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ABSTRACT

This report describes fuel cell research and development
activities at Argonne National Laboratory (ANL) during the period
July through September 1984. These efforts have been directed
toward seeking alternative cathode materials to NiO for molten
carbonate fuel cells. Particular emphasis has been placed on
studying the relationship of synthesis and sintering conditions
on the resistivity of doped and undoped LiFeO2 and Li2MnO3 and
on achieving a better understanding of the crystalline defect
structures of phases that are thermodynamically stable at 1- and
10-atm pressure. To this end, several experimental assemblies
(including synthesis, solubility, and sintering vessels and a
high-pressure thermogravimetric analyzer) have been constructed
to permit 10-atm operation. Methods to improve the corrosion
resistance of stainless steel components in ion-migration test
cells are under assessment. A study to provide improved under-
standing of anode creep and densification occurring under fuel
cell conditions is under way.

SUMMARY

Cathode Development

Because of the problem of NiO cathode dissolution in molten carbonate
fuel cells, the experimental work at ANL has concentrated on the investiga-
tion of alternative cathode materials. Currently, attention is focused on
LiFeO2 and Li2MnO3 and the effect of synthesis conditions on the resistivity
of these materials in their doped and undoped states.

Alternative Cathode Materials. Studies to determine the relationship
between synthesis conditions and resistivity have continued. Undoped LiFe02
samples were synthesized with different carbonate salt compositions under
cover gases containing <2.5% CO2 at 1 atm. The resistivity of undoped LiFe02
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tPre-College Program participant.

tMaterials Science and Technology Division, ANL.
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synthesized under cover gases containing >0.005 atm C02 , "300 Q-cm at 925 K,
was higher than that of LiFe02 synthesized under air (pC02 - 0.0003 atm),

.3 A-cm at 925 K. For LiFe02 synthesized under cover gases containing
0.003 atm C02 , the resistivity was between these values; however, the actual
value appeared to be dependent on the carbonate salt composition. It is pos-
sible that, in cover gases containing low CO2 (<0.005 atm), (1) the Li20 ac-
tivity in the eutect'ic is high enough to cause nonstoichiometry in LiFe02 ,
resulting in a decrease in resistivity, and (2) different carbonate salt com-
positions having different Li20 activities result in different degrees of
nonstoichiometry and variations in the decrease of LiFe02 resistivity.

The effect of sintering atmosphere (air or C02-air) on the resistivity
of undoped LiFe02 was also studied. The resistivity of material produced and
sintered under high CO2 partial pressure (0.30 atm) showed no detectable ef-
fect from the sintering atmosphere. The resistivity of material synthesized
under air and then sintered under high CO2 partial pressure was equivalent
to that of material produced under a cover gas of the high CO2 composition.
However, when this material was subsequently held at operating temperature in
air, the resistivity decreased as the sample began to revert to material char-
acteristic of samples prepared under air.

Chemical analyses of conductive LiFe02 samples suggest the presence of
Fe4+ in addition to Fe 3+. It is hoped that the Fe4+ concentration can be
stabilized and increased by doping the LiFeO2.

In related studies, an attempt was made to dope LiFe02 with tetravalent
titanium. The resistivities of samples of Ti-doped LiFe02 synthesized under
cover gases containing C02/air and air were higher by a factor of ".2 and 300,
respectively, than those of samples of undoped LiFe02 prepared under similar
cover gases.

In tests of Li2MnO3 cathode material, the resistivity of iron-doped
Li2MnO3 was found to be similar to that of undoped Li2MnO3 prepared under
similar conditions. The lack of enhancement in conductivity may be caused by
ineffective dopant incorporation.

In the previous quarterly, attempts to produce magnesium-doped Li2MnO3
free of LiMnO2 were reported to have been unsuccessful. Recently, two methods
to produce single-phase magnesium-doped Li2MnO3 were tested; both were suc-
cessful. However, the resistivity of pellets made from material produced by
these methods was higher (.100 O-cm at 925 K) than expected.

New Test Apparatus. In related activities, several experimental assem-
blies are under construction to permit high-pressure analysis of cathode
material. An Ainsworth Type RZA electrobalance is being prepared for use
with a thermogravimetric analyzer to be operated at high pressure and temper-
ature (100 psi and '.1075 K). Most of the hardware and software preparations
have been completed. Calibration data, taken at ambient conditions, suggest
that the precision and accuracy of the system is better than that originally
specified. This may be due to the better linear variable differential trans-
former (LVDT) and electronics that were installed during our preparation
of the thermobalance. Minor modifications are expected in the software.
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Two units to be used for synthesis and study of cathode materials at
10 atm have been assembled. One unit has been pressure-checked at room temp-
erature and is undergoing testing at 975 K and 10 atm. Stability studies in
this unit are expected to begin soon. The second unit will undergo similar
pressure tests in the near future.

Preparation and Testing of Reference Material. To attain reference data
for 10-atm studies, magnesium-doped LiFeO, (Mg/Fe - 1/50 and 1/10) was pre-
pared under air at 1-atm pressure. The resistivities at 925 K of Mg-doped
LiFeO2 were "4 -cm for Mg/Fe - 1/50 and 7 O-cm for Mg/Fe - 1/10. These
results are similar to those of undoped LiFeO2 prepared in air, where resis-
tivity values generally range from 2 to 5 ('cm at 925 K. Examination of a
powdered sample of Mg-doped LiFeO2 (Mg/Fe - 1/50) by absorption spectropho-
tometry showed a spectrum similar to that for Fe2+ in an aqueous perchlorate
solution. This suggests that magnesium may have substituted for lithium in

LiFeO2 , producing Lil-xMgxFe-xFex+02.

Cathode Material Migration Studies. An attempt was made to provide
corrosion protection to the 304 stainless steel hardware used in cathode
materials evaluation studies. The procedure involved the application of a
base coat of nickel on the hardware followed by electrodeposition of gold.
The treated hardware was used to assemble a test cell, which failed during
initial heating. Posttest analysis revealed the presence of a black mass on
the edge of the hardware in the wet seal area. X-ray diffraction analysis
showed the black material to consist of LiNiO2 , Li2Ni9O10, NiO, Ni, and
eutectic salt. It is suggested that, upon lithiation, the NiO became elec-
tronically conductive, causing a short circuit that resulted in cell failure.
Other means of corrosion protection are under evaluation.

Component-Structure Development and Evaluation

Evaluation of Anode Creep Resistance. An improved understanding is
being sought of anode creep and densification phenomena occurring under fuel
cell operating conditions. The anode creep collapse of material from two
laboratory test cells is under study.

In an initial test, a disk (12.57-mm dia, 0.834-mm thick) cut from un-
used anode material was subjected to compression loading at 875 K in C02 -C0
atmosphere (C02/CO - 1200). A plot of applied stress vs. sample strain (to
"'2% sample strain) showed typical elastic and plastic regions. The straight
line obtained from a plot of the slope of the stress-strain curve (So/ac) vs.
stress was extrapolated to ao/ac = 0 and gave a stress of 18 MPa for a strain
rate of 10-4 8-1.

A second disk (12.55-mm dia, 0.807-mm thick) cut from the same material
was tested as before, but the atmosphere contained a lower C02 partial pres-
sure (C02/CO = 100). A plot of applied stress vs. sample strain (up to 12%
sample strain) showed that a significant portion of the strain was due to
densification.
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I. INTRODUCTION

The advanced fuel cell studies at ANL are part of the DOE Advanced Fuel
Cell Program. The objective of this DOE program is to reduce the technical
uncertainties with fuel cells so that manufacturers and users can introduce
high-efficiency generating systems which have the capability of operating
on coal or other fuels. At the present stage of development, the primary
thrust of the ANL program is to provide supporting research and development
that pursues fundamental understanding of fuel cell behavior and investigates
alternative stack concepts.

The present molten carbonate fuel cells consist of a porous nickel
anode, a porous lithiated nickel oxide cathode, an electrolyte structure
that separates the anode and cathode and conducts only ionic current
between them, and appropriate metal housings or, in the case of stacks of
cells, intercell separator sheets. The cell housings (or separator sheets)
bear upon the electrolyte structure to form a seal between the environment
and the anode and cathode gas compartments. The usual electrolyte struc-
ture is a composite of discrete LiA102 particles and a mixture of alkali
metal carbonates. The carbonates are liquid at the cell operating temper-
ature of about 925 K. At the anode, hydrogen and carbon monoxide in the
fuel gas react with carbonate ion from the electrolyte to form water and
carbon dioxide while giving up electrons to the external circuit. At the
cathode, carbon dioxide and oxygen react and accept electrons from the
external circuit to form carbonate ion, which is conducted through the
electrolyte to the anode. In a practical cell stack, CO2 for the cathode
probably would be obtained from the anode exhaust.

It has become apparent that for pressurized operation, which is desir-
able for large power plants, nickel dissolution from the NiO cathode and
deposition of metallic nickel in the electrolyte will prevent the attainment
of the 4 x 104 h lifetime desired for commercial cells. The evaluation of
alternative cathode materials is our principal current activity. We also are
investigating anode densification mechanisms.



5

II CATHODE DEVELOPMENT

A. Resistivity Studies of Alternative Cathode Materials

Because of the problem of NiO cathode dissolution in molten carbonate
fuel cells, the experimental work at ANL is concentrated principally on the
investigation of alternative cathode materials. Currently, attention is
focused on testing LiFeO2 and Li2MnO3 and the effect of synthesis conditions
on the resistivity of these materials in their doped and undoped states.

1. LiFeO2

N. Q. Minh)

Studies to determine the relationship between synthesis conditions
and resistivity of LiFeO2 have continued. The effect of the partial pressure
of CO2 in the synthesis atmosphere on the resistivity of LiFeO2 is being in-
vestigated. In the last quarterly report (ANL-84-65, p. 7), the resistivity
of undoped LiFeO2 was shown not to be affected by carbon dioxide partial pres-
sures as low as 0.025 atm. The effect of even lower carbon dioxide partial
pressures was examined during this reporting period. The effect of sintering
atmosphere on the resistivity of LiFeO2 was also examined.

Undoped LiFeO2 samples were synthesized with different carbonate
salt compositions under cover gas containing less than 2.5% C02 at 1-atm
pressure. The details for the synthesis of these samples and X-ray diffrac-
tion results* are shown in Table 1.

These samples have been tested for resistivity. Figure 1 shows the
resistivity vs. temperature for undoped LiFeO2 synthesized under the differ-
ent CO2 partial pressures. As can be seen from Fig. 1, resistivities of
LiFeO2 samples synthesized under atmospheres containing >0.5% CO2 are similar
and much higher than those synthesized under air (solid curve). Also, the
carbonate salt composition during the synthesis was found to have no effect
on the resistivity of LiFeO2 under those conditions.

Figures 2 and 3 plot resistivity vs. temperature for LiFeO2 synthe-
sized under 0.3% C02-15% 02-84.7% He and 0.1% C02-15% 02-84.9% He. It appears
that the resistivity of synthesized LiFeO2 starts to change when the synthesis
atmosphere contains less than 0.5% CO2 (dashed curves show resistivity for
LiFeO2 synthesized under 1% C02-15% 02-84% He). Also, when LiFeO2 is synthe-
sized under cover gases containing 0.3 and 0.1% C02 (0.003 and 0.001 atm,
respectively), the carbonate salt composition appears to have an effect on
the resistivity of the prepared material. In Figs. 2 and 3, the resistivity
of LiFeO2 increases as the carbonate salt composition is changed from excess
Li2CO3 to stoichiometric Li2CO3 to Li2CO3-K2C03 eutectic. However, for sam-
plea synthesized with stoichiometric Li2 CO3, there is a possibility that there
was slight deviation from the stoichiometric amount used in the synthesis.
Therefore, no firm conclusion can be drawn on the effect of carbonate salt
composition for those cases. For samples synthesized with excess Li2 CO3 and
Li 2 CO3-K2C03 eutectic, the observed resistivity variation can be attributed
to differences in the degree of nonstoichiometry. In turn, the degree of

X-ray diffraction results reported throughout this section were done by
B. S. Tani, Analytical Chemistry Laboratory, ANL.
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Table 1. X-ray Diffraction Results for Undoped LiFe02 Synthesized
at 700'C under Different Atmospheres

X-ray Diffraction Results

Salt 1% C02-15% 02-84% He 0.5% C02-15% 02-84.5% He

Stoichiometric Li2C0 3  LiFe02, a - 4.158 A LiFe02, a - 4.158 A

Excess Li2CO3 LiFe02, a - 4.158 A LiFe02, a - 4.158 A
(3X Stoichio-
metric Amount)

Li2CO3-K2C03  LiFe02 , a - 4.158 A LiFe02 , a - 4.158 A
Eutectic

0.3% C02 -15% 02-84.7% He 0.1% C02 -15% 02-84.9% He

Stoichiometric LiFe02 , a - 4.158 A LiFe02 , a - 4.158-A*
Li2CO3

Excess Li2 CO3
(3X Stoichio- LiFe02 , a - 4.158 A LiFe02, a - 4.154 A
metric Amount)

Li2CO3-K2C03  LiFe02, a - 4.158 A LiFe02 , a - 4.158-4*

Somewhat smaller than 4.158 A.

103 =

102-

10-

1.0 1.1 1.2 1.3
I I I I

1.4 1.5 1.6 1.7

103/T, K- 1

Fig. 1. Resistivity of Undoped LiFe02 Synthesized
under Different Partial Pressures of CO2
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nonstoichiometry apparently depends on the activity of Li20. When the mate-
rials are synthesized under CO2 partial pressures of 0.003 and 0.001 atm, the
activity of Li20 is high enough to cause nonstoichiometry in LiFeO2. However,
different carbonate salt compositions under those conditions have different
Li20 activities, thus resulting in varying degrees of nonstoichiometry in
LiFeO2 . Earlier results showed that carbonate salt composition does not
affect the resistivity of LiFeO2 when synthesized under air (ANL-84-65, p. 6).
Under thick low CO2 partial pressure, the Li2O activity, in spite of differen-
ces among the samples, may be high enough to cause essentially the same
"maximum" degree of nonstoichiometry in LiFeO2 . For the samples examined at
0.003 atm CO2 (Table 1), the lattice constant is about the same as that
reported for stoichiometric LiFeO2 . It is possible that changes in lattice
constant for these samples were so small that they could not be detected by
X-ray diffraction.

The effect of sintering atmosphere on the resistivity of undoped
LiFeO2 was also studied. To examine this effect, we synthesized two small
batches of LiFeO2 , one under air and the other under 30% C02-balance air.
From the material of each batch, we fabricated two pellets, one sintered under
30% C02-air and the other under air. Resistivity results are presented for
each pellet before and after sintering in Table 2.

Table 2. X-ray Diffraction Results of LiFeO2
Prepared under Air and under C02-Air

X-ray Results

LiFeO2 Prepared LiFeO2 Prepared
under Air under 30% C02-Air

Before Sintering LiFeO2 , a = 4.156 A LiFeO2, a = 4.158 A

After Sintering

Under air LiFeO2 , a = 4.156 A LiFeO2, a = 4.158 A

0 0

Under 30% C02-air LiFeO2 , a = 4.158 A LiFeO2, a = 4.158 A

Figures 4 and 5 plot resistivity for the LiFeO2 pellets. The
X-ray diffraction results and Figs. 4 and 5 suggest that the sintering atmo-
sphere had no detectable effect on the resistivity of LiFeO2 prepared under
C02-air, but had a marked effect on samples prepared under air. The differ-
ence in the resistivity of the two pellets of LiFeO2 synthesized under air
but sintered under different atmospheres can be explained as follows. The
LiFeO2 synthesized under air is a nonstoichiometric compound of the type
Lil+xFe1-x02 (discussed later in the report). The resistivity of this mate-
rial when sintered under air is low (Fig. 5). When the material is sintered
under 30% C02-air, it becomes stoichiometric:

Li +xFe 02 (1-x) LiFeO + xLi20 + x/2 02 (1)1+x 1-x2 2 22(1

Li20 + CO2 i Li2C 03 (2)
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Because of this, the resistivity of the material sintered under 30% C0 2-air
is high in the lower temperature range of Fig. 5. However, because the con-
ductivity measurements are carried out under air, reactions 1 and 2 are re-
versed, at higher temperatures, making the material nonstoichiometric. Lower
resistivity is thus observed. Also, as shown in Fig. 5, the resistivity of
the sample drops from about 8 to 03.5 f-cm after being left overnight at
705 C and from 16 to 10 f-cm after 1/2 h at 688 C; these data indicate that
the reaction was still proceeding during the resistivity measurements.

To obtain a better understanding of the nonstoichiometry and con-
ductivity in LiFeO2 , we synthesized samples of LiFeO2 under CO2-air and air
and then submitted them for chemical analysis* of Fe+ and Fe4+. The latter
cation was determined by dissolution in an excess of reducing material under
a nitrogen atmosphere followed by titration of the remaining reductant. The
reducing material used was NBS As203 83a or a ferrous ammonium sulfate solu-
tion. The results are given in Table 3.

Table 3. Chemical Analysis Results for Fe2 +
and Fe4+ in LiFeO2

Chemical Analysis, wt %

Fe2+ Fe4 +

LiFeO2 prepared 0 0.19 (NBS As203 technique)
under air

0.45 (Fe2+ solution technique)

0.73 (Fe2+ solution technique,
uncorrected for blank)

LiFeO2 prepared 0 0
under C02-air

It appears that further improvements in the analysis technique are needed to
give consistent data. The results, however, show the presence of Fe4+ in
LiFeO2 prepared under air.

The appreciable electronic conductivity of LiFeO2 prepared under
air suggests nonstoichiometry in those samples. The following possibilities
of nonstoichiometry are recognized:

(1) oxygen excess, LiFeO or Li+Fe3+ Fe4 +02- (mixed valences
of Fe3+ and Fe4+); 2+y 1-2y 2y 2+y

(2) oxygen deficiency, LiFeO or Li+Fe3+ Fe2+02 - (mixed

valences of Fe3+ and Fe2+);

*
Conducted by A. M. Essling, Analytical Chemistry Laboratory, ANL.
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(3) lithium excess, Lil+xFeO2 (mixed valences of Fe3 + and Fe2+);

(4) lithium deficiency, Li1-xFeO2 (mixed valences of Fe3 + and
Fe4+)x

(5) iron excess, LiFe1+x02 .(mixed valences of Fe 3+ and Fe2 + );

(6) iron deficiency, LiFel-x02 (mixed valences of Fe3+ and Fe4+);

(7) lithium excess and iron deficiency, Lil+xFe-x02 (mixed
valences of Fe3+ and Fe4+); and

(8) lithium deficiency and iron excess, Li1-xFe1+x02 (mixed
valences of Fe3+ and Fe2+).

A combination of oxygen excess or deficiency and cation excess or deficiency
is also possible, . Lil+xFeO2+y.

The existence of Fe4+ in LiFeO2 samples is consistent with the
smaller lattice constant for the samples that were chemically analyzed (the
lattice constant for LiFeO2 prepared under air is about 4.154-4.156 A,
whereas 4.158 A is reported for stoichiometric LiFeO2). Because Fe4 + has
a much smaller radius than Fe3+, a smaller unit cell is expected for LiFeO2
containing Fe4+. From our results, it is clear thai cases 2, 3, 5, and 8 are
not applicable for nonstoichiometric LiFeO2 .

The partial pressure of oxygen (P0 2) during synthesis had no detec-

table effect on the resistivity of LiFeO2. This result makes case 1 less
probable as the source of the nonstoichiometry in LiFeO2 (although further
in' rmation is needed to confirm this conclusion). The partial pressure of
CO2 apparently plays an important role through its effect on the activity of
lithium oxide during synthesis, which, in turn, affects the Li/Fe ratio in
LiFeO 2 , and thus, its stoichiometry. Since the resistivity of samples pre-
pared under air (very low PC02, high Li20 activity) is much lower than that

of those prepared under 30% C0 2 -balance air (high PCO2, low Li20 activity),

the Li/Fe ratio in LiFeO2 prepared under air c"y be greater than 1, i.e., non-
stoichiometric LiFeO2 with a lithium excess. This eliminates case 4. The
formula for case 6 is a representation of an iron vacancy. However, the
stoichiometric compound has a disordered cubic structure, with lithium and
iron distributed randomly on a single set of lattice sites. With a Li/Fe
ratio greater than one, it is likely that one of these sites would not remain
vacant but would be occupied by lithium.

In summary, the experimental results obtained so far indicate
Lil+xFel-x02 as a possible nonstoichiometry in LiFeO2. However, this con-
clusion is tentative. It is hoped that future thermogravimetric analysis and
conductivity measurements as a function of the partial pressure of 02 and
CO2 will help in the elucidation of the nonstoichiometry in LiFeO2.

If one assumes that conductivity in LiFe02 occurs by a hopping
mechanism, the existence of iron in two valence states is necessary and con-
tributes to the marked increase in the conductivity of LiFe02. Thus, the

appreciable electronic conductivity in undoped LiFe02 prepared under air is
due to the mixed valences of Fe4 + and Fe3 +. The Fe4 ' concentration can be
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increased by substituting a divalent or monovalent cation for Fe3+. The
electrical conductivity of the material will increase with increasing Fe4+
content. It is undesirable for a divalent cation dopant to substitute for
Li+ because the dopant would be expected to reduce the Fe4+ concentration.

Titanium doping of LiFeO2 was attempted. Titanium-doped material
was prepared from TiO2 powder + Fe(N03)3 solution (Ti/Fe = 1/20). Titanium
powder was mixed with ferric nitrate solution by means of an electric stirrer.
Then, LiOH solution was slowly added to precipitate the iron. The material
was washed and dried, and then held at 950 C in air for 100 h to interdif-
fuse the iron and titanium oxides. Titanium-doped LiFeO2 was formed by re-
acting this material with excess Li2CO3-K2C03 at 700C for 60 h. One sample
was reacted under air, the other under 30% C02-balance air. X-ray diffrac-
tion shows the sample prepared under 30% C02-air as LiFeO2 , with a - 4.158 A.
X-ray diffraction analysis of the sample reacted under air has yet to be done.

The resistivity of the two samples (sintered at 1100C) is shown in
Fig. 6. As seen from the figure, the Ti-doped LiFeO2 samples show high resis-
tivity. The resistivity is somewhat higher than that of undoped LiFeO2 pre-
pared under 30% C02-balance air. In addition, for synthesis with an air
atmosphere, the resistivity of Ti-doped LiFeO2 is about two orders of magni-
tude higher than that of undoped LiFeO2 (although Ti-doped sample was more
porous, 50% vs. 20% for undoped sample). A sample of undoped LiFeO2 is being
prepared under conditions similar to those of Ti-doped material so that the
effect of titanium doping on the resistivity of LiFeO2 can be determined.
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Fig. 6. Resistivity of Titanium-Doped LiFeO2
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2. Li2MnO3
N. Q. Minh)

During this reporting period, iron doping of Li2Mn03 was attempted.
A small batch of Fe-doped Li2MnO3 (Fe/Mn - 1/10) was prepared by coprecipita-
tion from nitrate solution. The coprecipitate was dried and decomposed to
oxides, which were interdiffused under air at about 1150 C for 100 h. The
carbonate reaction was carried out under 30% C0 2-balance air. The X-ray
diffraction of the product showed the material to contain a major phase of
Li2MnO3 and a medium phase of LiMnO2. This material was ground and reacted
in Li2CO3-K2C03 eutectic at 700 C for another 100 h. After this second car-
bonate reaction, the material was shown to be mainly Li2MnO3 by X-ray dif-
fraction. The resistivity of a pellet of this material sintered at 1300 C
for 1 h is shown in Fig. 7. The resistivity of undoped Li2MnO3 prepared
under similar conditions is also shown in the figure for comparison. Doping
of the LiMnO3 with iron did not result in a significant decrease in the
resistivity of the material; however, at present, it is not known whether
iron was successfully incorporated into the Li2MnO3 lattice.

105.
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Fig. 7. Resistivity of Undoped and Iron-Doped Li2MnO3

As reported previously (ANL-84-65, p. 10), recent attempts to pro-
duce Mg-doped Li2MnO3 (Mg/Mn a. 1/10) by the usual procedure of coprecipita-
tion, interdiffusion, and reaction with excess carbonate at 700 C for 100 h
were not successful in producing single-phase Li2MnO3. The products were
predominantly LiMnO2 (instead of the expected Li2MnO3), with Li2MnO3 as a
minor phase. Also, the conductivity of those samples was much higher than
expected. The reason for the presence of LiMnO2 is not clear, but it may
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have been a kinetics problem resulting from its incomplete conversion to
Li 2 MnO 3 . Therefore, during the reporting period, procedures to synthesize
single-phase Mg-doped Li2MnO3 (without LiMnO2) were investigated.

A batch of magnesium and manganese coprecipitates (Mg/Mn = 1/10)
was prepared. The coprecipitate was decomposed to an oxide, which was inter-
diffused at about 1000 C for about 100 h. Two different routes were then used
to prepare Mg-doped Li2MnO3. In route 1, Mg-doped material was synthesized
by reacting the interdiffused oxides with Li2CO3 (about 20% excess) at 1000C
for about 50 h. The material was washed and then exposed to the Li2CO3-K2CO3
eutectic under 30% C02-balance air at 700 C for 100 h. In route 2, magnesium-
doped L.2MnO3 was synthesized in excess Li2CO3-K2C03 eutectic under 30% C02-
balance air at 700 C for 100 h. The product was washed free of carbonate and
then exposed to the carbonate eutectic again at 700 C for 100 h under 30% C0 2-
balance air. X-ray diffraction results of the phase present at various stages

in the synthesis by routes 1 and 2 are shown in Table 4.

Table 4. X-ray Diffraction Results of Mg-doped Li2MnO3 Prepared by
Two Routes (described in text)

Phases Present

Exposure to
After Carbonate ILi 2CO3-K2C03 under

Interdiffusion Reaction C0 2-Air

Route 1 Mn304 Li2MnO3 Li2MnO3

Route 2 Mn304  LiMnO2 Li2MnO3

Li2Mn03

Both routes produced single-phase Li2MnO3. The resistivity of the
single-phase Mg-doped Li2MnO3 synthesized by both routes (sintered at 1130C)
was determined, and the data are shown in Fig. 8. Route 1 produced material
with somewhat higher resistivity. However, the resistivity of the Mg-doped
material is higher than expected. Conditions for the synthesis of Mg-doped
Li2MnO3 with better conductivity are under investigation. Samples in this
investigation will be prepared with procedures used in route 2.

B. New Test Apparatus

1. Ainsworth Balance Interface
(J. L. Smith)

An Ainsworth Type RZA electrobalance is being prepared for use as a

thermogravimetric analysis (TGA) apparatus that operates at high pressure and
temperature (100 psi or 7 atm, t800 C). The original electronics package was
scrapped, and the unit is now being run with a PDP 11-23 computer and CAMAC
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system. The original linear variable differential transformer (LVDT) for
sensing the balance position was replaced with a Schaevitz model 100 HR-020
unit. An interface was built that provides sufficient logic to relieve the
need for the computer to act as a dedicated controller.

Data from calibration test runs, at ambient conditions, show that
the system has a precision and accuracy of about 10 pg. This value is
better than originally specified for the balance, possibly due to a better
LVDT and electronics.

The interface unit is now in its final form. The software will
continue to undergo some changes. As designed, the user is questioned and
instructed by the software so that no detailed knowledge of the system is
needed in order to use it. This aspect, especially, will undergo changes
with use.

2. Experimental Test Units
(G. H. Kucera, J. L. Smith, and J. R. Stapay)

During this quarter, a major portion of our effort was directed
toward the assembly of two high-pressure (10-atm) units for synthesis and
study of cathode materials. Each unit consists of an Inconel vessel, Type 304
stainless steel humidifier, condenser, gas-carrying lines, and gas flow and
monitoring devices. Recently, all remaining comercial and ANL-fabricated
parts were received, and assembly was completed.
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A safety review of the apparatus was held and operation has been
approved. However, several recommendations were made and these are being
acted on before routine operation at 10 atm commences.

To date, one unit has been pressure-checked at room temperature and
is undergoing testing at 700 C and 10 atm. In accordance with the safety
recommendations, we are monitoring temperature in or on various segments of
the equipment to ensure that no part exceeds the recommended limits of opera-
tion. These tests will also provide information on the lowest power settings
capable of producing the required operating temperatures. When the power
settings have been established, limiting devices will be installed to prevent
overheating.

We expect that experimental work will begin in the near future. Sev-
eral mixtures containing transition metal oxides and 70 mol % Li2C03-30 mol %
K2C03 have been prepared, and synthesis/stability studies will begin as soon
as the safety cbeck has been completed.

A series of experiments is planned for our early 10-atm studies; data
obtained will serve as a guide for later studies. Reference/baseline data will
first be obtained on samples prepared at 700 C under 10 atm of 16.6% C02-10.4%
02-19.6% H20-53.4% N2. In subsequent experiments, individual components of
this gas will be removed or decreased to very low levls to study the effect
of that component. Table 5 is a list of the gas compositions planned for
study. Because the bottled gas may contain low concentrations of the com-
ponent under study, the mixtures will be analyzed.

C. Preparation and Testing of Reference Material

(G. H. Kuc4 iea, J. Moreschi,* and R. Hercegt)

Starting materials for producing aluminum-doped Li2MnO3 and magnesium-
doped LiFe02 at 1 and 10 atm were obtained from 40-60 g batches of transition
metal and dopant oxides that had been coprecipitated and interdiffused. To
attain reference data for the 10-atm studies, we prepared undoped LiFe02 and
Mg-doped LiFe02 (Mg/Fe - 1/50 and 1/10) in air (1 atm) at 700C and measured
their resistivities.

The Mg/Fe preparations were made by coprecipitation from an aqueous
solution of magnesium and iron nitrates with ammonium hydroxide; the resulting
precipitates were spray dried after having been washed free of excess ammonium
hydroxide and ammonium nitrate. Coprecipitation of aluminum and manganese
appears to be unsatisfactory because the solubilities of the two ions are
strongly pH dependent; hence, high-surface-area (100 m2 /g) A1 2 03 (Degussa)
powder was mixed with a solution of Mn(N03)2 by means of an electric stirrer
for 1/2 h. An NH40H solution was slowly added to precipitate the manganese,
and the entire combination was again stirred. After the excess ammonium hydr-
oxide and ammonium nitrate were washed out, the material was spray dried.

High School Faculty Research Program participant.

tPre-College Program participant.
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Table 5. Proposed Gas Compositions for Initial 10-atm Studies

Components, mol % Purpose

16.6 CO2  Provide baseline/reference data
19.6 H20
10.4 02
53.4 N2

19.6 H20 Assess effect of CO2
64.0 N2
16.0 02

19.6 H20 Assess effect of 02
16.6 CO2
63.0 N2

66,4 N2  Assess effect of H20
12.9 02
20.6 C02

3.3 CO2  Assess effect of decrease in both
14.1 02 CO2 and H20
5.3 H20
77.2 N2

3.5 CO2  Assess effect of H2O and separate
14.9 02 effect of CO2 from H20 in previous
81.6 N2  gas mixture

Spray drying was done using a Buchi 190 mini spray dryer. To prepare
materials for spi.y drying, the washed material was heated gently, and water
was allowed to evaporate until the material had the consistency of a thick
paste. The volume of this paste-like material was determined, and an equal
volume of 2-propanol was added and the mixture stirred thoroughly. After
standing overnight, the mixture was spray dried. With this method, an 800-mL
sample can be dried in a few hours. The resultant material is a very light,
fluffy powder.

Following interdiffusion of a portion of the Mg/Fe spray-dried material
at 800 C in air for 100 h, samples of both magnesium-doped and undoped LiFeO2
were prepared in air at 700 C in excess carbonates (70 mol % Li2CO 3-30 mol %
K2CO3). X-ray diffraction analysis showed LiFeO2 as the only phase for the
doped and undoped samples. Undoped LiFeO2 and Mg-doped LiFeO2 (Mg/Fe - 1/50)
had lattice constants of 4.156 .. For the Mg/Fe = 1/10 sample, the lattice
constant was 4.158 X.

The resistivities of these three samples are given in Fig. 9. The data
show a slight and possibly insignificant difference in resistivity between
undoped LiFeO2 and Mg-doped LiFeO2 (1/50). Resistivity values at 650C for
undoped LiFeO2 , prepared in air, are roughly 2-5 0-cm.
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A powdered sample of Mg-doped LiFeO2 (Mg/Fe - 1/50) was examined by
absorption spectrophotometry. The specimen was prepared by vibratory milling
the powder in Nujol (mineral oil) and spreading a small quantity between glass
plates. The spectrum was recorded between 1200 and 260 nm. Figure 10 shows
the spectrum of only the sample; the effect of the Nujol and glass plates was
subtracted from the recorded data. The spectrum is similar to that reported
for Fe2+ it an aqueous perchlorate solution.'

As reported in an earlier section of this report, Fe4+ was detected in

undoped LiFeO2 by a wet chemical method. It was suggested that lithium substi-
tution for iron could account for Fe4+. If, in the present study, ma esium

substituted for lithium in LiFeO2, Fe2+ is possible, i.e., Lil-xMgxFe xFex 02.
These preliminary data suggest that the resistivities of undoped and Mg-doped
LiFe02 are duo to the presence of different minority-cation species. A sample
of Mg-doped 1lFe02 will be submitted for chemical analysis and determination
of Fe3 + and Fe2+. Although initial results are encouraging, further study and
development of better sample preparation techniques are necessary before
absorption spectrophotometry on powdered samples of cathode materials can be
considered a viable method for identification of minority species.

D. Cathode Material Migration Studies

(F. C. Mrazek, J. R. Stapay, and J. L. Smith)

An attempt was made to upgrade the corrosion resistance of the 304 stain-

less steel cell housings an' current collector used in the long-term cathode
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materials evaluation studies. A commercial electroplating company applied a
base coat of nickel on the stainless steel and then electrodeposited a layer of
gold. These gold-plated components were used to assemble a cell with a Li2MnO3
cathode. As the cell was going through the initial heat-up, the voltage grad-
ually increased until it was 1.03 V at 575 C. At this point the voltage began
dropping and was 0.50 V after one hour. Since no cause for this decline could
be determined, the furnace was turned off.

Posttest macroexamination of the cooled cell showed the presence of a
fluffy black mass on the outer circumference of the plated hardware in the
wet seal zone. This black material occasionally extended over the edge of
the white electrolyte. Analysis of the foreign black material by X-ray dif-
fraction showed it to be made up of LiNiO2 , Li2Ni9O1 0, NiO, Ni, and (LiK)CO3,
with some Au possible by coincidence. These data indicate that the nickel
base metal deposited on the stainless steel had become oxidized because it
was not adequately protected by the gold coating against the air environment
outside the cell. When the NiO was infiltrated by the liquid (Li-K)CO 3 , it
became lithiated and electronically conductive, thus short circuiting the
electrodes. Other corrosion protection methods are under evaluation.
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III. COMPONENT-STRUCTURE DEVELOPMENT AND EVALUATION

A. Evaluation of Anode Creep Res.stance
(R. B. Poeppel, J. Routbort, K. Goretta, T. D. Claar, and
R. J. Fousek)*

An improved understanding is being sought of anode creep and densification
phenomena that occur under fuel cell operating conditions. Anodes employed in
molten carbonate fuel cells in the recent past have been fabricated from nickel
powder containing a few percent chromium. The purpose of the chromium addition
is to stabilize the microstructure and thereby prevent creep collapse of the
porosity. At present, the actual mechanism by which the chromium stabilizes
the microstructure is poorly understood.

For our initial evaluation of anode creep collapse, we have chosen anodes
for study from two of our laboratory test cells: SQ-28 and SQ-33. During
this quarter, portions of unused material identical to that employed in cell
SQ-28 (described in ANL-84-65, p. 22) were subjected to compression loading
at 600 C under a C0 2-CO atmosphere with a C02-CO ratio of 1200. Although
more oxidizing than a usual anode gas, this atmosphere has a sufficiently low
oxygen partial pressure to maintain the nickel in the reduced form. Actually,
the oxygen partial pressure was considerably lower, as evidenced by the appear-
ance of elemental carbon on the surface of the specimen after the test.

The sample was in the form of a disk (12.57-mm dia, 0.834-mm thick) cut
from a sheet of unused anode material. When the sample was washed in methanol
before testing, an irreversible weight gain occurred. The weight was 0.3419 g
before washing and 0.3683 g after washing. The sample was loaded into a fur-
nace mounted in an Instron between ground alumina platens with flat and par-
allel surfaces. The machine cross-head speed was set to 0.005 mm/min. Stress
(a) was calculated from the measured load and the sample dimensions. Strain
(e) was calculated from the cross-head travel, with compensation for the
elastic strain in the load train under the measured load.

The results of the test are presented in Fig. 11, where the applied stress
on the sample is plotted as a function of sample strain. The curve shows the
usual elastic and plastic regions. If the slope of the stress-strain curve
(aa/ae) is plotted as a function of stress, we obtain approximately a straight
line, as shown in Fig. 12. Extrapolation to 3a/ac = 0 yields a stress of
18 MPa for a strain rate of 10-4 s1.

Following the test, the final thickness was measured with a micrometer
and compared with the strain measured during the test. The plastic strain
measured during the test was "2%, while the total thickness decrease was 3%.
This implies an unexplained 1% decrease in thickness and a 10% weight loss
during the test. Further examination of the specimen revealed that not all
of the wax used in mounting the sheet for cutting of specimens was removed
before testing.

*Materials Science and Technology Division, ANL.
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A second sample of anode material was cut and washed extensively with
acetone and petroleum ether until no further weight loss was observed between
washings. This sample was in the form of a disk (12.55-mm dia, 0.807-mm thick)
cut from the same sheet of unused anode material as the first. The final
weight after washing was 0.3138 g. It was tested as before except at a lower
PO (C02/C0 = 100). The results of the test are presented in Fig. 13 where
thi applied stress on the sample is plotted as a function of sample strain.
Since the test was run to a much larger value of total strain than was the
first test (412 vs. 2%), we must now examine the assumptions implicit in the
calculation of stress; namely, the stress calculation is based on the assump-
tion of plastic behavior. Since only part of the strain is plastic, it is
informative to display the portion of strain associated with densification.
This is done in Fig. 14, which shows that a major portion of the strain is
associated with densification.
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Fig. 13. Stress-Strain Behavior of an As-fabricated
Porous Nickel Anode Plaque at 600C with
C02/CO = 100 (to 'i12% strain)

It is also instructive to compare the work hardening behavior of the two
samples. Figure 15 plots the slope of the stress-strain curve, 80/3c, as a
function of stress for the second sample. The fact that this curve cannot be
extrapolated to 3a/3e = 0, as we did in the case of the first sample, demon-
strates the necessity of carrying the tests to sufficiently high values of
total strain.
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In conclusion, we have a method for examining the hardening phenomenon
in porous anode materials. Future work will be on samples that have been
exposed to molten carbonate in an attempt to discern differences in behavior.
These tests will be supplemented with further microscopic examination of the
samples to characterize the changes in the distribution and form of the
chromium.
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