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Co and Li;CO; were used as starting materials to obtain cobalt-
based plaques of potential use in molten carbonate fuel cell tech-
nology. Samples were prepared by thermal treatments in the tem-
perature range 800-1300°C. Their composition and micro-
structure have been investigated at room temperature by X-ray
diffraction analysis (Rietveld refinement), weight change and den-
sity data, porosimetry, and scanning electron microscopy. It is
shown that a highly nonstoichiometric Co;04 forms on lithium-
containing samples in the entire temperature range investigated,
while a stoichiometric Co30, is always obtained in the absence of
Li. Moreover, clear evidence has been obtained that sinterization
starts at lower temperatures ot lithiated samples than on pure Co
ones and that it causes the formation of consistent amounts of
stoichiometric CoQ in both types of sample. It is argued that the
increased sinterization rate shown by Li-containing samples is due
to the highly defective structure of their Co;0; phase. o 1995

Academic Press, Inc,

1. INTRODUCTION

In molten carbonate fuel cell (MCFC) technology, the
dissolution of the state of the art, lithiated NiO cathode in
the electrolyte is one of the major cell lifetime limiting
factors (1). To overcome this problem, research is carried
out on alternative cathode materials suitable to replace
NiO (2, 3). In this respect cobalt-based materials, particu-
larly LiCoO;, seem to be promising candidates because
of their low dissolution rate in molten carbonates (4, 3).
However, as is well known, cathodic materials for
MCFC are not merely electronic conductors, but must
show relevant catalytic properties. As a consequence,
cathode performances are affected not only by the na-
ture, but also by the microstructure of the cathode (6).
The result is that control of the microstructure is often

the difficult step in cathode preparation. With this in
mind we approached the study of cobalt-based materials
for MCFEFC by selecting, as the starting system, the solid
state system Co-Li;CO;. Such a selection was suggestd
by our previous studies on the system Ni—Li;CO; which
showed that some degree of microstructural control of
the lithiated NiQ cathodes was possible, due to the pres-
ence of lithium carbonate (7, 8). Our final aim is to fully
understand the reactive processes taking place in the sys-
tem Co-Li;C(Q; and to characterize both from a struc-
tural and microstructural point of view the different
phases that can be obtained from such a system. A de-
tailed analysis of the reactive processes is actually under-
way and will be soon published. In this paper attention
will be focused on the phase composition and sintering
behavior of manufacts (plagues) obtained by different
thermal treatments.

2. EXPERIMENTAL

2.1. Products

Cobalt (Matthey, 99.8%%, 1.6 wm) and lithium carbonate
(Merck 5671) have been used as starting materials. Mix-
tures of these powders (composition x;; = 0.00, 0.10, 0.20
with x; = lithium cationic fraction) were ball milled for
24 hr in a polyethylene container together with a binder
(Methocel MC Fluka Chemie 64620, 400 mPa}, an anti-
foaming agent {Dow Corning antifoam A compound), and
deionized water (the mass ratio cobalt/organic sub-
stances was 12.5/1 in each sample}. The resulting slurries
were degassed and then ¢ast onto beeswax-coated glass
surfaces with a biade thickness of 2 mm at a shear rate of
2 cm/min. After the tapes were sufficiently dried, disk
samples (diameter of 3 ¢cm) were finally cut from them.
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The thickness of the samples so obtained was about 0.5
mm. The sample plaques were then put on porous alu-
mina platforms and subjected to the following thermal
cycle: (a) heating (2.0°C/min) from room temperature to
temperatures in the range 800-1300°C; (b) isotherm of 5
hr at the maximum temperature; (¢) cooling (2.0°C/min)
to room temperature. Thermal treatments were per-
formed in air by a BICASA BE 35 furnace. Plaque diame-
ter was measured before and after thermal treatment by a
precision gauge.

2.2. Apparatus and Procedures

2.2.1. Porosimetric measurements. Samples porosity
was measured by a Micromeritics Instrument Corp. Au-
topore II 9220 scanning mercury porosimeter.

2.2.2. Density measurements. 5Sample densities were
determined by a picnometric method using Hg as a fluid
and the dilatometer of the porosimeter as a picnometer.
The density is obtained with this method by mass mea-
surements of (a) the sample, (b) the dilatometer filled
with Hg, and (¢) the dilatometer containing the sample
and filled with Hg up to the same level as in (b). When the
three mass values are known, the volume of the sample,
and then its density, can easily be calculated.

2.2.3. Diffractometric measurements. Diffraction
data were obtained by a Philips PW 1710 powder diffrac-
tometer equipped with a Philips PW 1050 vertical go-
niometer and with a graphite bent crystal monochroma-
tor. Use was made of both CuKa (Ka = 1.5406 A; Ket, =
1.5443 A) and FeKa radiation (K = 1.9360 A; Ka, =
1.9399 A). Data were collected in step-scan mode with a
step width of 0.03° and counting time of 1 sec in the
angular ranges 15° < 28 < 145° (CuKa) and 20° < 26 <
150° (FeKa). Structural data concerning the different
phases and their relative amounts were obtained accord-
ing to the Rietveld refinement method {9). The refinement
of the structural and profile parameters was performed
with the program DBW3-2S (10). Regarding the refine-
ment procedure, some change was introduced with re-
spect to the procedure previously described (11): (a) vari-
ation of oxygen coordinates in both the Co:04 [x(0)] and
LiCo0O, [z{0)] phases. Such a variation was introduced in
the isotropic thermal parameter optimization step {step 5
of Ref. 11); (b) variation of site occupancies in Cos0Oq
which was added immediately after the refinement of
thermal parameters; (c) introduction of a preferred orien-
tation parameter, according to the March—-Dollase equa-
tion (12), for the CoO phase of lithium-containing sam-
ples. This step was addéd before the refinement of
asymmetry and profile width parameters (step 4 of Ref.
I1). The density of each phase was obtained from the
pertinent cell volume and mass which were in turn ob-
tained from the refined parameters. The mass fractions of

the different phases were calculated according to the pro-
cedure of Hill and Howard (13).

Both the refined parameters and the mass fractions
were substantially independent of the radiation utilized.

2.2.4. Microscopic measurements. SEM  micro-
graphs were collected with a Cambridge Stereoscan 200
scanning electron microscope.

3. RESULTS

3.1. Mass Changes

Table I summarizes the percentage mass changes at
room temperature by mixtures of different composition
subjected to different thermal treatments. As can be seen
there are threshold temperature values beyond which the
weight changes decrease with increasing temperature.
Such threshold values can be roughly put at T = 1100°C
for lithium-containing samples and 7 = 1200°C for pure
Co samples.

3.2. X-Ray Measurements

X-ray diffraction patterns of pure Co samples treated
in the temperature range 800—1200°C are shown in Fig. 1.
As can be seen, Co30y is the only phase present for tem-
peratures up to 1100°C while for higher temperatures
there is evidence of CoO also. Figure 2 shows the diffrac-
tion patterns of the x; = 0.10 samples in the same tem-
perature range as in Fig. 1. Now there are two phases up
to 1000°C: Co304 and LiCoQ,. For T = 1100°C CoO be-
gins to appear and its presence becomes evident for T >
1100°C. However the reflections of this new phase are

TABLE 1
Mass Changes (%) Measured at Room Temperature on Plaques
of Different Initial Composition and Subjected to Different
Thermal Treatments

Composition (x; ;)

Temperature (°C) 0.00 0.10 0.20
800 26.1 18.1 13.8
900 26.1 18.1 13.7
1100 26.1 17.5 12.5
1200 257 15.3 9.3
1300 237 10.9 4.5
Expected 26,11 21.37 15.98

Note. The temperature reported is the highest reached in the perti-
nent thermal cycle.

The expected values have been calculated on the basis of the forma-
tion of pure Co;0, (x; = 0.00) or stoichiometric amounts of Co,0, and
LiCOOz (XL; g 000)

@ X|; is the lithium cationic fraction.
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FIG. 1. X-ray diffraction patterns of pure Co plagues after different thermal treatments. Reference angular positions: Co,0, (dashes); CoO
{(points). A vertical shift of 300 counts between two adjacent patterns must be considered.
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F1G. 2. X-ray diffraction patterns of x; = .10 plaques after thermal treatments at different temperatures. Reference angular positions: Co;0,
(dashes); CoO (points); LiCo0O; (ling). A vertical shift of 800 counts between two adjacent patterns must be considered.
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FIG. 3. X-ray diffraction patterns of pure Co and lithium-containing plaques after thermal treatments at 1300°C. Reference angular positions:
Co,0, {dashes); CoO (points); LiCoO; (line). A vertical shift of 800 counts between two adjacent patterns must be considered.

shifted toward angles slightly higher than expected. Sam-
ples of nominal composition x;; = 0.2 show the same
behavior, the only difference being that the CoO reflec-
tions are even more shifted toward higher angles (see Fig.
3). It is likely that such a shift is almost in part due to the
substitution of a few Li atoms for Co atoms in the CoQO
lattice with the formation of a solid solution of the type
Li,Co,_,0O. However, the shift toward higher angles is
not the only feature of the CoO phase of lithium-contain-
ing samples. It can be seen in Fig. 3 that the intensity
ratio between the reflections at 26 = 42.4° and 20 = 61.5°
{both these reflections are due to CoQ only) is much
higher than the expected value of 2 for both lithium-con-
taining samples. The nature of the phases present in the
different samples at each temperature is summarized in
Tabie 2.

3.3, Plaque Diameter Measurements

The difference between the plaque diameter change
{following thermal treatment) measured on pure Co and
x1; = 0.10 samples is shown as a function of the tempera-
ture of the thermal treatment in Fig. 4. As can be seen,
such a difference reaches a maximum at about 1100°C.

3.4. Density and Porosity Measurements

The ratio of actual density/theoretical density (hereaf-
ter referred to as relative density) after thermal treatment

TABLE 2
Phase Composition (as Deduced by X-Ray Analysis) of Pure Co
and Lithium-Containing Plaques after Thermal Treatment at
Different Temperatures

Composition {x);)

Temperature (°C) 0.00 0.10 .20
800 CO304 C0304 C0304
LiCoO, LiCoQ),
1000 CO304 C03O4 Cos0,
LiCo0, 1iCaG,
1100 C0304 CO]O4 Co;0,
LiCo0O, LiCoQ,
CoO Co0O
1200 C0304 C0304 C03O4
CoO LiCo0O, LiCo(,
CoO CoO
1300 CoyOy Cos0y Co;0,
CoO Co0 LiCo0O,
CoO
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at B00°C is reported for pure Co and x; = 0.10 samples in
Table 3. As the lithium-containing sample was biphasic,
its theoretical density has been obtained by taking into
account the relative amount of each phase with the rela-
tionship

dlh.L dlh‘C

dy =
th O-Ldlh.C + (1 - O'L)dlh.L

{1

where dy, 1 is the theoretical density of LiCoOs; dy ¢ is
the theoretical density of Co;0y; and o is the mass frac-
tion of LiCoO; in the sample.

The o values have been obtained under the assump-
tion that all the fithium originally in the sample was trans-
formed into LiCoQ,. The theoretical densities of Co;0;4
(cubic) and LiCoQ; (hexagonal) were calculated from the
lattice constants obtained by X-ray measurements:

Coy04: a = 8.0834 A, d = 6.06 g/cm’;
LiCoOy: @ = 2.8156 A, ¢ = 14.0719 A, d = 5.12 g/em’.

In both cases the values obtained are in good agreement
with those of the literature {14, 15).

Porosity data concerning pure Co and x;; = 0.10 sam-
ples are also reported in Table 3. Total porosity has been
calculated using the relationship (16)

1 —— (2]
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FIG. 4. APDC as a function on the temperature. APDC represents

the difference between the plague diameter change shown by pure Co
and x; = 0.10 plaques after thermal treatment.

TABLE 3
Density and Porosity Data for Pure Co and Lithjum-Containing
Plaques after Thermal Treatments at Different Temperatures

XL = 0.00°C Xui = 0.19

T =800°C T=1200°C T =800°C T =1200°C

Hg porosity {%} 65 43 64 44
(macro + meso)

Relative density 0.33 0.29

Total porosity (%) 67 71
from Eq. (2)

Microporosity (%) 2 7

MPS (um) 0.4 1.6 0.2 0.3

(macro + meso)

Note. The lower limit of the mesopores diameter is 0.003 pm. Micro-
pores are still smaller (see text for details on their determination).

where d represents the experimental density. As shown
in Table 3, Hg porosity (macropores + mesopores) de-
pends on temperature but is independent of sample com-
position. Total porosity, on the contrary, is slightly
higher for the lithium-containing sample. The mean pore
size {macropores + mesopores) values for pure Co sam-
ples are two times greater (T = 800°C) or more than five
times greater (I = 1200°C) than those of the [ithium-
containing samples.

1.5. Scanning Electron Microscopy

Micrographs of pure Co and lithium-containing sam-
ples after thermal treatments at 800, 1000, 1100, 1200,
and 1300°C are shown in Figs. 5, 6, and 7. Both the mag-
nification and the scale are reported in e¢ach micrograph
(top left). As can be seen, they are very similar for all the
micrographs so that grain sizes can be directly compared.
It is apparent that there is considerable grain growth with
increasing temperature and that such growth starts at a
lower temperature on lithium-containing samples.

4. DISCUSSION

4.1. Mass Change Data and Co,04 Stoichiometry

To discuss the mass change data of Table 1 some infor-
mation is necessary, from our study on powders, about
the reactive processes occurring in the system:

(a) the first product of Co oxidation, in air, is C0.04;

(b) at temperatures around 930°C, Co0;04 completely
transforms into CoQ. Such a reaction is a reversible one
and, provided that the cooling rate is low enough {as in
the present work) it takes place quantitatively during the
cooling of samples (in air);
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FIG. 5. Micrographs of pure Co plagues afier thermal treatments at different temperatures: (a) 8300°C; (b) 1000°C; (¢) 1100°C; {d) 1200°C,
(e) 1300°C.
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FIG. 6. Micrographs of xi; = 0.10 plaques after thermal treatments at different temperatures: (a) 800°C; (b} 1000°C; (¢) 1100°C; (d) 1200°C;
(e} 1300°C.
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FIG. 7. Micrographs of x;; = 0.20 plaques after thermal treatments at different temperatures: (a) 8006°C; (b) 1000°C; (c) H00°C; (d) 1200°C;
{e) 1300°C.
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(c) in both x; = 0.10 and x;; = 0.20 mixtures, the
Li;CO, quantitatively transforms into LiCoO, during Co
oxidation and well before Co,0; — CoO transformation;

(d} lithium loss from pure LiCoQ, becomes apparent at
T = 1100°C.

Point (d) could be responsible for lower than expected
mass changes. However, no problem should exist for
samples obtained at T < 1100°C. As expected and as
confirmed by X-ray data (see Table 2) they contain only
C030, (x1; = 0.00) or Co304 + LiCoO; (x1; = 0.10; 0.20)
and their expected mass changes can be easily calcuiated
by considering the pertinent net reaction (and complete
organic substances burnout). The results are reported in
the last row of Table 1. As can be seen the mass change
recorded for the pure Co sample at T < 1100°C agrees
with the expected value, while those measured on lith-
ium-containing samples are appreciably lower than the
calculated ones. A good hypothesis to explain the ob-
served differences is that a stoichiometric Co;0y is ob-
tained from pure Co samples whiie a highly nonstoi-
chiometric oxide forms in the lithiated samples. Both the
stoichiometry and the relative amount of the C0,0, can
then be easily calculated from experimental mass change
data.

The results obtained for T = 800°C are given in Table 4.
Obviously gravimetric data alone cannot prove the hy-
pothesis and independent measurements are necessary to
determine the Coy04 stoichiometry.

4.2. X-Ray Data and Co10, Stoichiometry

X-ray data have been refined to find the stoichiometry
and the relative amounts of the different phases obtained
after thermal treatment at T << 1100°C. The results ob-
tained for T = 800°C are given in Table 4 and can be
compared at a glance with the gravimetric ones. It ap-
pears that X-ray data fully confirm both the stoichio-

TABLE 4
Stoichiometry and Relative Amounts of the Different Phases
Present on Pure Co and Lithium-Containing Plaques after
Thermal Treatment at 800°C

X

0.00 0.10 0.20
X-ray Co;0,(100%) LiCoO{(19.0%) LiCo(,(33.2%)
[13.4%] [30.0%]
COJOj_gz(Sl O%) C030364(668%)
Am Co;0,(100%) LiCo04(13.7%) LiCo0,(30.0%)

C0303_54(86.3%) COJOJ.GU(’]O-O%)

Note. The percentages reported in square brackeis are those ex-
pected for the LiCoO; phase on the basis of the recorded mass change
and of the stoichiometry deduced from X-ray data (see text).

metric nature of the Co;0, phase obtained from pure Co
plaques and the nonstoichiometric nature of the oxide
phase obtained from lithiated samples. A brief discussion
is, however, necessary regarding the quantitative agree-
ment between X-ray and mass change data. As can be
seen in Table 4, higher LiCo0O, amounts are obtained
from the first ones. However, both nonstoichiometry and
relative amounts of the two phases have been obtained by
gravimetric data, on the assumption that the entire lith-
ium content of the original mixture transforms into
LiCo0O,. This simply means that mass percentages of
LiCo0; higher than those obtained by weight change data
are impossible and that, as a consequence, X-ray data
overestimate the relative amount of the LiCo(; phase.
To understand why, the experimental and calculated pat-
terns of the x;; = 0.20 sample are compared, as an exam-
ple, in Fig. 8. As can be seen, the agreement is very good,
suggesting that the error source is in the scale factor (by
which the relative amounts of the different phases are
determined) rather than in the crystallographic model.
Such an error source depends after all on microabsorp-
tion, the effect of which, as is well known in the literature
(17-21), is to underestimate the contribution of the phase
with the higher absorption coefficient for the X-ray radia-
tion utilized (Co;0, in our case; obviously if Coy0, is
underestimated, LiCoQ, is overestimated).

The percentages given in square brackets in Table 4 are
refated to LiCoO, and have been obtained on the basis of
the recorded mass change and under the assumption that
the stoichiometry of the cobalt oxide is that deduced
from X-ray data. As can be seen, they are very similar to
those deduced from gravimetric data, confirming that the
lower than expected mass changes obtained for these
samples are only due to oxygen defect.

4.3, Phase Composition and Temperature.: Pure
Co Samples

It can be seen in Table | that the mass change mea-
sured in pure Co mixtures after thermal treatment at
1300°C is about 2.4 units lower than that recorded at
800°C. Table 2 shows that CoO is now present together
with Co;0Q,. As the X-ray refinement shows that both
phases are stoichiometric, the entire mass change de-
crease must be explained on the basis of the relative
amount of the CoO phase. The mass percentages of the
two oxides obtained by X-ray and mass change data are
reported in Table 5. It may seem that the differences
between the results are quite high, however, as
M(Co0,04)/3M(Co0O} = 1,07, mass change is not very sen-
sitive to the relative amount of the two oxides. As a
consequence the Am value expected on the basis of the
X-ray composition 1s only 3.5% lower than the measured
one. Moreover, if reference is made to the total plaque
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mass, rather than to mass change, it is easy to show that
the final mass expected on the basis of X-ray data is only
0.66% lower than the measured one, indicating that there
is a substantial agreement between the two types of data.
Thus it is seen that the main consequence of the increase
in the temperature of the thermal treatment from 800 to
1300°C is the appearance of a consistent amount of stoi-
chiometric CoO together with stoichiometric Co,0,. It
was previously noted that the only oxide present at tem-
peratures higher than about 930°C is CoO and that, pro-
vided the cooling rate is low enough (as in the present
work), it completely transforms into Co;0, during sample
cooling (see the values for mass change (Table 1) and
phase composition (Table 2) of pure Co mixtures treated
at 1100°C for a confirmation). However, if considerable
sinterization takes place as a consequence of a high tem-
perature thermal treatment, it is possible that during
cooling oxygen cannot reach the bulk of the grains with
the result that part of the CoO fails to transform into
C030,. Such a hypothesis is confirmed by SEM micro-
graphs which show that grain growth becomes apprecia-

ble at 1200°C (and becomes very important at 1300°C),
1.e., at the temperature where the Am values begin to
decrease (Table 1) and the presence of the CoO phase is
first recognized by X-ray analysis (Table 2). It can then
be concluded that the presence of CoO is a direct conse-
quence of sample sinterization.

4.4. Phase Composition and Temperature:
Lithium-Containing Samples

It can be seen in Table 1 that the percentage mass
changes measured afier thermal treatments at 1300°C are
7.2 (x; = 0.10) and 9.3 (xy; = 0.20) units lower than those
recorded at 800°C. It was previously noted that lithium
loss occurs for T = 1100°C. However, as the initial Li.O
content of the samples is 2.46 and 5.22% respectively, it
follows that lithium oxide sublimation alone cannot ex-
plain the mass change decrease from 800 to 1300°C.

Both qualitative and quantitative information about the
phase composition of the samples has been obtained by
the refinement of X-ray data. The results are given in the
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upper part of Table 5. Once again it would be useful to
compare X-ray and gravimetric results. However, the
mass change data cannot be used as before to obtain the
system composition because now there are at least two
parameters to determine by each mass change measure-
ment (the relative amounts of at least two phases and the
stoichiometry of one of them). A reasonable way to com-
pare the agreement between the X-ray and Am data is to

TABLE 5
Phase Composition of Lithium-Containing Plagues as Deduced
from X-Ray Refinement, after Thermal Treatment at 1300°C

EY¥]

0.10 0.20

X-ray Lip.0:6C02.96403.52(45.1%)

CoO (54.9%)

Lig.031C02.96503.70(28.1%)
CoO (68.3%)
LiCo0, (3.6%)

Calcutated Am 4.9%

12.6%

Note. The calculated Am values represent the mass changes expected
on the basis of the X-ray composition and stoichiometry.

calculate the mass changes expected on the basis of the
X-ray composition and stoichiometry and to compare
these values with the experimental ones. The calculated
percentage mass changes are given in the lower part of
Table 6 while the experimental values can be found in
Table 1. It can be seen that the calculated values are 1.7
{xy; = 0.10) and 0.4 (x; = 0.20) units higher than the
experimental ones. This means that the expected final
masses agree to within 1.5% (xp; = 0.10) and 0.38% (x; =
0.20) with the experimental ones and this shows that
there is a substantial convergence between mass data and

TABLE 6
Phase Composition as Deduced from X-Ray Refinement and
Mass Change Data of a Pure Co Plaque after Thermal Treatment
at 1300°C

x = 0.00; T = 1300°C

Co;04(63.1%)
Co;0,(72.75%)

Co0(36.9%)
Co0(27.3%)

X-ray
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X-ray results. As concerns these last ones it can be noted
that:

(a) the LiCoQ, phase is completely absent on the x; =
0.10 sample while it is reduced to a very low mass per-
centage in x;; = 0.20 sample;

(b) the Co;0, phase is still highly nonstoichiometric but
different from before a small amount of lithium substi-
tutes for Co into the cationic sublattice of Co;0,;

(¢) consistent amounts of CoO are present in both sam-
ples. However, the mixture richer in lithium has the
higher CoQ content and both lithium-containing samples
have CoO mass fractions considerably higher than that
shown by a pure Co sample after the same thermal treat-
ment (see Table 6).

Point (a) is due to LiCoO; decomposition, as confirmed
by a TGA analysis performed on a pure, commercial
LiCoO, sample. Point (b) indicates that the nonstoi-
chiometry of Co3;0, does not depend appreciably on the
temperature of the thermal treatment but rather on the
presence of lithium carbonate in the starting mixture.
This follows from the fact that lithium-containing sam-
ples show nonstoichiometric Co;04 while pure Co sam-
ples have stoichiometric Co;0, independent of the tem-
perature of the thermal treatment. Regarding point (c),
the presence of CoO can be explained by the same argu-
ments previously used for pure Co samples. Moreover,
the fact that the relative amount of CoQ increases with
increasing Li,CO; content of the starting mixture sug-
gests that an increased lithium content of the samples
makes the sinterization easier.

4.5. Lithium Content, Sinterization, and Microstructure

SEM micrographs support and complete the conclu-
sion reached thus far on the positive role that the pres-
ence of Li;COs in the starting mixture exerts on sample
sinterization. It can be seen in Figs. 5a, 6a, and 7a that
the mean particle size is nearly the same at 800°C on both
lithiated and pure Co samples. Li;CO, is completely de-
composed at this temperature and the entire lithium con-
tent of the sample is in the form of LiCoQO,. This means
that neither Li,CO; itself, nor the formation of LiCoO,
exert any direct and appreciable effect on sample particle
size. However, at 1000 and 1100°C the mean particle size
is considerably higher on lithiated than on pure Co sam-
ples (Figs. 5b, 5c, 6b, 6c, 7b, and 7c¢) indicating that sin-
terization starts at lower temperatures on the first ones.
An appreciable grain growth due to sinterization takes
place only at 1200 and 1300°C on pure Co samples (Figs.
5d and 5e}. However, at such high temperatures, LiCoQ>
decomposition and consequent Li;O sublimation occur
on lithium-containing samples. Both processes oppose
grain growth and the result is that the mean particle size

of the lithiated and pure Co samples again becomes com-
parable at 1200 and 1300°C (Figs. 5d, e, 6d, 6e, 7d,
and 7e).

The picture deduced from SEM micrographs is con-
firmed and completed by APDC, porosity, and density
measurements. The APDC data (Fig, 4) are consistent
with an increasing difference in the grain growth rate of
pure Co and lithiated samples in the temperature range
800-1100°C and with a decrease in such a difference at
higher temperatures. Also expected on the basis of SEM
micrographs is the fact that Hg porosity is nearly the
same for pure Co and lithiated samples at both 800 and
1200°C (Table 3). However, total porosity (T = 800°C) is
higher on lithiated than on pure Co samples due to the
higher contribution of microporosity in the former. It is
likely that CO; evolution (from Li;CO; decomposition)
during Co oxidation plays a part in the higher micropo-
rosity of lithiated samples.

5. SUMMARY AND CONCLUSIONS

It was shown by X-ray and gravimetric measurements
that a highly nonstoichiometric Co;0Q4 forms in lithium-
containing samples while a stoichiometric oxide is always
obtained from pure Co samples subjected to the same
thermal treatment. It was also shown that sinterization
plays an important role in sample phase composition and
is responsible for the relative amount of CoQ) present at
room temperature in the reacted mixture. It was argued
from the quoted measurements and confirmed by SEM
and APDC measurements that lithiated samples show a
higher sinterization rate than pure Co ones at “‘low” tem-
peratures (T < 1100°C) and that the sinterization rates
become quite similar at high temperatures. It is very
likely that the increased sinterization rate of lithium-con-
taining mixtures is due to the highly defective structure of
the Co,0, obtained from them. On the other hand, at T =
1100°C LiCo0O; decomposition and Li>O sublimation oc-
cur and, as previously seen, this decreases the sinteriza-
tion rate of lithiated samples. The fact that sinterization
can be appreciably affected by the amount of Li;CO; in
the starting mixture could be used to exert some degree
of microstructurai control of the products. As an exam-
ple, it is shown in Table 3 that microstructural parame-
ters are quite different for x;; = (.00 and x;; = 0.10 sam-
ples. However, this is an argument of preeminent
technological interest and is not developed in detail in
this paper.

It has to be noted as a final remark that after all both
the nature and the relative amount of the final products
are strongly affected by the stoichiometry of the first ox-
ide (Co304) formed during the reaction. It might then be
asked why a nonstoichiometric C0;04 is obtained when
cobalt oxidation occurs in the presence of lithium carbon-
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ate. The reason, at present, is not completely clear. How-
ever, it is likely that some crystallographic reason is in-
volved in the phenomenon. This is suggested by the fact
that the CoQ obtained after thermal treatments at high
temperatures shows a strong preferred orientation on
lithium-containing samples but not on pure Co ones.
Moreover, as previously noted, the CoQO reflections ob-
tained on lithiated samples are slightly shifted toward
higher angles than those of pure Co ones, confirming that
there is some crystallographic difference between the
CoO obtained from lithiated and pure Co samples.

L]
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