
electrolyte compositions, Cell DOE-13 (75 mole percent Li,C0,/25 mole percent
&2C03) and Cell DOE-15 (52 mole percent LiZC03/48 mole percent Na2C03), and
are presented in Figures 2.14 and 2.15. As seen in Figure 2.14, the AD55-50-1A
electrolyte (75 mole percent Li, CO3/25 mole percent K, CO3) showed good
stability up to 456 hours when the test was voluntarily terminated. The
performance of Cell DOE-15 (52 mole percent LipCO;/48 mole percent NayCO3),
shown in Figure 2.15, was still improving when the test was terminated at

386 hours.

Cell performance data were also obtained between 550° and 650°C with the
AD56T~2A off-eutectic ternary electrolyte and the AD56T-3A eutectic ternary
electrolyte. The compositions of these electrolytes are shown in Table 2.1,
and the results appear in Figures 2.16 through 2.19. As illustrated in the
figures, the performance with both ternary electrolytes was extremely poor
at 550°C. The performance of off-eutectic, however, improved very rapidly
with temperature, and at 650°C showed the best performance of all the electro-
lytes tested (912 mV at 160 mA/cm? ). The cell performance with the eutectic
ternary also showed improvement with temperature but remained very poor,
even at 650°C (680 mV at 160 mA/cn? ).

As seen in Figures 2.16 and 2.17, the anode potential curves at 550°, 600°,
and 650°C are approximately parallel for both electrolytes, indicating that the
anode polarization had not been affected much by temperature. The slope of
the cathode potential curves, on the other hand, decreased sharply as the
temperature increased as a result of a rapid decrease in the cathode polari-
zation. The anode and cathode polarizations of the ternary eutectic, however,
remained much higher, even at 650°C. Another factor contributing to the poor
performances observed at 550°C is, as seen in Figure 2.18, the conductivity
of the electrolytes. At 550°C the internal resistance of the cell is much
higher than at 650°C and much larger IR losses are observed. For example,
the IR losses increased from 72 and 91 mV to 130 and 135 mV for the ternary off-
eutectic and eutectic, respectively, when the temperature was lowered from
650 to 550°C.

The changes with temperature of the anode and cathode polarization are

shown in Figure 2.19. The anode polarization is not affected if the
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temperature is 550°C or higher. The cathode polarizations, however, decrease
very rapidly when the temperature is increased from 550° to 650°C. The same
effect of temperature on the anode and cathode polarization was observed with
the standard electrolyte (62 mole percent Li;CO3/38 mole percent K,COj3;

melting point 487°C), as seen in Figure 2.19. Lower solubilities of 0, and

COp at the lower temperature and/or slower reaction kinetics may be responsible

for the observed increases in the cathode polarization.

2.1.1.3. Laboratory-Scale Cell Testing With Sulfur Contaminants

Cell DOE-16 (Co-10% Cr anode, AD55-2D electrolyte, NiO cathode) was
operated on clean and sulfur-containing low-Btu fuel to observe the effects

of the sulfur contaminants on the cell performance, (See Figure 2.20.)

The cell was operated for the first 144 hours with clean high-Btu fuel
to reach a steady performance level. A loss of 30 mV (15 mV anode OCV and
15 mV in anode polarization) occurred when the fuel was switched to sulfur-free
low-Btu fuel. Flow of a low-Btu fuel with 5 to 10 ppm H,S + COS was started
after 190 hours of operation. A loss of 40 mV (10 mV anode OCV and 30 mV
anode polarization) occurred after 24 hours, followed by an additional 20 mV
loss during the next 180 hours of operation with the sulfur-containing fuel.
At the 495-hour mark, the fuel was switched to clean, low-Btu fuel to observe
cell recovery. Within 24 hours, the cell showed essentially complete
recovery by regaining 40 mV at 160 mA/cm? (again 10 mV anode OCV plus 30 mV
anode polarization). No further performance recovery was observed during
the next 80 hours. Flow of the sulfur containing low-Btu fuel was restarted
after 620 hours of operation with similar results, that is, a drop of 10 mV
in anode OCV and 30 mV in anode polarization at 160 mA/cm? had occurred 24
hours after switching fuels. Since then, the cell has operated with the sulfur-
containing fuel. There is no adequate explanation for the 45 mV recovery
observed between 930 to 978 hours. However, a new cylinder of low-Btu fuel
with 10 ppm H,S, with a minor difference in composition introduced after 930
hours of operation, may have been responsible. Gas chromatographic analyses
of the new cylinder were carried out about 100 hours after the new cylinder
was started. The results indicated that 5 to 10 ppm of sulfur compounds
entered the cell from the humidifier and 5 to 10 ppm exited the cell; no
significant loss of sulfur by reaction with the tile or other cell components
was detectable.
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The results from Cell DOE-16 seem to indicate that two different loss mecha-
nisms occur when the cell is operated with the sulfur~containing fuel. The
first loss-of-performance, occurring within 24 hours of switching to the
sulfur-containing fuel, may be related to either changes in the activity of
the ions in the melt that would result in the loss of anode open circuit
and polarization, or to effects of reversible interactions between sulfur
species and the cobalt anodes. These changes were reversible,and the cell
recovered the loss when clean fuel was reintroduced. A second loss-of-
performance, occurring gradually with time, is related to increases in the
anode polarization and IR losses. This loss may have been caused by structural
changes of the anode electrode and corrosion of the anode current collector.
Such changes would cause irreversible losses of performance.

2.1.1.4. Laboratory-Scale Cell Testing of Tiles Fabricated by
Coors Porcelain Co.

Electrolyte tiles fabricated by Coors Porcelain Co. under their cost-ef-
fective manufacturing studies were tested in laboratory-scale cells to compare
their performance with tiles hot-pressed at IGT from the same powder batch
(AD55-2D). The tiles were coupled with Co-10% Cr anodes and NiO cathodes
and tested with a reformed naphtha fuel and standard oxidant (70% air-30% CO,)
at 650°C. This fuel gas was 75% H,/25% CO, humidified at 58°C to yield an
equilibrium composition at 650°C of 51.4% H,, 28.1% H,0, 9.9% CO, and 10.6% CO,.

A summary of as-built data and performance levels of the three cells
operated with Coors tiles is given in Table 2.3. The cells required approxi-
mately 400 hours to reach stable performance levels, which were in the range
of 835 to 865 mV at a current density of 160 mA/cm2. Lifetime performance
plots of the cells through 1000 hours of testing are shown in Figures 2.21
through 2.23. These performances with tiles fabricated by Coors can be
compared with that of Cell DOE-16 (Figure 2.20) which used clean, reformed
methane fuel. Comparative cell polarization curves are shown in Figure 2.24.
Although the performance band for the Coors-fabricated tiles is slightly
lower than that of Cell DOE-16, a significant part of this difference resulted
from the difference in fuel gas compositions used in the two series of tests —
DOE-16 used reformed methane, while the Coors cells operated on reformed
naptha. The slope of the cell polarization curve for Cell C-2 is actually
less than that for Cell DOE-16, namely 1.055 mV/mA/cm2 versus 1.180 mV/mA/cm?.
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Figure 2.21. PERFORMANCE OF CELL C-1 WITH COORS TILE NO. 1
(Reformed Naphtha Fuel)
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Figuvre 2.22. PERFORMANCE CF CELL C-2 WITH COORS TILE NO. 28
(Reformed Naphtha Fuel)
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Figure 2.23. PERFORMANCE OF CELL C-3 WITH COORS TILE NO. 32
(Reformed Naphtha Fuel)
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*
Table 2.3. LABORATORY-SCALE CELLS OPERATED WITH COORS TILES

Cell Performance
Cell Tile Data _at 160 mA/cm?

Cc-1 Tile No. 1 pressed from as-received powder at 835 mV
485°C and 10,000 psi for 5 min.
0.070-in. thick — no Kanthal screen.
Density 2.44 g/cm3.

c-2 Tile No. 28 pressed from as-received powder at 865 mV
485°C and 1000 psi for ~1 sec.
0.048-in. thick — no Kanthal screen.
Density 2.33 g/cm3.

c-3 Tile No. 32. Two wafers cold-pressed at 840 mV
40,000 psi and laminated with 1 Kanthal screen
at 485°C and 1000 psi for 1 sec.
Density 2.28 g/cm3. 0.076-in. thick.

Tested at 650°C with reformed naphtha fuel/standard oxidant.
Co-10% Cr anode/NiO cathode.

The comparable performance between tiles fabricated by Coors' simulated
roll-compaction/warm-laminate/hot-stamp process with conventionally hot-pressed
tiles is very encouraging. Further development of this potentially cost-
effective tile mass production process appears to be warranted by these

results.

2.1.2. Fuel Cell Electrolyte Optimization — Bench-Scale Cell Tests

The objective of this subtask was to demonstrate, in a bench-scale, the
performance capability of a 'mew" electrolyte, other than the 62 mole percent
Li,CO3/38 mole percent K,CO; binary composition, for a period of 2000 hours.
The capability of operation at temperatures below 650°C was one of the

requirements imposed on this new electrolyte.

As previously discussed under Subtask 2.1.1., we identified two 'new'
electrolyte compositions that yielded better cell performance than the Li/K
binary at 650°C. However, when the operating temperature was lowered to
600° and 550°C, laboratory-scale tests showed a significant lowering of cell per-
formance, caused mainly by increased cathode polarization. Consequently, no
bench-scale tests were operated. Instead, additional emphasis was placed on
identifying the mechanism(s) responsible for the increase in cathode polari-

zation with decreasing operating temperatures. Detailed discussions on the
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"new'" electrolytes, their compositions, and performance behavior were included

in Section 2.1.1.

2.2. Development Models to Predict Cell Performance

Summary

A mathematical model has been developed which predicts the performance
of a scaled-up molten-carbonate fuel cell with crossflow of fuel and oxidant
for various inlet gas compositions, gas flow rates, and operating pressures.
The model takes into account the water gas equilibrium of CO and, in pressur-
ized operation, the methane steam-reforming equilibrium. It contains only
a single adjustable parameter, the effective impedance, which may be adjusted
locally or given an average value. For all inlet gas compositions, the perform—
ance at 757 conversion predicted by the model agrees to within 47 with
experimental data if an appropriate average value is assigned to the effective
impedance. The effective cell impedances thus obtained agree fairly well with
estimates based on the limited data available for small-scale cell performance.
Therefore, as more data for differential-conversion cells with various inlet
gas compositions become available, the performance of scaled-up cells may be

predicted with excellent accuracy by means of the current model.

The current distribution predicted by the model is more uniform at high,
average current densities (and the same conversion, 75%); also, it is more
uniform for low-Btu gas than for reformed natural gas (RNG). The performance
of cells in pressurized operation (10 atm) is predicted satisfactorily if the

methanation equilibrium is accounted for.

To obtain estimates of the local concentration and surface (activation)
overpotentials, a simple porous electrode model has been combined with the
cross—-flow model. The results indicate that ohmic potential drop in the

electrode film is not negligible and needs to be included in further work.

Introduction

The objective of this subtask was to develop mathematical models capable
of predicting the current distributions within a molten carbonate fuel cell

as a function of feed gas compositions, gas flow rates, flow geometries, gas

utilizations, and operating pressure.
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The half-cell reactions occurring in this cell are —

Anode: Hy + C03= + COp; + Hp0 + 2e (3)
CO + CO3 > 2C0, + 2e (4)
Cathode: 2e + CO, + 1/20, + CO3 (5)

The CO present in the fuel may react electrochemically as shown in Equation
2, but at the cell operating temperature of 650°C, the water-gas shift
equilibrium —

CO + Hy0 + COp + Hy (6)

is attained more rapidly. Hence, in the various stages of the model develop-
ment, it was assumed that the direct CO-oxidation reaction did not contribute

to the current density.
The model development was carried out in the following stages —

1. Prediction of the current distribution for the crossflow and CO-flow
configurations by a) the use of a fixed impedance value, b) inclusion
of the effect of the water-gas shift reaction, c¢) adjustment of the
impedance value to match experimental data, and d) inclusion of the
effect of higher operating pressures

2. Incorporation of a microscopic, multi-parameter, porous electrode
model for the crossflow configuration.

A detailed account of the work performed is given below.

2.2.1. Basic Crossflow Model

In the initial modeling study, Equations 3 and 5 only were considered.
The shift reaction (Equation 6) was neglected. The model was generated by form-
ulating mass balances on the anode and cathode sides, which resulted in one
equation each for local conversion at the anode and cathode. These two equa-
tions were coupled by the cell potential balance. The potential balance equa-
tion was obtained by combining the Nernst potential (local equilibrium po—‘
tential) and an assumed linear current-overpotential relationship in such a
way that the cell terminal potential was comstant. The detailed derivation

of the equations are presented in Appendix A.

The assumption that current and overpotential are linearly related is
based on measurements in small-scale (3-cm?) cells with 7.5% and 15% oxidant

10 It should be kept in mind that their approximately linear

utilizations.

polarization behavior results from a complex interaction of activation

overpotential, concentration overpotential, and ohmic resistance in the
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electrode pores; it does not necessarily indicate that the electrode is

operating in the linear region of the activation overpotential.

The resulting three equations contain three unknowns: the local current
density, the local cumulative fuel conversion (A = moles of H, consumed/moles
of H, at inlet), and the local cumulative oxidant conversion (i = moles of
CO, consumed/moles of CO, at inlet). They also contain three operational
parameters in dimensionless form; the cell terminal potential, the oxygen-to-

hydrogen stoichiometric ratio at the cell inlet, and the effective impedance.

2.2.1.1. Initial Results for Hydrogen-Rich Fuel

We developed a computer program to solve these three equations. The
inputs to the program are: anode and cathode gas compositions and flow rates,
standard anode and cathode potentials, terminal voltages, length of the anode
and cathode gas channels, number of sections in the x and y directions,
temperature, pressure, and effective impedance. Only the effective impedance
is an adjustable parameter; in the computations reported here, it has been
assigned an average value for the entire cell. Initially, this value was

based on polarization measurements in small-scale fuel cells (3—cn@

electrode
area, 7.5% fuel conversion) using reformed natural gas. Figure 2.25 and 2.26
compare the experimental data (obtained from 100-cm? cells) and the predicted

curves for reformed natural gas and reformed naphtha fuels.

Although the agreement between the prediction and experimental data is
fairly good, the fuel conversion exceeds 757 at most current demsities. This
suggests that the effective cell impedance is underestimated by the initial
value assigned on the basis of small-scale cell polarization data. Conse-
quently, in later computations (Section 3) the cell impedance was varied
until a 75% fuel conversion resulted. However, the effect of including the
water gas equilibrium was first investigated, using the same impedance value

as employed in Figures 2.25 and 2.26.

As an illustration of the data produced by the model calculations, Table
2.4 is a sample printout that shows the current distribution, Nernst losses,
overpotentials, and local anode and cathode conversions across the cell,
which has been divided into 100 subdivisions (a 10 x 10 matrix). (Refer to
Figure A-1 for the directions "across" the cell.) The fuel is reformed

natural gas. For a terminal voltage of 755 mV, the predicted current density
2-39
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880
FUEL : REFORMED NATURAL. GAS
60 % H,, 74 % CO,, 10% CO, 22.6 % H,0)
OXIDANT: STANDARD
860 |— TEMPERATURE: 650°C
PRESSURE : | atm
O EXPERIMENTAL
O PREDICTED (No Shift)
840|— O PREDICTED ( With Shift) 2
EFFECTIVE CELL IMPEDANCE: 1.0 Ohm/cm
OXIDANT RATIO UNLET: 1.6
820
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w
780 |-
760 }—
740 }—
720 | | | | | | ] |
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Z, mA/cm?
A78062024
Figure 2.25. PREDICTED POLARIZATION CURVES FOR REFORMED NATURAL GAS

(With and Without the CO Shift Reaction) COMPARED WITH
EXPERIMENTAL DATA (Cell Impedance is Pre-Assigned)
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using the '"small-scale cell" impedance (1.025 ohm cm?) is 211.39 mA/cm?, as
compared with the experimental value of 200 mA/cm?. Isocurrent-density lines
have been drawn throught the data of Table 2.4, Section A. In the last two
righthand columns of Sections A and B of Table 2.4, the current density
increases from top to bottom. The dependency on current density of both
anode and cathode conversions across the cell matrix at a given overall cell
potential is shown in Figure 2.27. As expected, Table 2.4 shows that the
separate Nernst losses and the overpotential plus ohmic resistance losses

add up to a constant sum.

2.2.2. Effect of Water-Gas Equilibrium

In the second stage of the model development, the water-gas shift reaction
(Equation 6) was included. The mass and potential balance equations were
correspondingly modified, and these changes were incorporated into the computer
program. Polarization curves were obtained for reformed natural gas (RNG),
for the gas product from the partial oxidation of heavy oils (P0), and for
low=-Btu coal gas (LBTU) using the modified computer program. These are

shown in Figures 2.28 through 2. 30.

For all gas compositions, the same effective cell impedance was employed
as in ection 2.2.1, except for a correction in the ohmic component, (See
Section 2.2.3.) The resulting values are given in Table 2.5. The experimental
polarization curve and the curve predicted with and without the shift reaction
are shown for each fuel gas. For RNG (Figure 2.28), the contribution to
current density from hydrogen originating from the shift reaction is not
significant. This was expected because the initial CO content is low and the
H, content high. 1In the cases of PO and LBIU fuels, the water-gas shift
reaction contributes significantly to the current density (Figures 2.29 and

2.30) because of high initial CO contents.

2.2.3. Variation of Effective Electrode Impedance, 3%

The single adjustable parameter in the basic crossflow model is #, the
effective electrode impedance, which is the sum of the ohmic cell resistance
and the overpotential resistances, given by —

n n
g2=R-A+-24+-C 7)

i i

where A is the area of the cell, i is the current demsity, and N, (<0) and ng (<0)

242



4/79 61021

Table 2.4, Part 1., TYPICAL MODEL OUTPUT (Reformed Natural Gas, without
water gas shift)

JUYAL IMPEDANCER )1 oU2S-0HM SG=CM ___
AVERAGE CURRENT DENSITY (DIMENSIONLLSS)= 0,087
AM£nAh£_AhuDL.ﬁﬂthxSlnml__n¢di&7

AVERAGE CATHCLE CONVERSICNZ  0ebab

IERMlNAL VOLTAGE® 07550 VOULTS
JOTAL CUKHENTS1lYeB LUl AMPS
CURKENT UENSI4YS 21139 MAMPS PER Su=(M

_04877 0.l
0,077 0007

. xEal \UFKENT_LENSITIES: KOs Y hunsO mANPS PEW SQeCM

V22485 REUG4E 261,19 240473 222441 205477 189,61 172.55 154,33 133.09
319,67 <BI¢59 259.07 230,96 2¢V«56 2064463 JBH.6] 172,17 154,46 133,96
316208 281la18 256476 237,03 2lY.4) 203,42 167,78 171,77 154,61 134,82
J12.02 27840¢ 254422 234.94 2i7.74 202414 186491 171637 154,78 136,22

307436 274,52 £S1.41 232,67 219.94 200.78 185.99 170.56 154,98 137,2)
J0le9¥6 270458 248,31 229477 zleeVd 199,35 185,07 170,58 155,26 138,31

—295:65 R60ar9 244.84 227,08 21194 1Y7.8] 1P4.08 170,18 155.54_139,.44
288413 260454 240,96 224411 cuYebe 196,18 183,06 169,80 155,85 140,69

_R19204 254091 236,58 220,85 2VT02% 194,45 182,01 169447 156,34 _162.06
26775 247.55 23101 217.24 ZQ@oﬁl 192.65 180.98 169,20 156,91 143,60

Q. NERNSTY LOSSKS, vOI IS

—0.026_ 0.059 0,082 0,101 ©Qal)7 0a132 0.le? 0.163 0,179 _ 0,198
0,029 U.0€¢ 0O.uB4 0,102 UllE 0e133 0,148 04163 0,179 0,158

. f.163 0,179 0,187

4 0ebU36 0,067 04089 0,106 Vel2l 0el36 0.149 040166 0,179 0,196
— 0,000 0,070 0,091 0,308 0a123 0,137 0,150 0.164 0,179 0,195
0,045 0,074 04094 0,110 Vel25 vel3a 0,151 0e166 0,178 0,194

— 04051 0,078 0,097 0,113 0127 0alep 0,152 . 0.165 0,178 0,193
0058 0,08¢ 06101 04115 04129 Uel4) 0,153 00165 0,178 0,192
—DeU06 U UBp 0.104 00118 0.13]1 Ulla3 0,156 0.165 0,177 0,190
06076 , 0094« 00109 0122 0133 Uslas 04155 0el66 0.177 0,189
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Table 2.4, Part 2. TYPICAL MODEL OUTPUT (Reformed Natural Gas, without
water gas shift)

(.QVERPUTENTIAL PLUS GHMIC RESISIANCEs 0L TS

— 04293 0,260 0,237 0,218 0.202 0,187 0,172 0,}S6 0,140 0,121
0290 04257 04235 04217 Ue200 00185 0,171 04156 0,140 0,121

- 0.287 0,255 _0.233_ 0,215 U.199 0,184 0,170 0,156 0,140 0,122

- 00283 0.254 04230 00213 V197 0,183 0,169 0.155 0,140 0,123

4 02279 0,245 0.228 _0e21) Ual96 0,182 0,169 04155 0,140 0,126
04274 0,24% 0.225 0,208 VelS¢ 00181 0,168 04155 0,141 0.12S

— D268 0,24} 0,222 0,206 U192 0,179 0,167 04154 0,141 0,126
0¢261 04237 0.218 0,203 Vel90 04178 0,166 04154 0,141 0,128

— 00253 - 0,23]- 04216 04200 0,188 04176 - 0,165 04154 0,142 04,128
0e243 04228 04210 06197 Uel85 00175 0,164 04153 0.142 0,130

E. LUCAL _ANODE _LCAVERSIONSs WOW ®Y HUWe FlUw OIRKECTION TO _THE RIGWT

—QelUN 0,000 D,00u 0,000 U.UUU U000 0,000 0,000 0,000 0,000 0,000
05090 Uol3d Ue292 00360 U459 UeS5]1 0,036 0.715S 0,786 0.850 0,905
S UelUU_Uel3¢ 04250 0,357  UeuSS 0,507 _U,63) 04709  0,78)  0.B4k 0,900
0s0U0 06131 06267 04353 U451 0e562 0,626 06706 0,775 0.838 0,894
P _0.000_ 0,125 Dechs 0,349 Uekht .S36__0.620_ 0,697 . 268 0,832 0,B88
0su00 Veldlt Oecel 04345 Vebbl} Ve530 0.613 0690 Ue761] 0.825 0.88]
0:000 0,122 Uec32 06333 UVe%27 U515 0597 06673 0,743 0,808 (.85
00Ul 0.1l 04227 04327 Ue4lY (06506 0,587 Vo663 _0,.733 0,797 0.856
0.000 Oellt 0.c21 03189 Uo“lo 0oy 0.576 069] 0.721 0.786 0845
0aUUD_ 04))) Da2l3 0,309 Ua3Y99 Q.6B3 0,563 04638 0,708 0,773 0,832

F. LOCAL CATHUDE CUNVEKSJONSs ROw bY RUwe FLOW DIKECTION VERTICALLY DOWN

0sVUU UelUU VeUU 0Ve0V0 UeGOU WVeUVO 0,000 Vo000 0,000 0.000 0,000
—NeDUD _UoUng _0aU73 . Qo066 _UelUB) _Uel056 0,052 04048 0,044 0,039 _0,034.
0.UU0 04163 04145 0eld2 wvellZ GQell2 U106 0,096 0,087 0.078 0,068
—0aUU0  Ue243 U.2]16  0a197 ULlBZ Ual6R U156 U143 0,131 0,117 og,.lu2
’ 0sVU0 Ue32c 0oct6 0s26]1 Uscds]l Vo223 U0Vec0T 06191 0417« 0157 0,136
—Ue0UD Usagu 0,356 00325 Us30U 04278 0,258 .238 (.218 C.196 0,171
0sVU0 00477 04425 0,388 UVeISY 0e332 04308 (e285 04261 0,235 0,206
—OaUUl. . 0,558¢ 0,442 0,450 Us4lb U386 0,358__0e332 0,304 0,275 0,262
0:UU0 0e629 06558 06511 UebT73 U439 0,408 00378 U347 0,314 0,277

0,356 0,313
VeVU0 00763 0eb86 Ue6JI0 UaSb% 0eS44 04506 06470 0,433 0,396 0,350
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Figure 2.27. COMPARISON OF THE EXPERIMENTAL AND THEORETICAL POLARIZATION
CURVES FOR A CELL USING REFORMED NAPHTHA AS THE FUEL
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Figure‘2.29. PREDICTED POLARIZATION CURVES FOR PARTIAL OXIMATION OF HEAVY OILS
(With and Without the CO Shift Reaction) COMPARED WITH EXPERIMENTAL DATA

(Cell Impedance is Pre-Assigned)
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Figure 2.30. PREDICTED POLARIZATION CURVES FOR LOW-Btu COAL GAS (With and
Without the CO Shift Reaction) COMPARED WITH EXPERIMENTAL DATA
(Cell Impedance is Pre-Assigned)
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Table 2.5. INITIAL VALUES OF EFFECTIVE CELL IMPEDANCE (2) AND VALUES OBTAINED
AFTER ADJUSTMENT FOR 75% FUEL CONVERSION (at 200 mA/cm?)

Initial Adjusted
*
Reformed natural gas 1.00 1.19
*k
Low-Btu coal gas 1.046 1.604
* 7z o= 0.400
ohm ~ :
A =n /i = 0.225
a a
Z =n /i = 0.375
c c
gz = 0.446
ohm :
VA =n fi 0.225
a a
yA =n_ /i 0.375
c c

are the anode and cathode overpotentials. The cell resistance, R, was obtained
with an oscilloscope by a current interruption technique on 100-cm? cells.
(In large cells, the fuel and oxidant gases flow perpendicular to each other.)

However, the values of Ny and n, were estimates, based on polarization

measurements on small cells (3 sz) equipped with reference electrodes

(Table 2.5). Given this value of &, together with the cell potential, gas
compositions, and flow rates, the model predicts the current density and

anode and cathode conversions. The average anode conversion initially
obtained was generally different from the experimental 757 conversion achieved

in 100-cm?

cells. We therefore adjusted the value of 2 to yield an overall
anode conversion of 757%. The predicted average current densities with the
shift reaction based on the new values of Z agree to within 4% of the
experimental current densities. Figures 2.31 and 2.32 compare the predicted

polarization curves with the experimental curves for two feed gases.

Figure 2.33 shows effective cell impedance values at 75% fuel conversion.
*
The values are fairly constant with increasing load. The difference in
trend between reformed natural gas and low-Btu gas suggests that the Hp and

H,0 components of the fuel gas are responsible for increasing polarization

The single deviating point for RNG does not appear to be correct.
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Figure 2.31. COMPARISON OF EXPERIMENTAL AND PREDICTED CURRENT DENSITIES
(Cell Impedance Value Adjusted for 75% Conversion)
(Fuel: Reformed Natural Gas)
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Figure 2.32. COMPARISON OF EXPERIMENTAL AND PREDICTED CURRENT DENSITIES
(Cell Impedance Value Adjusted for 757% Conversion)
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resistance at increasing current density. This is so because only in H, and
Hy0 content are the average gas compositions in the cell significantly

different when comparing reformed natural gas and low-Btu gas, (See Table 2.6.)

Table 2.6. ESTIMATED ELECTRODE IMPEDANCE VALUES

Reformed Natural Gas Low-Btu Gas
Inlet Outlet Inlet Qutlet
Hp 60 9.9 18.6 3.8
Co, 7.4 4.0 11.4 35.5
co 10 4.4 14.0 3.9
H,0 22.6 45.7 7.8 17.6
Z (Anode) 0.315 0.455
Z (Cathode) 0.428 0.428
R (Ohmic)” 0.400 0.446
2 (Cell) 1.143 1.329
% (Exp) at
200 mA/cm? 1.05 1.49

Low H,0 values in the bulk fuel gas appear to, be favorable for a relative
decrease of polarization as the current density is increased at a constant

75% fuel conversion.

It is of interest to compare the effective cell impedance of Figure 2.33
with estimates of this parameter constructed from small-scale (3 cm?) cell
polarization data. Polarization curves (at 7.5% fuel conversion) for a limited
number of gas compositions are available.10 These allow an estimate of the
effective electrode impedance corresponding to the average gas compositions
on the fuel side and on the oxidant side. The estimates are shown in Table
2.6.

There is a reasonably good agreement for both reformed natural gas and
low-Btu gas. The low-data are underestimated probably because the available
small-cell electrode impedance data do not allow the effect of the CO and
H,0 concentrations to be accounted for. However, it is clear that more small-
scale cell data on a variety of gas compositions will make accurate predictions

of the performance of scaled-up cells possible.
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2.2.3.1. Current Distribution

In general, it was observed that as the value assigned to % was increased,
the current distribution became more uniform. This is illustrated in
Table 2.7 (Fuel: RNG).

Table 2.7. UNIFORMITY OF CURRENT DISTRIBUTION AS A FUNCTION OF Z
Ratio of Highest to

Z, ohm/cm? Lowest Current Density
0.625 4.8
0.825 4.2
1.025 3.8
1.225 3.4
1.425 3.1
1.625 2.95
5.0 1.7
10.0 1.4

The current distribution was always of the same type as shown in Table
2.4, with the highest current density at the inlet of fuel and oxidant, and

lowest at the outlet of the oxidant.

2.2.4. Effects of Pressure on Current Distribution

Increasing the operating pressure of molten carbonate fuel cells results
in performance improvements (Nernst gains) because of the increase in the
partial pressure of the reactants. Higher pressure should also be expected
to produce increases in gas solubilities and mass transport rates, and, hence,

additional improvements in cell performances.

Pressure favors the carbon deposition and methanation reactions —

20 ¥ C + Co, (8)

CO + 3H, < CHy + HyO (9)

Equilibrium inlet compositions, taking into account the above two equations

and the water-gas shift reaction —
CO + H,0 < CO, + Hy (10)

were calculated at 1, 5, and 10 atmospheres at 650°C for fuels obtained from

various processes.
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The mass balance and potential balance equations were rewritten, and a
new computer program was developed. The new mass balance equations on the

anode side are presented in Appendix B.

Figure 2.34 compares experimental and predicted polarization curves for
reformed naphtha at 10 atm. The predicted current densities agree very well
with the experimental values. The experimental data were obtained at constant
flows rather than at constant conversions. Hence, only one value of each fuel

and oxidant flow rate was used as an input to the model.

The current distribution is not significantly altered by increasing
pressures. The table below compares the ratio of the highest to the lowest
current densities obtained for steam reformed naphtha at 1 and 10 atm (for

an average current density of 200 mA/cm? ).

Ratio of Highest to

Pressure, atm Lowest Current Density
1 2.11
10 1.94

2.2.5. Modification of Linear Model for Coflow Mode of Operation

When both the fuel and oxidant gases flow in the same direction (coflow),
the current distribution is expected to be less uniform when compared with the
crossflow mode of operation. To quantify this, we developed a model to

predict the current density for the coflow mode.

A computer program was written and polarization curves generated for —

a. RNG without shift reaction

b. RNG with shift reaction
c. LBTU with shift reaction,

Figures 2.35 and 2.36 compare the average current distribution along the 10-cm
cell length for the crossflow and coflow configurations for cases a and c.

As would be expected, the current density distribution is considerably less
uniform in the case of coflow as compared with crossflow. Particularly high
current densities can be ssen for coflow at the cell entrance, where both fuel

and oxidant are at their highest concentrations.
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Figure 2.34. COMPARISON OF EXPERIMENTAL AND PREDICTED POLARIZATION

CURVES FOR REFORMED NAPHTHA AT 10 atm PRESSURE
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Figures 2.37 and 2.38 show the predicted polarization curves for RNG
without the shift reaction and LBTU with the shift reaction for the coflow
and crossflow configurations. Overall average current densities were predicted
to be only slightly lower for the coflow mode. From our calculations, the
crossflow configuration would appear to be preferred to the coflow mode

because the current distribution is more uniform in the former.

The contribution of the shift reaction to the current density is more
significant for the coflow mode than the crossflow mode. This is illustrated
in Table 2.8, where the ratio of the current density at the cell entrance to
that at the cell exit is shown for each of the two flow modes with and with-
out the shift reaction. At 880 mV, the‘shift reaction increases this ratio
by 37% for the coflow mode, whereas for the crossflow mode, the predicted
increase is only 167.

Table 2.8. RATIO OF CURRENT DENSITIES AT ENTRANCE AND EXIT OF CELL
FOR COFLOW AND CROSSFLOW MODES (Fuel: RNG)

Cell Coflow Crossflow
.Potential, Without With Without With
mV Shift Shift Shift Shift
880 10.88 6.85 5.15 4.42
732 2.58 2.08 2.10 1.92

2.2.6. Incorporation of a Porous Electrode Model

In the crossflow performance model discussed above, a constant effective
cell impedance, &, has been used. By adjusting this parameter, we are able
to obtain the average cell potential for different gas compositions. However,
from this model, one cannot identify the magnitude of the surface and concen-

tration overpotentials at each electrode.

The development of the porous electrode model, therefore, is aimed at
the integration of electrode kinetic data and the mass transfer and ohmic
resistances in the crossflow model. We reviewed various porous electrode
models described in the literature with the view of selecting one that could
easily be incorporated into the existing crossflow model. The thin-film

model of Wasan,_gg_illl was considered appropriate for a first exploration.

In the thin-film model (Figure 2.39), the pores are assumed to be only
partially filled with the electrolyte. A thin electrolyte film extends over
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Figure 2.38. PREDICTED POLARIZATION CURVES FOR LOW-Btu COAL GAS USING COFLOW
AND CROSSFLOW CELL CONFIGURATIONS (CO Shift Reaction Considered)
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Figure 2.39. THIN FILM MODEL

the internal surface of the pore. The electron transfer step takes place

at the solid-liquid interface, after the hydrogen has diffused through the

gas and liquid phases to the porous electrode. The thin-film model can
account for mass transfer resistance in the gas phase and in the electrolyte.
Current distribution is determined by a balance between the electrode reaction
kinetics and mass transfer resistance. Ohmic resistance may be predominant

in the gas phase (along the pore length) or in the liquid phase (along the
electrolyte film).

We critically examined some of the simplifying assumptions made in the

development of the thin-film model according to Wasan et al. These are —

a. Anode reaction is first order in hydrogen concentration.
b. Film thickness and pore radius are uniform.
c. Ohmic potential drop in the electrolyte film is negligible.

d. Sufficiently high polarization exists, which justifies the use of the
Tafel expression.

e. Diffusion of reactant gas through the metal phase is negligible.

Assumption a is made only in the first approximation; it was relaxed in

our incorporation of the thin-film model in the crossflow model. Assumption
b is made necessary by a lack of pertinent data. Assumption ¢ is not
plausible, a priori, and will be examined in more detail later on. Assumption
d is also a first approximation assumption and was relaxed in the later

stages of this modeling study. Assumption e is justified by the electrode
geometry. Assumption f is questionable because hydrogen diffusion through
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nickel is by no means negligible, as has been shown qualitatively by Tantram
gg_gl.lz Until recently, sufficient data were not available to estimate

the importance of this effect; however, we have estimated the magnitude of

the limiting current density corresponding solely to hydrogen diffusion through

nickel. The following values were used in the calculations:

Solubility of H, in Ni at 650°C = 2.44 X 1079 g mol/cc atm (from Ref. 13)
Diffusivity of Hy in Ni at 650°C = 3 X 1073 cm?/sec (from Ref. 14)
Pore radius = 2.5u

Effective metal passage radius = 1.25yu

Using the limiting current expression given by Wasan et al. for flooded
pores, the ratio of limiting currents in the electrolyte compared with those
in the metal is 0.18. Because H; can reach the electrode surface more easily
through the metal than through the electrolyte, current limitation by hydrogen
transfer through the electrolyte in flooded pores is unlikely. We also looked
into the possibility of HpoO-transfer being current-limiting. Because reliable
values of diffusivities and Henry coefficients for water in the electrolyte
are not available, we assume similar values as for hydrogen. Consequently, we
can say that the transport of either H, or Hy0 through the electrolyte film

may be current-limiting.
The expression obtained from Reference 10 for the current density, i, is —

i = nNLoFcPulkpsas (11)
H, Hy

where —

= number of electrons transferred per mole of hydrogen (=2)

F = Faraday's constant

C:;lk = Concentration of Hy in the gas stream outside the pores
Dﬁ:s = diffusivity of H; in the gas stream

L = length of a pore

N = number of pores per cm?,

*
The dimensionless parameter Z 1is an index of gas-phase mass~transfer resis-
tance relative to resistance associated with mass-transfer across the liquid

film and with slow kinetics of the electrode reaction.

Note that Z is different from the # that has been used to denote the
effective electrode impedance.
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liq _.sat
2222 B ‘lig 1 (12)

gas  bulk 1 + W
Ho Ho

where —

Rp = radius of a pore

8 = film thickness

liq ‘s .
DH2 = diffusitivity of H; in the electrolyte
Cii: = solubility of Hyp in the electrolyte.

The dimensionless parameter W reflects the relative importance of electrode-~

kinetic resistance compared with mass-transfer resistance across the film and

is given by —
Dﬁ?q |
W= —% (13)
k16

The potential-dependent rate constant of the reaction, kl’ is related to

the exchange current density, io, by —

i exp (aanF/RT)

kl = sat (14)
nFC_ |
liq

where n = overpotential (anodic).

Substituting for k, from Equation 14, in Equation 13,

1
Dzlanci?t
- o iq (15)

Gio exp (aanF/RT)

Substituting Equation 15 in Equation 12, we obtain —

liq ,sat

2 - 2.2 Jhe_ Clig 1 16)
) gas _bulk liq sat
D C D" *'nFC
Gio exp (aanF/RT
sat _ . )

NOW, Cliq HHZ PH2 (17)

bulk _
and cH2 PH2 (18)
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where HH2 = Henry coefficient of Hp

bulk
and CH2

partial pressure of Hjp.

Combining Equations 16, 17, and 18 and substituting for Z in Equation 9,

we obtain —

io exp (onF/RT)

i = TLNnFP, Dgas 2R,D lquH2 1iq (19)
6-

o EXP (anF/RT) + DH nFPH2HH2

Dividing by the "gas current,'" A, Equation C.22, we obtain —
liq

. ZHLNR nFP._ H_ D
i Ho "Hp Ho 1
= =7J = (20)
A a8 pli%pr w

Ho Hy, H»

§i o ©¥P C——

Equation 20 relates local current density, i, to anodic overpotential,

nA. The three parameters to be specified are a, and the other two are related

to Z and W. n for the anode is comprised of n (kinetic) and n (mass-transfer).

From Equation 20,

JQ
n - Ry, A (21)
anode ogF QlA__J
2nNLR nFPy H D;iq
where Q (22)
1A AS
liq
D nFP HH
- _H Hy Hp
and Q2A H (23)
610

An equation similar to Equation 20 was developed for the cathode side also,

from which —

Q —_—
_RT 1cC
Ncathode acF In JQZC (24)
27NLR nFb_. gy D11q
- P 0270700
where Q,. As (25)
11q Fb
- 02 2 02
and Q,. = 102 (26)
8§,

2-65

I'NS T I T UTE 0 F G A S TECHNOLOG Y



4/79 61021

The potential balance equation (Equation C.33) was modified to include the
expressions for the anode and cathode overpotentials (Equations 21 and 24),

and a new computer program was developed.
The additional inputs to the computer program are —
1. Anode and cathode pore lengths (assumed to be the anode and cathode
thickness)
. Anode and cathode pore radii
. Electrolyte film thickness
. Diffusivities of Hy 'and Oy in the electrolyte
Diffusivities of Hy and 0, in the fuel and oxidant gases, respectively
. Henry coefficient of Hy, and 0,

Hydrogen and oxygen exchange current densities

W N O W

. Apparent transfer coefficients of fuel oxidation and oxygen reduction.

The electrode kinetic parameters (io, a) generated in the electrochemical
half-cell (under Task 2.3) were used in the model. The depéndence of the
hydrogen exchange current density on the partial pressures of the reactants

was found to be —

0.25 0.18 0.256
1,0 Ry )0-25 Ry 1018 Ry ) @7

The oxygen exchange current density was assumed to be dependent as follows

(from Ref. 15) —

0.375 -1.25
1°a (Poz) (Pcoz) (28)

These relationships were also included in the computer program, and polari-
zation curves were generated for reformed natural gas fuel without CO

conversion.

The model is sensitive to changes in the oxygen-exchange current density,
but not to changes in the hydrogen-exchange current density because the anode
is not kinetically limited. This is the result of the high-exchange current
density (</1 mA/cm?) assumed for hydrogen and of the large surface area of
the anode. The assumption c of the model, that is, a negligible ohmic drop
in the electrode film is, consequently, no longer valid because the current

distribution will become very non-uniform at the electrode (io <lmA/cm?); at
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the oxygen electrode the kinetic and mass-transfer resistance are of nearly

equal magnitude and the current distribution is more uniform.

Figure 2.40 shows the effect of varying the oxygen-exchange current
density on the polarization curves. Keeping the hydrogen-exchange current
density constapt at 40 mA/cm®, it can be seen that an io of at least
2mA/cr? for the oxygen reaction is necessary to achieve a good fit with the

experimental data.

Table 2.9 is a sample computer printout that shows the current distribu-~
tion, Nerst losses, ohmic losses, and anode and cathode overpotentials (split

up as surface and concentration overpotentials).

The difference between the open circuit voltage of 1074 mV and the
terminal potential of 855 mV (average current density 100 mA/cm?) is the

result of the following losses:

Nernst loss 125.1 mV
Ohmic loss (Bulk + Film) 35.9 mV
Anode activation loss 0.2 mV (negligible)
Anode concentration polarization loss 0.4 mV (negligible)
Cathode activation loss 15.9 mV

Cathode concentration polarization loss 41.4 mV
Total 218.9 mV

The very small anodic losses can be explained by the porous electrode
model, which does not take into account that the anode current is non-
uniformly distributed and that a considerable ohmic drop occurs in current
conduction along the electrode film. Together, these factors increase the
measured overpotential by one order of magnitude. This also explains the
deviations of the predicted performance curve from the experimental curve
at high current densities, where a ﬁendency toward limiting current behavior

appears (Figure 2.40).

Thus, it is necessary to account for the ohmic drop in the electrode

pores sp as to reach a good agreement between model predictions and experi-

mental performance.
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Table 2.9, Part 1.

61021

PREDICTED CURRENT DISTRIBUTION, NERNST LOSSES,

OVEXPOTENTIALS, AND CONVERSIONS AT CONSTANT POTENTIAL

(Fuel: PO)
LOCAL CURRENT DENSITIESs ROW BY RUWs DIMENSIONLESS
06143 0o133 06123 00113 0el0)l 04088 0,074 0057 0.040 0.0925
0,143 0,124 06119 04110 0Uel0U0 04088 0,074 00059 0,043 0.,028
001.}1 O.J_Z_‘g_ 00116 00108 06099 0.088_ 0,076 0.062 _0.047 0,032
0,12“ 0,118 0e.112 04105 0009’ 0.088 0.077 0.065 0,051 0,036
0 110 0010’ 0.103 0099 0eU93 0.087 0.079 0070 0.058 0.045
00103 0,101 0,098 0,095 UeUIl 04086 0,079 0.07] 0062 04049
0095 0,094 06093 0,091 VUeUBB (60864 0,079 0073 0.064 005‘0
00087 _0.088__ 04068 0.087 04085 0s083 0,079 0074 0.067 0,058
0,080 0,08l 0,082 0.082 Ve ULe0BO0 0,078 04075 0,070 0,062
B_EAL CURRENT DENSITIESS RQW 8Y ROwWe MAMPS PER S$Q=CM
171621 159009 167,35 134,98 12133 105.87_ 88,21 68,52 48,16 29,85
T171.21 153422 142,82 131,73 119.38 105.27 89,05 70,76 5].641 33,29
156042 148.02 138,96 129,29 118+41 105.88 91.33 74,67 56,50 38,53 _
T146e53 141482 134,29 126,05 116e54 105¢546 92,62 77.60 60,76 43,34
160s27 135022 129,11 122,32 114423 105400 93.7% 50,42 65,07 _ 48,46 _
131.67 128415 123,62 118,29 111.88 104.07 94,52 83,32 69.17 53,664
122474 120,88 117,74 113,55 108,97 102,79 _95.01 85.18 73.64 58.94
T13e62 113409 111,52 109,03 105666 10110 95,08 87,17 77.00 64,31
106043 105411 104,85 103,8] 101489 98,95 94.68 BB.66 80,35 69,60
95,20 96,94 97 Te 98 07 97.7v 96, 31 93,77 89,61 83,27 73.90
NERNST LUSSESy _VOLTIS - B,
04UZB 0,063 0.088  Ue1U9 Uel27 0Ueléh 0,160 04175 04189 0201
0eU3]l 040692 04090 0e)UY UVel27 (el43 04159 06174 0,187 0,199
__0_'.9.;.;_._._9_9_9_(’6 00059 90109 U'lab 001“_1_.00156___001_-_’_0.. .._0018‘0____0.‘96,_
06036 0O04Ce? 0.090 04109 Uel2S wveld0 0,154 0,168 0,181 0.192
_0eu39 0,069 0,091 0,109 Uel2«_ 0.138 _0,152 _ 0,165 0,177_ 0,189
0s042 0,070 0,091 06109 0Oel2¢ 00137 0,150 0,162 0,174 0,186
00046 0,072 00092 06109 Uel23 06136 0.148 0159 0.171 0.182
06050 04075 0e09¢ 06109 Ued22 Ue134 0,146 0,156 0.167 0,178
—0eUo4 0,077 0095 00109 Uel22 0,133 0,143 06153 0.163_ 0,173
$eud9 0,050 04097 06110 Uel22 Vel32 0,161 06151 0,160 0,169
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Table 2.9, Part 2. PREDICTED CURRENT DISTRIBUTION, NERNST LOSSES,
OVERPOTENTIALS, AND CONVERSIONS AT CONSTANT POTENTIAL
(Fuel: PO)

AMIC RESISTANCE »VOLTS

\0__0_901 Vo056 04052 0,048 U043 U037 0,031 0.024¢ O, 017 0. 011 _
0e061 U.094 04051 04047 Ueu4l 0.037 0,031 04025 0.018 0,012
_0eU55 04052 04049 U046 Vel42 0s037 0,032 0,026 0,020 0,016
0053 UeUbU Oes00l8 0.045 Ve04l 0e037 0,033 0.027 0.021 0.015
00050 0,048 0,046 04043 Uab4V 0s037 0,033 04028 0,023 0,017
Vel6? U 065 OeQ4% Qo022 Vel4GU 0037 0,033 0.029 0.024% 0.019
Vo043 DoV« 0e042 UeD4U UeU3Y 04036 0,034 _0,030 0,026 _0.021
060040 Qo UGU 06039 06039 VeuU3d7 Vo036 0,034 0,03} 0,027 0,023
00037 00037 __ 0037 __0e037_ Ue036__Ue035 _ 0,033 06031 0.028 0,025
06034 0,034 060395 04035 UeU35 04034 0,033 06032 0,029 0.026

ANODE SURFACE OVERPUTENTIALVOULTS

0.,0003 V.0003 V,00ue 0,0002 Ve0UOL gg,z 0.0002 0,000} _0,0001 0,000] _
0,0004 0,0003 0,0002 0.0002 0000 040002 0.0002 0,0001 0,0001 0,0001"
040003 V40003 0,0002 0,0002 VelUOR u 0002 0.0002 040001 0.,0001 0,0001
0,0003 00002 0,0002 040002 0eU002 00002 0,0002 0,0001 0,0001 0,0001
040003 040002 0,0002 0.0002 VeUUU2 VL0002 040002 0,0002 00,0001 0,0001
T0.0003 Ua0U02 0,0002 040002 0eUUVUZ 0,0002 0,0002 0,0002 0,0001 00,0001
0,0002 Ue000¢2 0,0002 060002 0sVV02 V40002 060002 040002 0,0001 0,0001
00002 Uo0002 00,0002 0.0002 0oV002 0,0002 0,0002 040002 0,0001 0.0001
00002 Ue0002 U,0002 040002 Ue0UV2 V0002 00002 0.0002 0.0001 0.0001
o 00UV2 V02 0,0002 0,0002 0.U002 0400U2 0,002 0.0002 0,000l 0,0001
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Table 2.9, Part 3.
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Table 2.9, Part 4.
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2.3. Electrochemical Measurements

Summary

The rate of the fuel oxidation process at nickel and cobalt anodes has
been shown to exhibit mixed- or diffusion-control with wire electrodes
immersed in carbonate melts. The electrode kinetics for fuel oxidation at
these two anode materials were evaluated in three selected molten carbonate
mixtures. Activation kinetics under the probable diffusion-controlled
conditions present in the electrochemical half-cell were measured using a
potential step technique. For all the molten carbonate mixtures used in the
course of this study, the highest exchange current values were found on
nickel anodes, with the highest values being measured in the ternary eutectic
melt (43.5% Li,C03/31.5% Na,C03/25% K,C03). For this ternary melt, the ex-
change current density on nickel varied from 78 mA/cm? for intermediate-Btu
fuel to 22 mA/cm? for low-Btu fuel at 650°C. The exchange current density
was found to have a reaction order of around 0.25 for hydrogen, carbon
dioxide, and water. The electrochemical performance of these two anode
materials in the three selected melts is discussed, and a tentative reaction

mechanism for the oxidation reaction is suggested.

Oxygen reduction kinetics were studied on a gold electrode, also using
the potential step techniques. Exchange current density values of about
5 mA/cm? typically were found. Under the conditions present in the half-cell,
a stable Ni0O electrode was not aghieved, and, consequently, a extended study

of the electrode kinetics could not be performed, as was done for the anode.

2.3.1. Introduction

Several factors can be expected to govern the selection of the molten
carbonate melt which is supported in the lithium aluminate (LiAl0,) matrix
of the molten carbonate fuel cell tile. The major factors can be summarized
as follows: a) ionic conductivity, b) the solubility of the reactants and
reaction products, c) the diffusion coefficients of reactants and products,
d) the rate of the electrochemical anodic and cathodic reactions, e) electro-
lyte vapor pressure, and f) stability of the lithium aluminate matrix with

each selected molten carbonate mixture.
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From a cell lifetime standpoint, minimizing electrolyte vaporization
loss and maximizing the stability of LiAl0, appear to be of paramount
importance because they appear to be the major effects influencing cell de-
terioration and the corresponding cell lifetime. From a cell performance
viewpoint, the ionic conductivity (a), the gaseous solubility (b), the
diffusivity (c), and the electrochemical rates (d) are important. This
portion of the molten carbonate fuel cell program focuses on identifying the
electrochemical rates as a function of operating temperature, gas composition,

electrolyte composition, and electrode materials.

To date, few workers have reported on the influence of molten carbon-
ate composition on the electrochemical performance of the molten carbonate
fuel cell, using representative electrode materials. The electrode kinetics,
particularly for the hydrogen oxidation reaction, have not been quantified.
It has also been difficulf to correlate experimental data performed in
electrochemical half~cells with conditions present at the porous electrode
of a fuel cell because the relative contribution to cell polarization from
the diffusional effects of either the reaction or the reaction products
will be expected to differ in each case. The small amount of data available
on electrode kinetics for the hydrogen oxidation reaction has been of a
somewhat preliminary nature.17 Polarization data to this date for hydrogen
oxidation have indicated little effect caused by the nature of the

18,19 indicating rapid activation kinetics for the anodic reaction

metal,
with a probable strong dependency of the overall rate on diffusional effects.
Experimental evidence has indicated that polarization at such electrodes for
the hydrogen oxidation reaction in molten carbonates may be influenced more
by the local build-up of reaction products (H,0, CO,) than by the diffusion
of hydrogen in the melt.20 Some recent work has been reported on open
circuit potential measurements for hydrogen dissolved in lithium carbonate/

21

potassium carbonate melts on gold electrodes™™ in which reasonable agreement

was found between calculated and experimental thermodynamic values. Some
work has been reported on the oxidation of hydrogen with completely immersed

electrodeszz’23

and, with a view of obtaining data under conditions more
representative of that present at the gasfliquid/solid interfaces within
the porous electrode of the fuel cell, some work has been performed on

24,25 The latter work

partially raised electrodes in molten carbonate melts.
2-74
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has shown that the diffusion of reactants through the thin-film electrolyte
miniscus plays a significant role in the overall rate of the anodic reaction.
From chronopotentiometric measurements performed in a lithium/sodium carbonate
melt using a completely immersed smooth platinum electrode, diffusion control

of the anodic process was indicated.26

As will be discussed later, the study of the activation kinetics for
the hydrogen oxidation reaction on a nickel or cobalt electrode in molten
carbonate melts requires the application of techniques which will enable
effective separation of activation kinetics from the diffusion-control
conditions that have been shown to exist in the electrochemical half-cell.
The majority of the prior electrode kinetic work in molten carbonate melts
has focused on oxygen reduction at gold electrodes fully immersed in lithium

27,28

carbonate/sodium carbonate/potassium carbonate electrolytes. This work

concluded that the exchange current density for the oxygen reduction

reaction was closely dependent on the partial pressures of CO, and O, to the

co =5/4 and P0 3/? These kinetic data were obtained by
2 2

analysis of current voltage characteristics obtained at different sweep rates

respective powers, P

under the diffusion-controlled conditions present.

Objective

The objective of the experimental work has been to measure activation
kinetic data in three molten carbonate mixtures with a view to identifying
the preferred electrolyte composition for the electrolyte tile based upon
such electrochemical data. Emphasis has focused on the hydrogen oxidation
reaction on nickel and cobalt anodes where little work has, as indicated
earlier, been reported. Electrolyte compositions chosen for evaluation
have included binary and ternary mixtures of alkali-metal carbonates. Work
has been focused particularly on the following electrolyte compositions:

62 mole percent Li,;C03/38 mole percent KyCO3 (Li/K), which has a high ionic
conductivity and a reasonably high reactant gas solubility; 52 mole percent
Li,C03/48 mole percent NayCOy (Li/Na), which combines good electrolyte
conductivity and a high sodium content for low vapor pressure for minimizing
electrolyte vaporization losses; and the ternary 43.5 mole percent LiZCOS/
31.5 mole percent Na,CO3/25 mole percent K,CO3 (Li/Na/K), to evaluate

electrochemical performance at temperatures below 650°C.

2-75
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Electrochemical techniques used in the course of this work have included
linear voltage sweep, steady state potentiostatic, and potential step29
methods. The latter technique was found particularly useful for identifica-
tion of kinetic current values under the diffusion-controlled conditions

present in the electrochemical half-cell.

2.3.2. Experimental Procedures

Materials for the anode nickel wire and cobalt rod were purchased from
commercial sources (Materials Research Corp., Orangeburg, New York). All
measurements were performed in the electrochemical half-cell systems shown
in Figure 2.41. Humidification of the inlet gas was performed by passing it
through a heated saturator. All lines from the saturator to the cell were
heated to prevent condensation. A gold wire bubbled with 33.3% 0,/66.7%
CO, inside an alumina tube served as a reference electrode. The wire
communicates with the melt through a small hole (0.015-in diameter) at the
bottom of the tube. The potential of the working electrode was controlled
by a Wenking ST72 potentiostat. The potentiostat has a rise time of about
7 microseconds when a step voltage is applied. A piece of round, gold foil
was used as the counterelectrode. The electrolyte was prepared from a

mixture of Li,COj3, NayCO3 and K,CO3 (Mallinckrodt, Analytical Reagent).

A Tacussel type GSTP2B pulse/sweep generator was used to control the
potentiostat. The output voltage of the Tacussel generator was monitored with
a digital voltmeter (Fluke, type 8020A). Steady-state, linear voltage sweep
and transient pulse techniques were used to study the current-voltage re-
lationships of the electrode. The signals were recorded on a Hewlett-Packard
7046 X-Y recorder. Signals from the transient techniques were displayed and
photographed on a Tektronix Type 547 oscilloscope. In order to eliminate
errors caused by mass transfer effects, the transient potentiostatic
technique was used so that more precise kinetic information could be obtained.
The measurements were performed with appropriate IR compensation using a
feedback circuit. A Lindberg.Hevi—Duty SB furnace with 3-zone temperature
control was used to heat the cell. The temperature of the melt was read by
means of an alumina-sheathed thermocouple and was displayed on a digital

readout (Newport Laboratories Inc., Model 267A-KCl1l-07).
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2.3.3. Experimental Results

Before comparative activation kinetic data could be obtained for the
hydrogen oxidation reaction, it was essential to determine whether the rate
of the anodic reaction in the electrochemical half-cell shown in Figure 2.41
was influenced by activation, diffusion, or mixed control. Mixed control
would be present if the rate of the kinetic and diffusional process had
similar values. If, in fact, diffusion or mixed control were present, then
some dependency of the current density on both the linear voltage sweep rate
and the fuel bubbling rate into the molten carbonate mixture would be ex~
pected. The first objective was, therefore, to gain some qualitative
insight into the relative contributions to the overall rate by activation

and diffusion control under such experimental conditions.

Figures 2.42 and 2.43 show linear voltage sweep measurements at
various sweep rates for a completely immersed nickel wire anode in the
ternary Li/Na/K melt at 650°C, under conditions of continuous bubbling'
(50 m&/min) and with the fuel-bubbling turned off immediately before the
linear voltage sweep, respectively. The. fuel composition during the course
of these measurements corresponded to intermediate-Btu fuel, that 1s, 40%
Hy, 17% COp, 10% CO, and 33% H,0. (See Table 2.10.) In both cases, we can
see a dependency of the measured current density on the voltage sweep rate;
the higher the sweep rate, the higher the observed current density. If we
compare the measured current at a fixed voltage sweep rate, higher values
were obtained for the melt subjected to continuous bubbling. For example,
with a sweep rate of 0.15 mV/sec in the anodic direction, if we measured
the current density at an anodic overpotential of 20 mV, the current densities
were, respectively, 0.35 and 0.11 mA/cm?, with and without continuous fuel
bubbling. For the completely immersed nickel wire, both the dependency of
the current density on the linear voltage sweep rate and on fuel-bubbling
suggests diffusion or mixed control at the anode, either of the electro-
active species or of reaction products away from the reaction site. Upon
\potentiostatting either nickel- or cobalt-working electrodes at high anodic
overpotentials above 100 mV, some modification from the initial current/
voltage characteristics was observed. Examples of such steady-state
polarization curves for nickel and cobalt fully immersed in the Li/Na/K

melt subjected to continuous bubbling with low~Btu fuel are shown in
2-78
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Figure 2.42, DEPENDENCY OF POLARIZATION CURVE ON LINEAR VOLTAGE SWEEP RATE
FOR A FULLY IMMERSED NICKEL WIRE (Fuel Continuously Bubbled into Melt)
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Table 2.10. FUEL GAS COMPOSITION CALCULATED FROM THE WATER-GAS—-SHIFT
EQUILIBRIUM REACTION (Numbers in Parentheses Correspond

to the Humidifier Temperature)

Mole Percent Fraction of Gases at 650°C

Hoy €O, H,0 co CHy N,
High Btu (53°C) 60.0 7.42 22,47 10.11
Intermediate :

Btu (71°C) 40.5 16.4 32.8 10.3
Low Btu (36°C) 21.16 9.16 5.54 17.76 1.13 45.25
Very low Btu (36°C) 11.71 5.71 4.40 7.75 0.57 69.86
High Btu (71°C) 53.68 8.08  31.11 7.12

Figures 2.44 and 2.45, respectively. These measurements were performed over
a temperature range of 550° to 700°C. Generally, the higher the melt tempera-
ture the higher the recorded current at a given overpotential. These
steady-state polarization curves differ from those obtained initially on new
electrodes in that they exhibited rapidly increasing currents at high anodic
overpotentials (~150 mV for nickel and ~100 mV for cobalt). Once the high
anodic potentials were removed, approximately 30 minutes was required to
reach the initial open circuit potential. However, if upon removal of the
anodic overpotential the working electrode was potentiostatted back to its
initial open-circuit potential, then large (several mA/cm?) cathodic currents
were observed. It can be speculated that the sudden increase in currents at

high anodic overpotentials is due to electrode surface oxidation.

A nickel or cobalt wire which is completely immersed in a molten carbon-
ate electrolyte may be somewhat unrepresentative of those electrochemical
conditions present at a porous anode within the molten carbonate fuel cell.
Here, it is usually assumed that the porous anode will be covered with a
thin film of the molten carbonate mixture originating from the electrolyte
tile. Although there may well be some pores within this nickel electrode
that may be completely flooded with electrolyte, the more favorable site for
the anodic reaction would be expected to exist where a thin film of the
molten carbonate electrolyte is present within an open pore of the sintered
porous anode. Here, optimum conditions would exist for the supply of

electroactive species and the removal of reaction products. Because the rate
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Figure 2.44., STEADY-STATE POLARIZATION CURVES FOR NICKEL
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of the overall electrochemical processes occurring within the molten carbon-
ate fuel cell will be more rapid at electroactive sites that are covered with
a thin film of the electrolyte, linear sweep measurements were performed on

a nickel wire partially raised out of the melt (approximately 50%) so that
the upper half of the nickel wire surface would approximate those electro-
chemical conditions expected at the porous electrode within the fuel cell
anode. With continuous fuel-bubbling, linear voltage sweep measurements were
performed with sweep rates between 0.15 mV/sec and 150 mV/sec, and a de-~
pendency of the current density on the voltage sweep rate was again observed
(Figure 2.46), indicating the continued presence of diffusion- or mixed-control
effects at a partially raised nickel wire. The limiting current density ob-
tained with a sweep rate of 0.15 mV/s at an overpotential of ~150 mV can be
seen to be around 3 mA/cm?. In a porous electrode, where the ratio of real/
apparent area is usually around 400, this current density would correspond

to an apparent value of 1.2 A/cmz.

2.3.4. Measurement of Electrode Kinetics

On the basis of the above observations, the extrapolation of activation
kinetic data from either steady-state potentiostatic or voltage sweep measure-
ments would give exchange current density values that would be dependent upon
both the voltage sweep rate and the fuel bubbling rate. Clearly, under the
diffusion conditions present, other electrochemical techniques have to be
used to gain insight into the true activation kinetics. The measurement of
activation kinetic parameters under the diffusion- or mixed-control conditions
has been performed using transient potentiostatic technique529 on both nickel
and cobalt electrodes under conditions of total and partial immersion in the
candidatc molten carbonate electrolytes. This technique involves applying
a voltage step to the nickel or cobalt working electrode, and recording the
current as a function of time. Under such conditions of mixed- or diffusion-
control, the assumption is made that at time zero, only activation control
will be present, that is, a sufficient supply of electroactive species will
be present together with minimal reaction products so that any mass transfer
effects will be minimized. A typical oscillograph obtained using this tran-
sient potentiostatic technique is shown in Figure 2.47. A 20-mV anodic
voltage step (from the resting potential) is shown for a nickel electrode

(top traces). The bottom traces show the current density variations on three
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Figure 2.46. DEPENDCY OF POLARIZATION CURVE ON LINEAR VOLTAGE SWEEP
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Btu FUEL CONTINUOUSLY BUBBLED INTO Li/Na/K MELT AT 650°C
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LITHIUM-POTASSIUM MELT AT 650°C (Low~Btu Fuel With
50 ppm st Introduced With Fuel)
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different time scales between 0.05 ms and 2.0 ms/division. The kinetic
current i(o) was obtained by extrapolating currents between 0.3 and 0.5 ms to
time zero. Here the kinetic current was found to be 25 mA/cm? for the
Li/Na/K melt at 650°C with intermediate-Btu fuel. Care was taken so that

the extrapolated current values were free of interference by capacitive
currents. With appropriate IR compensation, the capacitive current can be
clearly distinguished. After the transient capacitive spike (Figure 2.47),

the current can be seen to decrease as a result of diffusional processes.

This potential step technique has been applied to both nickel and
cobalt electrodes in the three candidate molten carbonate mixtures dis-
cussed earlier. This was carried out using various fuel compositions and
different temperatures so that comparative kinetic data could be obtained
from the three candidate melts. Extrapolated current densities at time zero
1(0) were plotted versus the applied potential steps n. Figure 2.48 shows
a representative activation polarization plot for nickel in the Li/Na/K
ternary melt using intermediate~Btu fuel. For an activation process, the

current-voltage relationship is given by —

a_nF/RT —aan/RT
1(0) = 1 _[e a —e ] (29)

In the low overpotential region, this equation can be approximated by

1(0) = io (aa + uc)nF/RT

or

_ RT di(0)
o (aa + aC)F dn (30)

Thus, the exchange current density io can be calculated from the slope of

the 1(0) versus the n curve. We assume a value of 2 for the sum of the
apparent transfer coefficients o, and a, based on a total of two electron
transfer processes and a stoichiometric number 1. For the specific case,

io was calculated using Equation 30 to be 78 mA/cm? for a nickel electrode.
This potential step technique has been applied to electrodes that have been
both fully immersed and partially raised in molten carbonate mixtures. Under

each experimental condition, the extrapolated current densities were in good
2-87
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agreement with values obtained from fully immersed electrodes, which supports
the validity of this technique for separating activation kinetic data under
diffusion~ or mixed-control conditions.

Exchange current density values were also obtained from Allen-Hickling

30

plots™ of the potential step data. For the Allen-Hickling plot, Equation 28

can be rewritten as —

i o, nF
1°gexp[(oza + a_)nF/RT] -1 = log 1, - 5355 %t (31)
If we assume o, + a, = 2, then a plot of
i
log exp[(aa + ac)nF/RT] -1 versus n (32)

can give the value of @, from the slope and a value of io from the intercept.
Typical Allen-Hickling plots of 650°C for nickel and cobalt are compared in
Figure 2.49 using intermediate-Btu fuel. From the intercept at zero over-
potential, exchange current densities were generally found to be higher for
nickel (85 mA/cm?) compared with cobalt (28 mA/cm?). Good agreement was
found between exchange current density values obtained from low overpotential

data and Allen-Hickling plots.

From the anodic slope shown in Figure 2.49, we obtain da = 0.7 and

a. =0.3 for nickel and aa = 0.74 and ac = 1.26 for cobalt.

The above charge transfer coefficients discussed for the ternary melt
are representative of values obtained for all three melts with the tempera-

tures and fuel compositions used in this work.

In the high anodic overpotential region, oxidation of the electrode
surface may become significant (Figures 2.44 and 2.45), giving currents
higher than that resulting from fuel oxidation only. This would result in
higher o, values in the anodic region. To gain more insight into the
validity of o and a, values corresponding to fuel oxidation at nickel and
cobalt electrodes, activation data were generated on a gold electrode in the
Li/K melt at 650°C using intermediate~-Btu fuel as shown in Figure 2.50. The

corresponding Allen-Hickling data from this activation plot are shown in
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Figure 2.49. CURRENT-VOLTAGE CHARACTERISTICS FROM TRANSIENT .POTENTIOSTATIC
EXPERIMENTS ON GOLD IN 650°C Li/K MELT WITH INTERMEDIATE-Btu FUEL
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Figure 2.51. Here we obtain io = 16 mA/cm?, a, = 1.56, and a, = 0.44. Based
on these results, we can tentatively conclude that the oxidation of fuel
proceeds with a, = 1.5 and a, = 0.5 in the absence of electrode oxidation

effects.

Other kinetic information can be obtained by determining the dependency
of the exchange current density io on fuel composition. The dependency of
this parameter on hydrogen content is shown for both nickel and cobalt in
Figures 2.52, 2.53, and 2.54 for the Li/K, Li/Na/K, and Li/Na melts at 650°C,

respectively.

Although the slope of these lines would indicate an empirical reaction

o;der for hydrogen of approximately 0.5, this can not be considered the true
reaction order becauée it was not possible to independently vary the hydrogen
content without changing the overall gas composition by the water-gas shift

reaction. (See Table 2.10.)
Hy0 + CO > Hy + CO, (33)

The true reaction orders for hydrogen, carbon dioxide, and water in the

fuel were calculated from the following equation —
%
1= K [H]?[C0,1°[Hp0]° (34)

A
where k 1s a proportionality constant, and a, b, and c are the reaction

orders of H,, CO,, and H,0, respectively.

Knowing the respective concentrations of Hé, C0y, and H,0, then, by the
water-gas shift reaction (Equation 5), the CO content is automatically fixed.
If io is measured in four different fuels, then the four unknowns k*, a, b,
and ¢ can be determined. The above equation can be written in the logarith-

mic form —
log io =k + a log [Hy] + b log [CO,] + ¢ log [H,0] (35)

N
where k = log k . Using io values obtained with full gas compositions
corresponding to high, medium, low, and very low Btu (Table 2.10), Equation

35 can be written in a matrix form.

1.54 1-0.22 —-1.13 —0.65 k
1.62 1 -0.39 —0.79 —0.48 a 36)
1.34] | 1-0.67 —1.04 - —1.26 b
1.20 1-0.93 —1.24 -1.36 c
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Figure 2.51. DEPENDENCY OF EXCHANGE CURRENT DENSITIES OF NICKEL AND COBALT ON
HYDROGEN CONTENT USING VARIOUS FUELS (Li/K Melt at 650°C)
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Figure 2.52. DEPENDENCY OF EXCHANGE CURRENT DENSITIES OF NICKEL AND COBALT ON
HYDROGEN CONTENT USING VARIOUS FUELS (Li/Na/K Melt at 650°C)
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Figure 2.53. DEPENDENCY OF EXCHANGE CURRENT DENSITIES OF NICKEL AND COBALT ON
HYDROGEN CONTENT USING VARIOUS FUELS (Li/Na Melt at 650°C)
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TRANSIENT POTENTIOSTATIC MEASUREMENTg (Nickel and
Cobalt Electrodes in Low-Btu Fuel)
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These simultaneous linear equations were solved on a programmable calculator,

with the result —

k = 2.02

a = 0.258
b = 0.275
c = 0.178

Thus, Equation 34 can be written as —

0.258 0.275 0.178

io = 104.7 [Hy] [COz] [H20] @37

We can see that the reaction orders, with respect to Hp, COp and H,0, are
close to 0.25. v

We considered several reaction mechanisms for fuel oxidation that might
give the io dependency shown in Equation 37 of possible reaction mechanisms

for hydrogen oxidation and oxygen reduction in the molten-carbonate fuel cell.

The following hydrogen oxidation reaction mechanisms have been analyzed:

Model I Hy, +2M » 2 MH Step (1)
MH + CO3 = OH + COp + M+ e Step (2)
MH +OH + H,0+M+e Step (3)
Model II Hy +CO3 +M > OH + CO, + MH + e Step (1)
MH + OH > M+ Hy0 + e~ Step (2)
Model ITII Hy, + 24 - 2 MH Stép ¢
2(MH + OH > H,0 + M + e Step (2)
HoO + CO3 + 2 OH + CO, Step (3)
Model IV Hy + M+ CO3 > OH + CO, + MH + e Step (1)
MH + CO3 -+ COp + OH + M Step (2)
CO; +» COp +e Step (3)
200" + CO, =+ CO3 + Ho0 Step (4)
Model V Hp + 24 > 2 MH Step (1)
MH + CO3 =+ CO; + OH + M Step (2)
MH + OH > Hy0 + M + e Step (3)
CO, + CO, + e Step (4)
2-97
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Model VI H, + 2M -+ 2 MH Step (1)
2 MH +CO; + CO, +H,0 Step (2)
co, =+ COp + e Step (3)
co, + CO, + e Step (4)

From each of these reaction mechanisms, the o and . and reaction orders
can be predicted for the rate-determining steps identified in Table 2.11,

using different assumed electrode coverages.

The electrode kinetic data generated during this work predicts reaction
orders according to Equation 37, and indicated that Model I, with step 2
as the rate-determining step, may be the actual reaction mechanism for fuel

oxidation. Further examination of this reaction mechanism revealed —

klA
Hy +24 & 24 (38)

MH+CO§2 OH + COp + M+ e~ : (39)

and MH + OH 2> H0+M+e (40)

k3C

This mechanism assumes that —
a. Equation 39 is the rate-determining step,
b. Langmuir adsorption is isothermal.

c. There is low coverage, ©, of MH,
The net current from Equation 38 is given by -

= 2

At equilibrium, when i; = 0,

k1 1

0 A /2 1/2 1/2
= = 42
T (klc Cq,) Ky C (42)
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. Table 2.11. CALCULATED a_, o., AND REACTION ORDERS FOR Hp, Ho0, AND CO,
FOR REACTION MECHANISMS I THROUGH VI

Rate Determining Type of Reaction Orders

Step Coverage ag (H,) (H,0) (coy)
Model 1

R
0

Temkin 1.0
Langmuir *
Temkin 0
Langmuir 0.
1
1

« o »
[V R RN, N e N
NN O W
[, V]
N
wv

Temkin
Langmuir

Sdoodro

N
[V,
[= N oo Nae ool

OO KMHNDKF
L ]
[ ]
w

Model II
Temkin

0. 0.75 0.25 0.25 %%
Langmuir 0.

1

1

0.75 0.25 0.25
—0.25 **

Temkin .
0.25 0.75 —0.25

Langmuir

OO KK

B NN HA WWNN
(S S NV, N
o
N
wn
o
~J
wv

Model III1

Temkin 1.0

Langmuir *

Temkin 0.

Langnmuir 0.

Temkin *
%

Langmuir

k%

e WWNN M-
MNNOO MK
OOO&OO

NN
wr

8

el IV
Temkin
Langmuir
Temkin
Langmuir
Temkin
Langmuir
Temkin
Langmuir

e o & s =

e e s ®

[NSIN SV B S LY ]
[V NV, ] [V, NV}

e o

NN

[V, NV}

~ ~J NN

U v

[ N-RV.EV No RV, NV, Ne)

N RHOOM
COOOHRKHPM
coooo00O0
[ P‘é>é>C>C>C>C>
cooooooo

=
[9)

W NP bbwwNNi—‘l—‘% PP OONMDDND R
—
<

[
o
=
o
o
wn
o
o

Temkin
Langmuir
Temkin
Langmuir
Temkin 1.5 0.5 0 +0,75 -0.25
Langmuir

Temkin

Langmuir 1.5 0.5

*

—0.25 0.75

S

Model VI
Temkin 1.0 1.0
Temkin *

Temkin 0.5 1.5

O OO
~N v

5 -0.75 0.25

* No potential dependence,

%k 0
eYro (in cathodic and anodic terms) cancels.
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The net current from Equation 40 is —

BIFV/RT _ ye~ (1 = B3)FV/RT (43)

i3 =F kg ©C ki

C CHZO 1-0

OH

V is the potential difference between the electrode and the electrolyte. At
equilibrium, when i3 = 0,

kaC
_ 1 1_/_2_ o~ FV/RT (44)
K; C
(K, P‘2)

For Equation 39 the net current is —

K o~ (1-B2)FV/RT

BoFV/RT _
e ‘ZCC

C a-29)

OH™ ~CO, (45)

iz = F kpp © Cpos

Upon substitution for C from Equation 44 into Equation 45 for the equili-

OH
brium potential, Vo’ we can write,

k3¢ " k3c 1 Hy~ "COz

(46)
sz EéA k].CH2 CCO

JFV o/RT = -
3

Replacing V for Vo + n in Equation 45, where n is the overpotential, we

obtain,
Bo/2
. koc  kic 1 CH20 CC02
i = F kpa © CC0§ eB?_Fn/RT A KA KIC Coom
H, 3
. kac Cuzo ( ) 2 y¥n/ koc ks3g 1
— ko( C.. (1L —0) (—2+ By)Fn/RT
c,0 c.. —2%+8
Hy CO, ) 47
Cco3

1/2  1/2
From Equation 42 for low coverage we have 0 = K; / CH, and 1 —0 = 1.

Thus, Equation 47 becomes —
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. ‘ 1/2  1/2 koc ksc 1 CHo0 “cop B2/2, B2Fn/RT
2 = F ky Ky CH CC0=
2 3 =
koA k3A K].CH2 CC03
k3¢ CHy0 koC ks¢ 1 CH, Cco, =2Ba (-2+B2)Fn/RT

2 e (48)

26 T ws—1/2 ©
ksA (XiC, ) €O, C -
Hy koA k3p Ky H2 CC03

Comparing this with the general relationship for activation polarization,

RT — oy
f=1 (eaAFn/ e aan/RT) (49)

we obtain —

@A = B2 = 0.5
aC 2-8, = 1.5 for By = 0.5

The dependency of io on the gases (for B, = 0.5) is —

0.25

0.25 0.25
io ~ [CHZ] [CCOZ] [CHZO] (50)
The theoretical value of oy = 0.5 compares reasonably well with our ex-
perimentally determined o, of 0.7 for nickel and cobalt and 0.5 for gold.

A
Table 2.12 compares experimentally determined i, values at 650°C with calcu-

lated values, assuming reaction orders of 0.25 for H,, CO2, and H,0 on a
nickel anode in three different melts and with four gases. Similar data for

cobalt are shown in Table 2.13.

The highest exchange current densities were measured on nickel and
cobalt in the Li/Na/K ternary melt with all fuel compositions used. In these
tables, we can see that good agreement exists between experimental and calcu-

lated i, values.

We have seen in Figures 2.41 and 2.42 that currents were dependent upon
the rate of fuel bubbling through the melt. The current increased further
when the nickel wire was partially submerged. This suggests that in this
system, the current is limited by the rate of fuel gas delivery through the

melt into the electrode. However, in the porous electrode of an actual
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Table 2.12.

EXCHANGE CURRENT DENSITIES, i,, FOR NICKEL

IN DIFFERENT MELTS AND USING VARIOUS GASES AT 650°C

Li/K

High Btu
Medium Btu
Low Btu

Very Low Btu

Li/Na/K

High Btu
Medium Btu
Low Btu
Very Low Btu

Li/Na

High Btu
Medium Btu
Low Btu

Very Low Btu

Table 2.13.

Measured

44.0
54.0
23.0

Calculated

mA/cm?

k* = 110

34.70
42.17
19.84
14.37

k* = 229.09

55.34
66.80
31.44
22.78

k* = 135

41.70
50.70
23.85
17.30

EXCHANGE CURRENT DENSITIES, i,, FOR COBALT

IN DIFFERENT MELTS AND USING VARIOUS GASES AT 650°C

Li/K

High Btu
Medium Btu
Low Btu

Very Low Btu

Li/Na/K

High Btu
Medium Btu
Low Btu

Very Low Btu

Li/Na

High Btu
Medium Btu
Low Btu
Very Low Btu

I T U T E

Measured

mA/ cm?

Calculated

k* = 45

14.20
17.18
8.08
5.90

k* = 71.59

22.60
27.50
13.00

9.40

k* = 55.2

17.46
21.00
9.90
7.20

TECHNOLOGY
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fuel cell, the situation is rather different. Fuel gas is delivered directly
at the electrode from the rear side while the front side is facing the

. electrolyte tile. Thus, the gas can reach electroactive sites directly, or

through a layer of melt, or by diffusion through the metal. Diffusion of hy-
drogen through nickel may be quite significant.31 Thus, there may be a very
high local concentration of hydrogen in the porous electrode. The solubility

5

of hydrogen in nickel at 650°C has been shown to be around 2.5 X 10~ g mol/

ce atm,32 and its diffusivity to be 3 X 10—S cmzls.33

We have seen from Equation 37 that the exchange current density does
not depend only on hydrogen concentration, but also on the other fuel com-
ponents. In particular, the significance of water present in the melt

appears to play an important role in the overall reaction rate.

Some preliminary work was performed on the temperature dependency of the
exchange current density on nickel and cobalt electrodes in the Li/Na/K melt
over a temperature range of 550° to 700°C. No correction for changes in
hydrogen concentrations caused by the temperature dependence of Equation 33 .
was made. However, the calculated changes over this temperature range were
below 107%. Figure 2.55 shows plots of log i, versus 1/T for nickel and
cobalt using low-Btu fuel.

The activation energy (E) was calculated from the relationship,
R d (log ig)

AE = (51)
0.434 4 (1/1)

Here we get activation energies of 6.65 kcal/mol and 7.31 kcal/mol for nickel

and cobalt, respectively.

Throughout this study,we obtained reproducible current/voltage cathodic
plots in fuel-gas saturated electrolytes. In general, this would suggest a
well-defined cathodic reaction occurring at these potentials. However we

have no evidence that the reverse of hydrogen oxidation, specifically,

C02 + H20 + 2e — H2 + C03

occurs at these potentials. Further work is needed to identify the stoichio-

metric reaction and the mechanism of the electrochemical reaction.
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‘ 2.3.5. Kinetics of Oxygen Reduction

In molten-carbonate fuel cells, the cathode is initially a porous nickel
sinter that, under the oxidant conditions present, will oxidize to NiO. The
more fundamental nature of the electrochemical measurements required in this
task has, however, required that the working electrode be of a known surface
area. This has introduced the problem of how to genefate in situ a stable,
dense Ni0 electrode on the nickel surface or throughout the whole of what is
initially a nickel wire. The formation of a homogeneous nickel oxide phase
throughout the porous electrode sinter used in fuel cells will occur at a
faster rate than if the nickel were nonporous. This reflects the large
surface area available in the porous electrode for this oxidative process.
In the case of the nickel wire used during these experiments, a stable, re-
producible nickel oxide electrode was not obtained. Several approaches were
used in an attempt to form stable Ni10 electrodes, including chemical,
electrochemical, and sinter press techniques. However, no NiO surface was
found from which reliable electrode kinetic data could be obtained. The
nickel oxide electrode usually became very brittle, coarse, and fragile.

The open circuit potential was initially unstable and usually settled at
above 800 mV versus the standard Au/0,-CO, reference electrode. Increasing
the flow rate of the oxidant (70% air, 30% CO;) did not bring the electrode
potential toward the oxygen potential region. Because of the difficulty
encountered with the nickel oxide, we have made an attempt to study the

kinetics of oxygen reduction using a gold electrode.

The mechanism of oxygen reduction in alkali carbonate melts has been
examined in detail by Appleby and Nicholson.27’28

on data from steady-state polarization and potential sweep experiments on a

Their results were based

gold electrode. Our approach here is to obtain kinetic information using
the transient potentiostatic technique. Compared with the potential sweep
technique, the transient potentiostatic technique gives more direct informa-
tion on exchange current density values and charge transfer coefficients.
The experiments were performed in the electrochemical half-cell using a gold
wire in 62 mole percent Li;CO3/38 mole percent KyCO3. The melt was equili-
brated with oxygen by bubbling a mixture of 70% air and 30% COo, in the melt.
The gas composition thus obtained was 30% COp, 15% 05, and 55% Np. Cathodic

2-105

I'NS T I T UTE O F G A S TECHNOLOGY



4/79 61021

and anodic pulses were applied to the gold electrode. The kinetic current,
i(0), was obtained by extrapolating currents between 0.3 and 0.5 ms to time
zero. A plot of i1(0) versus the applied pulses at different temperatures is
shown in Figure 2.56. Larger currents were obtained at higher temperatures.
From the slope of the curves in the low overpotential region,we could calcu-
late the exchange current density: The values were 4, 5.2, and 6.5 mA/cm?
at 6000, 6500, and 700°C, respectively. These values are approximately one
order of magnitude larger than the exchange current densities reported by
Appleby and Nicholson. A plot of log i, versus 1/T yields an activation
energy of about 7.86 kcal/mole (Figure 2.57). Allen-Hickling plots of the
data are shown in Figure 2.58. The slope gives a cathodic charge transfer
coefficient (ac) of 0.62 at 650°C and 0.54 at 600°C in the cathodic region.
In the anodic region, @j is close to 1 for all temperatures. Data for 700°C
are not plotted here because they are very close to the data points for the
experiments conducted at 650°C. Values of the exchange current density can
be read directly from the intercept of the lines. These were 4.5, 6.2, and
7 mA/cm? at temperatures of 6000, 650°C, and 700°C, respectively, and are
close to those obtained earlier. Our results indicate that the reduction

of oxygen on gold proceeds with a high, exchange current density (on the
order of 1 mA/cm?) and with a cathodic charge transfer coefficient (ac) of
about 0.5. An a value of 0.5 has been used by Appleby and Nicholson in their
calculations. We have also performed a steady~state polarization measure-
ment on gold in 650°C Li/K melt under continuous bubbling of a mixture of
70% air and 30%Z CO . The result, which agrees well with the data of Appleby

and Nicholson, is shown in Figure 2.59.

Although we were unable to obtain i, values experimentally for nickel
oxide on the basis of the electrode modeling study (Section 2.2), we believe
that the reduction of oxygen on nickel oxide may proceed with an exchange

current density that is close to or even larger than the i, of gold.
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Figure 2.58. ALLEN-HICKLING POLARIZATION CURVE FROM POTENTIAL STEP DATA
(Gold Electrode, Li/K Melt, 70% Air-307% C02, 600° and 650°C)
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TASK 3. CELL OPERATION AT HIGH PRESSURE

3.1. Introduction

The original objective of Task 3 was to test cell components developed
in FY 1978 at pressures of 5 and 10 atm after they had met a performance
goal of 740 mV at 160 mA/cmZ* at atmospheric pressure. The purpose of the
elevated pressure-testing was to verify the performance gains obtained during
the FY 1977 program and to identify the endurance characteristics of pressur-
ized cell operation. During the interim period when the cell components
were being developed, the test stands were used in a parallel EPRI program.
The operating problems which prevented long-term endurance testing during
the FY 1977 program continued and became more acute as testing continued
during this interim period. As more operating experience was gained, a
clearer understanding of the problems was obtained. Therefore, a work state-
ment modification was submitted to DOE, and approval to continue test stand
and control modifications necessary to achieve long~term pressurized-cell

operation was obtained.

The major problems identified included the following:

1. Undue transient differential pressures: Increasing or decreasing
total system pressure caused higher differential pressures between
the anode, cathode, and vessel than those tolerable by the cell
assembly.

2. Undue steady-state differential pressures: At steady-state operation
(constant system pressure), differential pressures often developed
between the anode, cathode, and vessel that were higher than those
tolerable by the cell assembly.

3. Condensation in the anode and cathode effluent lines, which inhibited
the proper functioning of the control valves.

4. Constant Cv control valves that did not allow flow rate changes above
or below those of the narrow valve range.

75% H; conversion using low-Btu and 50% CO, conversion using 70% air and
30% CO,.

3-1

I' NS TI TUTE O F G A S TECHNOLUOGY



4/79 61021

The minor problems identified were —

1. High pressure vessel leakage through the flange along the bolt diameter
resulting from corrosion and warping at the vessel seal area attribu-
table to usage and thermal cycling.

2. Fluctuations in the air delivery pressure to the vessels, which caused
constant adjusting responses of the control valves.

3. The system's dead volume.
The recommended solutions were —

1. Changing the differential pressure control system from the original de~
sign, Figure 3.1, to either the modified design shown in Figure 3.2 or
to another that will reduce or eliminate the undue transient or

steady-state differential pressures.

2. Ensuring that the effluent temperatures upstream from the control valves
remain above the condensation point by heating the outlet lines.

3. Replacing the constant Cv control valves with variable Cv valves.

4, Reducing the system's dead volume by changing the tubing to 1/4-inch
diameter or less.

5. Stabilizing air-delivery pressure by incorporating precision, forward-
pressure regulators in series along the line.

6. Improving vessel sealing characteristics.

The improvements were completed, except Item No. 3 (variable Cv control
valves are on order), and the operation of the testing facilities were

successfully tested. The details are discussed below.

3.2. Results and Discussion

3.2,1. Pressure Control Design

The success of the cell operation at pressure depends on the proper
pressure controls between the anode, cathode, and vessel. The objective is
to control the differential pressures between the anode, cathode, and vessel

to within a few inches of water (~3 inches) to protect the wet-seal and to
prevent crossover,

The original control design (Figure 3.1) employed the vessel pressure

as a basis for controlling the anode-vessel and the cathode-vessel pressure
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differences. Air from a compressor was supplied to the vessel, and the flow
rate was adjusted by a rotameter to control the rate of pressure increase.
The vessel pressure was then transmitted to a panel-mounted, pressure-indicator

controller, PIC-1, which actuated the vent control valve, V-1.

Fuel supplied to the anode compartment was measured using a mass flow-
meter. The differential pressure between the anode outlet gas and the vessel
was transmitted to PIC-2 with a differential-pressure transmitter. When
this signal was higher than the setting on the PIC-2, the vent control valve,
V-2, opened until the anode pressure became stable. The pressure control

system for the oxidant was the same as that for the fuel.

The original design of the vessel pressure control used a pressure-
indicator controller, PIC-1 (Figure 3.1), with a 0 to 300 psi range on a
5-inch scale. Because of the sensitivity of this controller, however, the
vessel pressure could change * 6 psi before the controller would actuate.
This fluctuation in the vessel pressure caused fluctuations in the differen-
tial pressure across the wet-seal and the tile because of the differences
in the response time of the anode, cathode, and vessel pressures. As a

consequence, crossover and wet-seal leakage occurred.

This problem was corrected by using a differential-pressure transmitter
with a constant reference pressure source, as shown in Figure 3.2. The
constant-reference pressure was provided from a high-pressure nitrogen gas
cylinder with a precision regulator that was connected to the low-pressure
side of the differential-pressure transmitter. The use of a panel-mounted
precision pressure gauge and a regulator allowed the reference pressure to
be set at a desired vessel pressure within 0.5 psi. The differential-pressure
signal was pneumatically transmitted to PIC-1, which has a range of 5 inches

of water column.

Because the reference pressure remained constant, the vessel pressure
also became constant at a set differential pressure above the reference
pressure. The vessel and the reference pressures could be read with the

pressure gauge, PI, by using a 3-way valve, V-4.

Figure 3.3 presents the test results of the modified pressure control

design on a working cell at 650°C.

3-5
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In the beginning of the test, anode and cathode pressures were slowly
increased until they reached a steady state at differential-pressure settings
above atmospheric, as shown in Figure 3.3 (Section A). Then the reference
pressure was adjusted to a desired vessel pressure (20 psig in this test),
and the vessel-reference differential pressure (2.85 inches of water) was
set on PIC-1. The vessel air supply from the compressor was passed through
two precision forward-pressure regulators in series, and its flow rate was
adjusted such that the anode and cathode systems could be pressurized within
the limit of the set points. (It should be pointed out that the vessel
pressure was not registered on the indicator until the vessel pressure was

higher than the reference pressure.)
Therefore, at steady state, the vessel pressure, PV’ is ~

Py = Pp + AP, o (52)

where PR is the reference pressure, and AP

between the vessel and the reference.

V-R is the differential pressure

Similarly, the anode and the cathode pressures are expressed as —

P, = By, + AR, (53)

and

Po = By + AP, . (54)

where APA—V and APC—V are the differential pressures of the anode-vessel and

the cathode-vessel, respectively. 1In Figure 3.3, the differential pressure

settings were —

>
ja-]
i

2.85 inches of water

V-R
and APAFV = 2 inches of water
APC_V = 1 inch of water.

When a higher vessel pressure was required, the reference pressure was
simply increased to a desirable vessel pressure (50 psig in this test). Be-
cause the reference pressure became much higher than the vessel pressure,
the pressure indicator of the PIC-1 returned to zero (meaning out of range).

The control valve, V-1, was closed and the vessel was pressurized until it

3-7
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reached another steady state. During this pressurizing period, however,
the differential pressures at the anode-vessel and the cathode-vessel re-
mained constant at the previous setting points [Figure 3.3 (Section B)]

indicating a steady pressure increase with the increase in vessel pressure.

When the lower vessel pressure was required, the reference pressure was
decreased to the desired value (30 psig). At this point, the control valve,
V-1, was wide open and the vessel was depressurized. The anode and cathode
control valves, V-2 and V-3, were also opened and their pressures were re-
duced. However, the rate of vessel depressurization was much faster than
those of the anode and cathode. The temporary fluctuations in the differen-
tial pressure are indicated in Figure 3.3 (Section C), Therefore, we
decided to replace the constant Cv valves with variable C, valves. These

v
valves are on order at this time.

3.2.2. Vessel Air Leakage

The original vessel system used a 20-inch-ID "Flexitallic Blue Spiral-
Wound Flanged Joint-type Gasket' (Flexitallic Gasket Company, Camden, N.J.),
made of 304-stainless steel with asbestos filler. "Permatex" was applied on
both sides of the gasket to improve the sealing characteristics, and then the
flange was tightened with up to 100 ft-1b torque. Nevertheless, the vessel
air was leaking through the flange along the bolt diameter, as a result of
flange corrosion and warping at the vessel seal area attributable to usage
and thermal cycling. In an effort to find a solution and to determine the
effect of vessel leakage on the control of the system differential pressure,

the following three tests were conducted:

e Test 1. Two layers of thin rubber gaskets,

Since the vessel flange was suspected of being warped, two layers of
rubber gaskets, each 1/32-inch-thick, were used to increase the
compressible gaps between the flanges and the gaskets. This test was
conducted at room temperature. The clamping bolts were tightened

to 100 ft-1b torque as before. When the vessel was pressurized to

80 psig, the rubber gaskets failed and blew out. Upon examining the
gaskets, it was concluded that the bolt tightening was not sufficient
and the contact between the gaskets and the flanges was poor. The
latter seemed to be attributed to dried, residual "Permatex" on the
flange surfaces. As a result, the flange surfaces were rough and
uneven. It was also concluded that the rubber gaskets tested lacked
the rigidity to withstand the high vessel pressure.

3-8
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e Test 2. Two rubber gaskets bonded with "Permatex' on both sides of the
Stainless Steel Ring Gasket.

This combined gasket design provided more rigidity than the previous
design as well as the compressible gaps of the regular stainless steel
ring gasket. Both flange surfaces were thoroughly polished and free

of foreign materials. The clamping torque was increased to 300 ft-1b,
since the first test indicated that 100 ft-1lb was not sufficient to seal
the gasket effectively. This test was also conducted at room tempera-~
ture.

The vessel was then pressurized up to 150 psig without any significant
leakage through the flanges. With these corrections, the vessel
pressure held constant and the vessel air consumption was reduced (on
the order of a few cc/min).

e Test 3. Regular Stainless Steel Gasket with "Permatex’ on both sides.

This test was conducted to determine if the flange sealing character-
istics of Test 2 were attributable to the use of rubber in the
combined gasket or to the flange-surface polishing. Again, the flange
surfaces were polished and 300 ft-1b of clamping torque was used.

With this arrangement, the vessel was pressurized up to 150 psig at
650°C. The vessel pressure held constant, as in Test 2, with only

a very small supply of air to the vessel.

Therefore, we conclude that the vessel air leakage was due to the uneven

flange surfaces caused by corrosion and warping.

3.2.3. Slow Response of the Anode and Cathode Systems

The gas flow rates of the fuel and oxidant are relatively small, while
the volumes of their system (tubing, valves, humidifier, cell, etc.) are
large. This caused a slow response of each system during transient conditioms.
Some of the dead volume was decreased by shortening the tubing and decreas-

ing tube diameters.

3.2.4. Water Condensation

Water condensation in the anode and cathode effluent lines was
controlled by applying heating tapes to ensure that the effluent tempera-
tures upstream from the control valves remained above the condensation

point.

Water condensation also occurred in the plastic tubing to the differen-
tial-pressure transmitter, causing an electrical short circuit between the

cell and ground. A longer plastic tubing was used, and the transmitter

3-9
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was reinstalled at a higher position. The condensed water in the plastic

tubing had to be drained occasionally, which caused sudden pressure changes

in the cell., The incorporation of an automatic water trap is envisioned.

3.3.

Conclusions

From the test results and the experience gained during modification,

we concluded that —

a.

By changing the pressure control design to incorporate a differential-
pressure transmitter and a reference-pressure source, the control of
the vessel pressure and differential pressures was simplified and
accuracy was improved.

Vessel air leakage was caused by uneven flange surfaces and insufficient
clamping.

The slow response of the anode and cathode systems was improved by
decreasing the dead volume of the system.

Variable C. control valves will be installed as soon as received to
maintain d¥fferentia1 pressure accuracy independent of flow rates.

3-10
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APPENDIX A. Electrolyte Preparation by the
Original Aqueous Slurry Process
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Electrolyte AD55-1A was prepared from Degussa "C" alumina following the
ANL method of electrolyte preparation, which involves the following steps:
1. Prepare a slurry by mixing 56.7 grams of Degussa y-Al,03(Degussa "C'")
with 300 m{ Hy0 in a 1-liter TeflonR beaker (18.9 g A1,03/100 m&).

2. Dissolve LiOH-Hy0 + KOH in 500 ml H,0 using 88.71 grams LiOH.H,0
(17.7 g/100 ml) and 36.24 grams KOH (7.3 g/100 ml).

3. Slowly add hydroxide solution to Al,03 slurry while stirring and heating
at about 80°C.

4. Pour slurry into Teflon-coated baking pan and dry at 110°C in an air
oven for at least 20 hours.

5. After drying, grind the powder to —325 mesh, place it in a Teflon beaker,
and pass CO, over the powder at room temperature for 8 to 10 hours.
Insert a thermocouple, and check the temperature of the powder. Obtain
powder weight before and after the CO, treatment.

6. Regrind powder to —325 mesh, place in an Al,03 crucible that has been
preexposed to the molten carbonate mixture, heat at 600°C, and pass CO,
over the powder for 22 hours. Obtain powder weight before and after
firing.

With the proper assay correction for the various starting materials, this

procedure is designed to produce an electrolyte of 45 weight percent LiAlO,

and 55 weight percent lithium-rich carbonate eutectic (62 mole percent

LiyCO3/38 mole percent K,CO3).

Our understanding of the process is summarized in Table A.l. Conversion
of Al,03 to LiAl0, begins when the hydroxide is mixed into the Al,05 slurry
(step 3), and is usually complete after the carbonation process (step 5). The
high-temperature firing (step 6) completes any unfinished reaction to give the
final electrolyte consisting of LiAl0,, Li,CO;, and K,CO3. To understand the
detailed reactions involved in each step, we prepared Electrolyte AD55-1A
following the procedure described above exactly and analyzed the products
obtained after each step. We recorded processing temperatures and weight
changes of powders, and analyzed the electrolytes by X-ray diffraction,
chemical analysis, SEM, and surface area and thermal expansion measurements.
Based on these results, presented in Table A.2, the following observations
were made regarding the ANL method:

e Conversion of the Degussa Al,03 to LiAlO, was completed during the slurry
stage (steps 3 and 4). No trace of Al,03 was detected by either X-ray
diffraction or SEM of the LiAl0, washed from a dried slurry. The X-ray

diffraction pattern consisted of B~LiAl0O,, as determined by Chang and
Margrave, plus several additional lines identified as Al (OH) (CH3C00),.

A-3
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Table A.l. POSSIBLE REACTIONS AND ACTUAL OBSERVATIONS DURING EACH STEP OF THE
ANL ELECTROLYTE PREPARATION PROCESS (Based on Electrolyte AD55-1A)

Chemical Analysis X~ray Estimated Weight Change Observed Weight Change
Step Purpose of Products Diffraction Pattern (Dry Starting Material Basis) (Dry Starting Material Basis)
3&4 Initiate conversion of Al 03 to None available B—LiAlOZ* 0%-6.7%Z Joss depending on No data
LiAlO2 by the reaction degree of conversion
z b .
1\1203 + 2LiOH <« 2L1A102 + HZO
S Continue conversion of Al,04 LiZCO3 26.7% B—LiAlOZ* 12%-19% cain depending on 24.8% Gained
as in preceding steps. Convert K_CO 23.9% degree of conversion in
hydroxide to carbonate by the 2773 i Steps 3 & 4
reactions — LiA102 30.0%
: > s o
2Li0H + CO2 :— L12C03 + H20 A1203 2.3%
2KOH + CO2 + KZCO3 + H20 Balance 17.1%
Total 100.0%
6 Complete conversion of Al O LiZCO3 27.5% B—LiAlO2 1% Loss 18.7% Lost
to LiAl0, and hydroxides fo K.CO 28.7%
carbonatés 2773
1..iA102 38.8%
A1203 0.2%

Balance 4.87%
Total 100.0%

* Plus several additional lines identified as A1(OH) (CH3COO)2, apparently formed
during the washing procedure.
B78030780
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Table A.2. CHARACTERIZATION OF THE LiA102 OBTAINED FROM DIFFERENT TYPES OF
Al203 BY THE ANL METHOD OF ELECTROLYTE PREPARATION

Starting Al,03
Commercial Name
Chemical Formula

X-ray Diffraction of LiAl0,
from Dried Slurry (Step 4)

X~ray Diffraction of LiAlO,
from Carbonated Slurry (Step 5)

X~ray Diffraction of LiAlO, after the
600°C Firing (Step 6)
Li/Al Mole Ratio
Surface Area, m2/g
Thermal Expansion

Electrolyte
AD55-1A AC55-1A AR55-1A
Degussa "'C" Catapal SB Reynolds RH-33
Y-Al503 A10(OH) A1(OH) 5
B-LiAl0, B-LiAl0, B-L1iAl102
B-LiAlo, Not available Not available
8-LiAl0, 8-LiAl10, Not available
0.992 0,950 Not available
7.5 11.1 Not available

Slumped upon melting

Slumped upon melting

Slumped upon melting

A78030781
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This aluminum acetate hydroxide phase apparently formed as a result of the
washing procedure, which was in a preliminary stage of development at the
time and used too low a concentration of acetic acid anhydride (<30%) in
the glacial acetic acid. The morphology of the B-LiAlO, particles was
revealed by SEM to be rod-like.

During the carbonation process (step 5), the electrolyte seemed to retain
most of the water of reaction, as indicated by a substantially greater
powder weight gain than expected on the basis of the hydroxide~to-carbonate
conversion. The X-ray pattern of the LiAlO, washed from Electrolyte AD55-1A
after the carbonation step indicated the presence of B-LiAlO,, as well as

a small amount of Al(OH) (CH3C00), that resulted from the preliminary

washing procedure. SEM agaln revealed the rod-like morphology of the B-LiAlO,.

During the high-temperature firing (step 6), most of the moisture was
driven from the electrolyte powder, resulting in essentially stoichiometric
B-LiAl0, with the desired carbonate composition. The deviation of the
analyzed composition of Electrolyte AD55-1A from the theoretical value

is attributed to a higher percentage of volatile matter in the starting
Al,03 than assumed in the calculations. An SEM micrograph of the LiAl0,
particles washed from finished Electrolyte AD55-1A indicated minor changes
in LiAl0, particle size occurred during the 22~hour firing at 600°C,
although the rod-like morphology was retained.

Because LiAl0, particles are formed during the slurry stage and because

their size is much larger than that of the starting Degussa "C" Al,03, the

most probable mechanism of LiAl0, formation is a dissolution-precipitation

process. Alumina dissolving in the hydroxide solution reacts with lithium

ions and precipitates as Li1Al0,.

Table A.2 presents data describing the preparation of LiAl0, from low-

cost hydrated aluminas using the original process.
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APPENDIX B. Characterization of Electrolyte Tile Materials
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Summary of Tests

Materials characterization plays an important role in the development

of the electrolyte tile. The following characterization tests are routinely

performed on tile materials —

Chemical analysis for carbonate and LiAl0, contents by acid dissolution —
CO, evolution method

Li/K/Al contents by atomic absorption analysis

LiAl0, phase composition by X-ray diffraction and HC1l acid dissolution
LiAl0, surface area by nitrogen adsorption B.E.T.

SEM of LiAl0, powders

Tile density

Tile thermal cycling behavior by dilatometer test.

Optional analyses include —

Mercury porosimetry of LiAlO, powder
LiAl0, chemical analyses

LiAl0, thermochemical stability tests
X-ray radiography of hot-pressed tile

Miscroscopy of tile cross section.

Electrolyte Washing Procedure

Before the physical and chemical properties of the LiAl0, support

material used in the electrolyte tiles can be determined, the carbonate must

be removed. The washing procedure for this removal must not alter the LiAl0,

properties or introduce artifacts. In preliminary experiments, washing the

electrolyte with a dilute solution of acetic acid anhydride in glacial

acetic acid resulted, in some cases, in the formation of aluminum acetate

hydroxide [A1(OH) (CH3C00),]. Therefore, subsequent washing experiments

utilized a higher concentration of acetic acid anhydride (30%) in the washing

solution. An excess of acetic acid anhydride will prevent formation of
A1(OH) (CH3C00), and hydrolysis of LiAl0, by reacting with water present in

the washing solution.

The following procedure was shown during the course of this work to

remove the carbonate without introducing artifacts or altering the LiAlOz,

and was adopted as a standard procedure —
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a. Weigh out approximately 3 grams of electrolyte in a beaker and add 300 ml
of freshly prepared 307 acetic anhydride/70% glacial acetic acid. Stir
for 1 hour using a magnetic stirrer.

b. Filter the solution through a 0.2y filter paper.

c. Transfer the residue into a beaker, add 300 ml methanol, and stir for
1 hour. Filter through 0.2y filter paper.

d. Dry the residue in an air oven at 120° to 140°C for at least 2 hours.

The washed LiAlO, powders thus obtained are then evaluated by SEM, B.E.T.

surface area, X-ray diffraction, chemical analysis, and mercury porosimetry.

Tile Thermal Cycling Test

The screening test that is currently used to evaluate the potential of
a tile for use in an operating fuel cell involves a dilatometric technique.
A cylindrical disk tile specimen, about 18-mm (0.7 in.) diameter x 5-mm (0.2 in.)
thick, is positioned in the dilatometer apparatus shown in Figure B.l. The
axial expansion/contraction behavior of the tile is then determined under
a static load corresponding to 3 psig (122 kPa total pressure) as a function
of temperature between ambient and 650°C. The specimen is heated to 650°C in
5 hours and held at that temperature for 2 hours before cooling at a rate
similar to the heating rate. This thermal cycle is then repeated without
altering the specimen. A constant flow of oxidant gas (14% CO,/balance air)

is maintained over the specimen during the entire test.
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Figure B.1l. APPARATUS USED FOR DILATOMETRIC SCREENING TEST
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APPENDIX C. Derivation of Model Equations (Atmospheric Pressure)
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Mass Balance Equations

Figure C.1 is a schematic diagram of the gas flows to the cell.

shows how the cell is divided into sections for computation purposes.

61021

It also

Equations

C.1 through C.7 show the dependency of the fuel and oxidant gas components

on the gas flow rate, length of the anode, cathode gas channels, and current

density.
OXIDANT, ¢,
P { }
m SECTIONS
~ (x direction)
- 0 l
- Z = |
i S 8
el E5 |
e o £ |
n O ‘
e > |
|
—- I
I
I
|
L

¢, = FUEL FLOW RATE
$c = OXIDANT FLOW RATE
A = ANODE GAS CONVERSION
u = CATHODE GAS CONVERSION
A78030672

Figure C.1. SCHEMATIC DIAGRAM OF THE FUEL AND OXIDANT FLOWS TO THE CELL
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Cathode

COz: == o=

05:

Nz:

where,

©
o

d
(@]

[ S ~ N
o Tdy R

Lo T I - B - T = T = |

total fuel flow rate, cm3/s

total oxidant flow rate, cm3/s

mole fraction of the gas component k

distance in the fuel flow direction, cm
distance in the oxidant flow direction, cm
anodic current density (>0), mA/cm?

cathodic current density (<0), mA/cm?

current density [i=1, = |iC|], mA/cm?

total length of the fuel gas channel, cm

total length of the oxidant gas channel, cm
number of sections in the anode flow direction
number of sections in the cathode flow direction
temperature, K

pressure, atm

gas constant, 82.06 atm-cm3/g-mole-K

Faraday's constant

and the subscripts are —

A
C
H
CA
CcC
W
co

anode

cathode

hydrogen

CO, in anode gas
CO, in cathode gas
water

carbon monoxide
oxygen

nitrogen.

61021

(C.5)

(c.6)

(c.7)
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Conversion of H,, A, on the fuel side is defined as —

oy
= moles of Hy consumed _ ?AXH ?AXH

moles of H, in

where the °
A=1-—
where,
c - A
A $°

Conversion of CO,, u, on the oxidant side is defined as —

superscript refers to the initial conditions; that is,

o

fAiH;;

_ moles of CO2 consumed _

moles of Co, in

that is,
w=1-
where,
fc = ;%
c

X

o
C XCC

61021

(c.8)

(€c.9)

(C.10)

(c.11)

Combining Equations C.9 and C.10 for the hydrogen component of the fuel, we

obtain Equation C.12.
the CO, and H,0 fuel components.

X~
XEA + AXE

Adding Equations C.12, C.13, and C.1l4, we obtain —

[}

%

£a%ca

£ %

fA=1+ x;’l

I N S T 1

TUTE

Similarly, Equations C.13 and C.1l4 can be derived for

(c.12)

(C.13)

(C.14)

(C.15)
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In a similar manner for the oxidant components at the cathode,

£Xoo = Xoo — uXge (C.16)
= v° _ H yo
foO XO 2 XCC (C.17)

Adding Equations 20 and 21, then

3 o
£,=1— 5wk, (C.18)

If the dimensionless distance, £, is defined as

X

g = LA/m (C.19)

where LA/m is the length of one section in the x-direction, then substituting
Equations C.9 and C.19 into Equations C.1l through C.3 results in Equation
C.20 —

_Pm oodi_ i
RIL L, °\Xp ¢ = 2F (C.20)

The current density can be defined as —

im

1
max

S
J = A (C.21)
where Imax is the current density that would result if 100%Z conversion of the
anode gas took place and the resulting current was uniformly distributed over
the entire cell. Then,

[- 174
2FP¢AXHm

RTLCLA

A (A/cm?) (C.22)

and therefore,

Ay (C.23)
dg '

If the dimensionless distance ng 1s defined as

= —J
ng LC/n (C.24)

where LC/n is the length of one section in the y-direction, then substituting
Equations C.11 and C.24 into Equations C.5 and C.6 results in Equation C.25 —

c-6
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Pn o d}l i
2° X _ i (C.25)
RTLALC C "CC dnd 2F

Let S denote the ratio of CO, flow rate per cathode section th the Hy, flow

rate per anode section; that is,

X° &°n
S = pecee (. 26)
Xyl
Substituting Equations C.22 and C.23 into Equation C.26 we obtain —
dw _ 1 . J
ang " SATS (C.27)

Equations C.23 and C.27 are two mass balance equations containing three
unknowns, A, u, and J. To solve for these unknowns, a third equation is

obtained from a potential balance.

Potential Balance Equation

Figure C.2 is a schematic representation of the potential gradient in a
cell for both the open-circuit condition and when under load. The cell

potential is given by —

vV = (VCN —'VA ) —-1Z0hm + Ne T Ma (C.28)
where —
\Y = terminal potential
VCN = equilibrium (Nernst) potential at the cathode
VAN = equilibrium (Nernst) potential at the anode
i = current density, mA/cm?
= ohmic cell resistance, ohm/cm2
ohm
1Zohm = ohmic potential drop in cell
¢ = cathodic overpotential (<0)
N = anodic overpotential (>0).
The equilibrium potentials at the electrodes are —
o kT . N
VAN = VA4-2F In¢( . ) and (C.29)
- ve+ BT 4 (x2 C.30
Ven = Votar 10y Xl (C.30)
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where VZ and VE are the standard anode and cathode potentials. Assuming a

linear current-overpotential relationship, then —

ny = 12, =17y (C. 31)

ng = 12 = 12, (C.32)
where ZA and ZC are effective electrode impedances (ohm/cm?). Substituting
Equations C.29 through C.32 into Equation C.28 we obtain —

o _yo BT, /2 o Rt Al
vV + VA VC = oF In (XO XCC) oF In ( XH ) iA (Zohm + ZA + ZC) (C.33)

Using the definition of conversions )X and p from Equations C.9 and C.11,

Equation C.33 can be written as —

o __ x7° [} 01/2 °
v+ vy Vc_ln[xcc x5 xﬂ)]

RT/2F x;, xEA
XEC 1/2
1—u)Q—1/2p 30 ) @a@-xQa+ Ax;;)
= In 0 _JZA (o 34)
) )3/2 ( xl"{ x;l RT/2F ‘
(1 — 3/2ux?° 1+2)0+A35)
cc Xy Xea

The first term on the right-hand side of Equation>C.34 is the Nernst loss, and
the second term is the overpotential term. The effective impedance, Z, is the

sum of electrode impedances, Z, and ZC’ and ohmic resistance, Z . Substitut-

A ohm

ing Equation C.22 for A in the overpotential term, we obtain —

[- 274"
gza__ o, PPN o2 . 35)
RT/2F LL, RI :

Rearranging Equation C. 34, we then have —

a-wa-wmp?

/

1— A)(1 + AAp)

1n —U—JE=0 (C.36)

1 — 24572 @+ 2 A + AAg)
where —
A1 = 0.5 Xo /X°

cco
%

Ay
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- °
Az = 1.5 X2,
Au = Xy/By
As = X2 /X2,
o __ 0
" v+yv, VC
RT/2F
Oy 0
ZmP¢AXH
snd E= T
CA

— 1n

o y gy /2
(X3) (X3)

(X;’I)

) &)

@’

61021

Equations C.23, C.27, and C.36 can be solved simultaneously to give A, u, and

the current density at any point on the electrode surface.
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APPENDIX D. Derivation of Model Equations Taking the Effect of Higher
Pressure into Account
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(D.1)

(D.2)

(D.3)

(D.4)

(D.5)

(D.6)

(®.7)

(D.8)

(0.9)

(D.10)

(D.11)

H.: __P_n_.i_ (QAXH) =_..dé ) P ¢°X° .
2° RrL; dx ‘n ax RTL ¥y dx R'I‘LC 2% ¢co’
dn
3 g ¢ RTLC LYY
where, by definition,
Electrochemical A = X iRTLC dx
. = P Ty
conversion: e o 2F¢AXHP
@ °x° )+ @ )
Conversion of CO: v = ATCO A co AXM xM
® v
—d
Conversion of CEy: T iu—x—ﬁ—fu—
9, X dx
, Pn d ACA __"e P oyo _Pn dv °
CCy: RTL = Can )" i (RTL oXy) * RIL, dx %Xco
-]
Ho0: Pn_d (QAXW) - dAe (PQ XM Pn_ joyo dv _ _Pn
20¢ RrLoax C o ax RTLC T RrL; "A%co dx ~ RIL; *a XM dx dx
Pn a4 %%co Pn_ dv Pn d
co: ¢ )y = — ¢°X o SV VT 2 of
RTLC dx n ACO RTL dx A RTLC dx
. g_(°AxM)=_ owo _Pn_ drm
e RTLC dx n A RTL dx
Integrating species balances, we obtain —
o __ yo o o
X, U Xy T K Y X gy + 3Kyn
[ [-]
1+ ZXM“ + xer
-]
. X +XH}‘ + X CO
CA 1+2XM‘ +X,HAe
— yvO °
Xg t Xgre ~ Xoov T Xym
S R I TR I
D-3
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o _ °
X8 (L — V) + Xom

co =1+2Xﬁn+x;_’l}\e

Xﬁ 1-—rm)
Ny 1% X ¥ 2K (D.13)

(D.12)

By substituting D.9 through D.12 in the shift reaction and methanation reaction

equilibria, we obtain two equations —

3
X ) X.,) K
toas _ K, and *w) *co _% (D.14)
Ko

X&) T p

The third equation is the potential balance equation given by —

o _ yo oy1/200 vo
v+ V21"/ z‘F’C— In (X0)° °XCCXM + R%%F
%¥ca
° ° o ° o

@+, E%-—-vxfo —-nfgé 1+, ;E +~v§90)
1 o - ©.15)

(142X + 2n%8) (1= 2+ g‘fﬂw 3%«)
where —
¢, = total fuel flow rate, cm3/s
oc = total oxidant flow rate, cm3/s
Xk = mole fraction of the gas component k
X = distance in the fuel flow direction, cm
i = current density [i = i, = ]iC|], mA/cm?
LC = total length of the oxidant gas channel, cm
n = number of sections in the cathode flow direction
T = temperature, K
P = pressure, atm
R = gas constant, 82.06 atmcm3/g-mole-K
F = Faraday's constant

and the subscripts are,

A = anode
C = cathode
H = hydrogen

D-4
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CA = CO2 in anode gas
CC = COz in cathode gas
W = water

CO = carbon monoxide
0 = oxygen
M

methane

The three simultaneous linear equations are solved at each mesh point of

the cell, using an IGT subroutine.
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