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A detailed analysis of the reactive processes taking place in C o - L i 2 C 0 3 was performed by use of 
thermogravimetry and X-ray diffract ion. A reaction model is proposed which accounts for the 
nature, stoichiometry, and amount of the phases present, at room temperature, in samples subjected 
to different thermal treatments. In particular it is shown that the thermal treatment influences 
substantially the final lithium content and the relative amount of the Li-containing phases. The 
results obtained for powdered samples are compared with those obtained in a previous work for 
plaques. 
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Introduction 

A major problem in molten carbonate fuel cells is 
the stability of the cathode [1]. In [2] it was suggested 
that the stability of such cathodes my be improved by 
the use of cobalt-based materials, and it was argued 
that a likely candidate is solid C o - L i 2 C 0 3 . In the 
present paper the reactive processes taking place in 
this promising system are analysed in detail. 

1. Experimental 

1.1 Products 

Cobalt powder (Matthey, 99.8%, 1.6 pm) and lith-
ium carbonate (Merck, 5671) were used as starting 
materials. The metal was used as supplied for pure 
cobalt samples. The other samples were obtained from 
mechanical mixtures of the reagents, carefully ground 
and stored at room temperature (rt.). The composi-
tion of the primary mixtures was xL i = 0.0974 and 
xLi = 0.2017 (xLi = lithium cationic fraction). In the 
following these compositions will for simplicity be re-
ferred to as xLi = 0.10 and xLi = 0.20, respectively. 

1.2 Apparatus and Procedures 

1 . 2 . 1 T h e r m o g r a v i m e t r i c M e a s u r e m e n t s 

Thermogravimetric data were collected with a 
"Stanton Redcroft" 762 TGA thermobalance con-

Reprint requests to Prof. A. Marini. 

trolled by a "Rheometric Scientific" Thermal Analysis 
System. Unless otherwise noted, for the measurements 
samples weighting 3 0 - 4 0 mg were placed in a Pt-Rh 
crucible in air. Most of the measurements involved 
three steps: 

1. Heating at 2°C/min from rt. to a final temperature 
Tf in the range 900-1200°C. 

2. Annealing at Tf for between 0 and 5 hours. 
3. Cooling down to rt. at 2°C/min, unless otherwise 

marked. 

After each run, the portion of sample recovered 
from the TGA pan (TG sample) was analyzed by 
XRD, and the results were correlated with the ther-
mogravimetric information. 

1.2.2 Diffractometric Measurements 

X R D data were collected at rt. with a Philips P W 
1710 diffractometer equipped with a Philips P W 1050 
vertical goniometer and a graphite bent crystal 
monochromator , using the Cu KCC radiation (Xax = 
1.5406 Ä; K(X2 = 1.5443 Ä). A slice of a single crystal of 
silicon served as "sample holder": the T G samples 
(reground if necessary) were dispersed on its surface 
with the help of a few drops of acetone. Data were 
collected in the angular range 10° < 2 $ < 110° in the 
step scan mode (step = 0.03°, counting time = 1 s). 
The structural data and the relative amounts of the 
different phases were estimated by Rietveld refinement 
[3] with the programs DBW3-2S [4] and WYRIET, 
version 3.5 [5]. The stoichiometry of the phases was 
obtained from the T G A experiments (see below). For 
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each sample, the parameters were determined with a 
recursive least squares procedure. The sample displace-
ment (zero order correction) was determined once, in 
the first run, while all other parameters were itera-
tively refined: in each run a new set of variables was 
added, and the refined parameters of the previous run 
were used as initial values. The sets of variables were: 

1. scale factors, zero error (fixed in all the successive 
steps) and one coefficient for polynomial back-
ground; 

2. lattice parameters; 
3. three more coefficients for polynomial back-

ground; 
4. profile parameter (u, w, y) and asymmetry for the 

pseudo Voigt profile function [6]; the variables in-
volved in the Gauss ian component of the profile 
and the asymmetry parameters were assumed to be 
the same for all the phases of the sample; 

5. isotropic thermal factors for all the atoms; oxygen 
coordinates in the C o 3 0 4 spinel [x, x, x (O)] and in 
the layered L i C o C 0 2 s tructure [z(O)] [7], 

The refinement of the preferred orientat ion parame-
ter for the hOO planes of the C o O structure was carried 
out according to the March-Dollase equat ion [8], and 
was performed only for samples with the larger 
amounts of the disordered CoO-type phase. The ori-
entat ion parameter and isotropic thermal factors of 
this disordered phase obtained from CoO-rich sam-
ples were used without refinement in the analysis of 
samples with low C o O content. The relative amounts 
of the different components were calculated following 
the procedure of Hill and Howard [9] and corrected 
for microabsorpt ion effects. 

ment between the T G A data and the weight changes 
evaluated according to this reaction scheme shows 
that the reactions yield stoichiometric products. 

2.2 TGA of Li-containing Samples 

A typical T G A plot of a lithium containing sample 
is shown in Figure 2. The weight initially increases 
because of the Co oxidation; before the C o 3 0 4 C o O 
transformation takes place, the weight decreases due 
to decomposit ion of L i 2 C 0 3 . The weight decreases 
also during the anneal ing at Tf; the amount of de-
crease depends upon the sample composi t ion and be-
comes larger with increasing temperature (Tf) and du-
ration (t) of the annealing. 

A careful quanti tat ive analysis is needed to identify 
the products present at the various plateaux of the 
T G A run, where the weights are m 1 ( m 2 , m 3 , and m4 

(see Figure 2). For convenience, all the weights will be 
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Fig. 1. TGA curve and temperature profile of a pure Co 
sample. 

2. Results and Discussion 

2.1 TGA of Co Samples 

Figure 1 shows a typical T G A curve of a pure Co 
sample. As shown in our previous work [2], the first 
product of oxidation is C o 3 0 4 , which t ransforms into 
C o O near 930 °C. F r o m the trace it is clear that this 
t ransformation is reversible. The measured mass 
changes (percentages) at the different stages of the 
T G A curve (see Fig. 1) are: m, — m0 = 36.24 ± 0.23; 
m2-ml = - 8 . 9 6 ±0.14; m\ -m'2 = 8.95 ± 0.13. These 
should be compared with those expected for the trans-
formations Co C o 3 0 4 -> C o O C o 3 0 4 which are 
36.20 and ± 9.05 respectively. The very good agree-
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Fig. 2. Typical TGA curve of a Li-containing sample (xLi = 
0.20). 
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scaled to an initial weight m0 = 100 g, and the same 
symbol will represent either these weights or the stage 
where they are determined. 

X-ray data show that at stage only two phases 
are present: C o 3 0 4 and L i C o 0 2 . The weight change 
mx — m0 may be calculated assuming complete trans-
formation of Co into C o 3 0 4 , quantitative L i C o 0 2 

formation, and complete L i 2 C 0 3 decomposition. The 
reactions which determine m t are the following: 

2n[( l - x L i ) / x L i ] C o + (4/3)n[(l - x L i ) / x L i ] 0 2 

-*• (2/3) n [(1 — xLi)/xLi] C o 3 0 4 , (1) 

n L i 2 C 0 3 n L i 2 0 -I- n C 0 2 , (2) 

n L i 2 0 + (2/3) n C o 3 0 4 + (n/6) 0 2 

2n L i C o 0 2 . (3) 

The coefficient n was added as a factor normalizing to 
100 g of starting mixture (n represents the moles of 
L i 2 C 0 3 in 100 g of the starting mixture). By interpret-
ing the chemical formulas as the corresponding 
molecular weights, the reaction equations become sto-
ichiometric relationships which yield directly the cal-
culated weights m i ca lc. 

The weight decrease from my to m2 (see Fig. 2) is 
due to transformation of the C o 3 0 4 left by reaction (3) 
into CoO: 

(2/3)n[(1 - 2xLi)/xLi] C o 3 0 4 - 2n[(l - 2xLi)/xLi] 
• CoO + (n/3)[(l — 2x L i ) /x L i ]0 2 . (4) 

The weight changes calculated for (1)—(4) are reported 
in Table 1. The experimental values of mj — m0 and 
m2 — m ( have been obtained as the mean of at least 
ten independent measurements and are 30.20 ± 0.34 
and —7.56 + 0.11, respectively, for xLi = 0.10 and 
23.56 ±0.31, and - 5.82 + 0.08 for xLi = 0.20. While 
computed and experimental values of m2—ml are 
perfectly consistent, the experimental m1 — m0 values 
are slightly lower than the calculated ones. Very likely 
this is due to an oxygen deficiency of L i C o 0 2 , which 
will be henceforth written as L i C o 0 2 _ x . Conse-
quently, (3) must be rewritten as 

n L i 2 0 + (2/3) n C o 3 0 4 + n [(1/6) - x] 0 2 

2nLiCo02_x. (3') 

The mean values of x can be obtained from the equa-
tion 

™i,caic - mi =nxö2, 

Table 1. Li-containing samples. Calculated mass changes 
(percentages) for Eq. (1), (2), (3), and (4) (see text). 

i = 0.10 x, i = 0.20 

Am, = [ (4 /3 )n ( l - x L i ) / x L i ] 0 2 

Aw2 = — nC02 
Am 3 = (n/6) 0 2 

™lcalc ~ m0 = A m i + A m2 + A m i 
'»2calc-Wlcalc = 

= [ - ( « / 3 ) ( 1 - 2 x L i ) / x L i ] 0 2 

Table 2. Pure Co samples: lattice constants and mass per-
centages by X-ray analysis. 

Thermal C o O C03O4 
treatment 

7f/°C 't/h % lattice const. % lattice const. 7f/°C 't/h 
a/A a/A 

1100 1 _ _ 100 8.082 
1100 3 - - 100 8.083 
1100 5 0.83 4.253 99.17 8.082 
1200 1 3.72 4.257 96.28 8.087 
1200 3 11.30 4.250 88.70 8.085 
1200 * 5 56.13 4.254 43.87 8.086 

4.254 ±0.003 8.084 ±0.002 4.254 ±0.003 8.084 ±0.002 

* cooling rate = 50°C/min; • annealing time. 

from which it follows 

x = 0.14 for xLi = 0.10 , 
x = 0.09 for xLi = 0.20 . 

These values of x have been used in the X-ray refine-
ment. 

Equations (1), (2), (3'), and (4) describe the first heat-
ing step of the TGA run for Li-containing samples. 
Before analysing the annealing and cooling stages of 
these samples, we discuss the XRD findings. 

2.3 XRD of Pure Co Samples 

Table 2 lists compositions and lattice parameters of 
Co samples subjected to different thermal cycles. In 
the experiment with 3 h annealing at 1100 °C, only the 
C o 3 0 4 phase is present at the end. Traces of CoO 
begin to appear with t = 5h and Tf = 1100°C. With 
T{ = 1200'C, the fraction of CoO is appreciable after 
1 h annealing and increases on increasing t and the 
cooling rate. Such a behaviour is consistent with that 
found on cobalt based plaques [2], and confirms that 
not all the CoO, which is the only phase at Tf, reverts 

33.90 31.25 
- 3 . 7 7 - 8 . 1 5 

0.46 0.99 
30.59 24.09 

- 7 . 5 6 - 5 . 8 4 
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to C o 3 0 4 during cooling; either the degree of sinteri-
zation is too high, or the cooling rate too fast to let the 
oxygen penetrate the bulk of the grains. 

2.4 XRD of Li-containing Samples 

The results of the X-ray refinement of the samples 
with lithium are summarised in Tables 3 and 4. Within 
the experimental error, the lattice constants of C o 3 0 4 

are the same for xLi = 0.10, xLi = 0.20, and for pure Co 
samples. This result is reinforced by the TGA data, 
which imply that stoichiometric C o 3 0 4 is always ob-
tained at rt., independently of the Li content. 

The lattice parameter of the C o O phase takes ap-
preciably different values for xLi = 0.10, x L j = 0.20, 
and the Co samples. We may assume that a solid 
solution of the type L i ^ C o ^ O , rather than the 
"pure" CoO, may be obtained when lithium is present, 

and that the CoO lattice parameter decreases 
monotonically with y. If this is the case, it can be 
deduced from Tables 3 and 4 that the composition of 
this solid solution depends on xL i , but not on the 
thermal treatment. Furthermore, since the xLi = 0.10 
samples have the smallest lattice parameter, they have 
also the highest y value [10]. As stated before, the 
samples with lithium contain also a non-stoichiomet-
ric L i C o 0 2 _ x phase, where the oxygen deficit (x) was 
determined to be higher for the xL j = 0.10 than for the 
xLi = 0.20 samples. This is probably not a case and 
suggests that the x and y are essentially the same. 

The final lithium fraction xLi f , correlates, positively 
and strongly, with the fraction of L i C o C 0 2 . Such a 
linkage is particularly evident in the xLi = 0.20 sam-
ples (Table 4). Obviously, a final Li fraction smaller 
than the initial one means that an appreciable amount 
of lithium has volatilized; consequently, also the per-

Table 3. Li-containing samples (xLi = 0.10). Lattice constants, mass percentages and final lithium cationic fraction by X-ray 
analysis. 

Thermal treatment C o O (Li, 0.14C00.86®) C o 3 0 4 L i C o ° 1 . 8 6 

% 

XLi.f 

Tf/°C 't/h % lattice const. a/Ä % lattice const, a/A 

L i C o ° 1 . 8 6 

% 

XLi.f 

1100 1 _ _ 86.66 8.079 13.34 0.100 
1100 3 - - 86.70 8.083 13.30 0.100 
1100 5 3.86 4.216 84.75 8.080 11.39 0.096 
1200 1 1.51 4.222 86.57 8.083 11.92 0.095 
1200 3 7.18 4.220 81.57 8.083 11.25 0.100 
1200 5 4.73 4.220 86.19 8.084 9.08 0.076 

4.219 + 0.002 8.082 + 0.002 

• annealing time. 

Table 4. Li-containing samples (xLi = 0.20). Lattice constants, mass percentages and final lithium cationic fraction by X-ray 
analysis. 

Thermal treatment C o O (Li 0.09C°0.9lO) C o 3 0 4 LiCoO, 9 1 

% 

XLi, f 

Tf/°C •t/h % lattice const. a/A % lattice const, a k 

LiCoO, 9 1 

% 

XLi, f 

650 _ _ _ 73.03 8.082 26.97 0.184 
800 - - - 68.48 8.080 31.52 0.217 
865 - - - 68.18 8.085 31.82 0.218 
950 - - - 71.24 8.083 28.76 0.201 

1100 1 - - 67.23 8.079 32.77 0.233 
1100 3 1.02 4.234 73.94 8.083 25.04 0.179 
1100 5 7.92 4.232 69.32 8.082 22.76 0.169 
1200 - 2.15 4.234 75.56 8.083 22.29 0.163 
1200 1 8.25 4.230 71.82 8.082 19.93 0.151 
1200 3 19.32 4.231 65.73 8.086 14.95 0.126 
1200 5 29.48 61.37 9.15 0.093 

4.232 ±0.002 8.082 + 0.002 

• annealing time. 
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centage of L i C o 0 2 _ x should be smaller than ex-
pected. It is worth noting in Table 4 that, when 
Tf = 1200°C, the L i C o 0 2 _ x fraction decreases with 
the annealing time, while the L i ^ C o ^ ^ O phase in-
creases. This suggests that L ^ C o ^ O , forms as a re-
sult of the decomposition of L i C o 0 2 _ x . 

2.5 TGA of Li-containing Samples During Annealing 

In discussing Fig. 2, we remarked that a weight loss 
takes place during annealing, which is related with 
x L i , but also with Tf and t. The X R D evidence suggests 
that the weight decrease is due to loss of L i 2 0 . If we 
put x = y, as suggested by our data, and assume that 
the only process responsible for Li^Coj _yO formation 
is decomposition of L i C o 0 2 _ x , we can write 

2 n a L i C o 0 2 _ x [(2na)/(l - x ) ]L i x Co!_ x O 
+ [ 2 n a ( l — 2x) /2( l - x ) L i 2 0 
+ 2 n a [(2 (1 - x)2 - 1 ) / 4 (1 - x)] 0 2 , (5) 

where a is a coefficient (0 < a < 1). Therefore, if 
L i x C o ! _ x O formation takes place, according to this 
scheme, the weight decrease at Tf is due to loss of L i 2 0 
and oxygen. 

The process occurring during the cooling to rt. is 
only the C o O -»• C o 3 0 4 transformation: 

2n [(1 - 2xLi)/xLi] C o O + (n/3) [(1 - 2xLi)/xLi] 0 2 

- * ( 2 n / 3 ) [ ( l - 2 x L i ) / x L i ] C o 3 0 4 . (6) 

Equations (5) and (6), together with (1), (2), (3'), and (4), 
describe what in the following will be called "reaction 
model A". According to this model, the amount of the 
C o 3 0 4 phase in the rt. samples depends upon the 
initial composition, and not upon the thermal treat-
ment. However, Tables 3 and 4 show that this is true 
only approximately. With model A and the TGA data 
at the end of annealing we may compute xLi f and the 
final fractions for all phases. The results are listed in 
Tables 5 and 6, along with the values experimentally 
determined through X-ray refinement. The agreement 
is acceptable for a gentle annealing, but the model 
gives an underestimate of the L i x C o 1 _ x O fraction de-
termined by X-ray, which is the larger the higher T{ 

and the longer t. Such a behaviour suggests that this 
phase can be formed from L i C o 0 2 _ x decomposition, 
as per model A, and also by the solid state reaction 

2 n / ? L i C o 0 2 _ x + 2n ß[(\ - 2 x ) / x ] C o O 
+ nßx02 ( 2 n j ? / x ) L i x C o 1 _ x O , (7) 

where ß is a coefficient (0 < ß < 1). If an a fraction 
of the L i C o 0 2 _ x phase reacts according to (5) and a 
ß fraction according to (7), the total reaction during 
annealing will simply be the sum of (5) and (7), i.e. 

2n (a + ß) L i C o 0 2 _ x + 2nß[{\ - 2x ) /x ]CoO 
- 2n[(ß/x) + a/(l — x)] Li xCo 1 _ x O 
+ [n a ( l — 2x)/(l — x)] L i 2 0 ( ) 

+ n {[a (2(1 - x)2 - 1)/2(1 - x)] -ßx}Ö2. 

Since the C o O which has formed L i x C o ! _ x O at high 
temperature will not transform to C o 3 0 4 during cool-
ing, the reaction taking place in going from Tf to rt. 
should be written as 

2n {[(1 - 2xL i)/xL i] - ß{\ - 2x)/x) C o O 

+ (n/3){[(l - 2 x L i ) / x L i ] - / ? ( l - 2 x ) / x } 0 2 (9) 
- (2n/3) {[(1 - 2xL i)/xL i] - ß(l - 2x)/x} C o 3 0 4 . 

The model described by (8) and (9) [together with 
(1), (2), (3'), and (4)] will be referred to as "reaction 
model A* ". The value of ß can be obtained from the 
weight changes during cooling (m4 — m3), while a from 
the weight changes during annealing (m3 — m2), if ß is 
already known. With a and ß, one can compute the 
final fractions of all phases, and the final lithium con-
tent. The parameters of models A and A* are summa-
rized in Tables 5 (xLi = 0.10) and 6 (xLi = 0.20). 

2.6 Comparison Between the Reaction Models 

The need to introduce (7) came from the worsening 
of the agreement between model A and the experimen-
tal data when Tf and t increase. As a consequence, the 
two models present almost the same reaction picture 
at the lowest Tf and shortest t (Tables 5.1, 5.2 and 6.1, 
6.2). On the other hand, only model A* is compatible 
with the X R D findings for samples annealed at 
1200°C for more than 1 h; in other words, the role of 
the reaction (7) in the production of L i x C o 1 _ x O be-
comes substantial as the annealing temperature and 
time are increased. Model A* can be used to calculate 
the percentage of L i x C o 1 _ x O obtained by solid state 
reaction at Tf = 1200°C and in the xLi = 0.20 samples 
which yield a relatively high L i x Coj _ x O fraction (Ta-
bles 6.4, 6.5 and 6.6). Thus, for the isothermal anneal-
ing times of 1 h, 3 h and 5 h, the percentages of the 
L i x C o 1 _ x O fraction obtained by solid state reaction 
were evaluated as 29%, 57% and 48%, respectively. 

The amount of L ^ C o , _ x O produced is not related 
in a simple way with the weights a and ß of the two 
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Table 5. Li-containing samples (xLi = 0.10). Quanti tat ive parameters by thermogravimetric analysis according to models A 
and A* (see text). Data from X-ray analysis are reported for comparison. 

a ß Wcalc Wmeas % L i x C 0 l _ x O % L i C o 0 2 _ x % C o 3 0 4 -XLi.f 

5.1: Tf = 1100 "C; t = 1 h; m3 — m2 = - 0 . 1 9 ; mA -m3 = 7.50. 

Model A 0.066 — 130.00 130.40 0.68 11.78 87.53 0.092 
Model A* 0.067 0.013 129.95 130.40 1.54 11.60 86.86 0.092 
X-ray - - - 0.00 13.34 86.66 0.103 

5.2: Tf = 1100°C; t = 3h; m3 — m2 = - 0.26; m4 -m3 = 7.52. 

Model A 0.090 _ 129.94 129.91 0.93 11.48 87.58 0.091 
Model A* 0.091 0.009 129.90 129.91 1.51 11.36 87.13 0.091 
X-ray - - - 0.00 13.30 86.70 0.103 

5.3: Tf = 1100°C; t = 5h; m3 — m2 = - 0.30; m4 -m3 = 7.35. 

Model A 0.104 — 129.90 129.24 1.08 11.31 87.61 0.090 
Model A* 0.110 0.046 129.68 129.24 4.03 10.67 85.30 0.089 
X-ray - - - 3.86 11.39 84.75 0.096 

5.4: Tf = 1200CC; t = 1 h; m3 — m2 = 0.0; m4 - m3 = 7.40. 

Model A 0.000 _ 130.20 129.95 0.00 12.59 87.41 0.097 
Model A* 0.005 0.035 130.03 129.95 2.24 12.10 85.60 0.097 
X-ray - - - 1.51 11.92 86.57 0.097 

5.5: Tf = 1200CC; t = 3 h; m3 — m2 = - 0.35; m4 -m3 = 7.12. 

Model A 0.121 _ 129.85 129.33 1.26 11.10 87.64 0.088 
Model A* 0.134 0.096 129.40 129.33 7.43 9.76 82.81 0.087 
X-ray - - - 7.18 11.25 81.57 0.100 

5.6: Tf = 1200°C; t = 5h; m3 — m2 = - 0.77; m4 -m3 = 7.40. 

Model A 0.266 _ 129.43 129.06 2.78 9.30 87.93 0.077 
Model A* 0.271 0.035 129.27 129.06 5.04 8.81 86.16 0.077 
X-ray - - - 4.73 9.08 86.19 0.080 

Note to Tables 5 and 6: 
a = fraction of the L i C o O j . ^ phase that reacts according to (5) (see text); 
ß = fraction of the L i C o 0 2 _ x phase that reacts according to (7) (see text); 
mcalc and mmeas are the calculated and measured final masses, respectively. 
For each sample are also reported: 
Tf, t = temperature and time of the isothermal stage, respectively; 
m3 — m2 = percentage mass loss during the annealing isothermal stage; 
m4 — m3 — percentage mass gain during sample cooling. 

reactions (5) and (7); for example, with xLi = 0.20 iden-
tical amounts of Li^Co! _ x O are produced by decom-
position and by solid state reaction, when ß = 0.10 a, 
although for t = 5 h, the percentage obtained by solid 
state reaction is slightly smaller than for t = 3 h. How-
ever, this is not in contradiction with the trend of a 
declining role of decomposition on increasing t, be-
cause the 3 h long annealing was not performed in air, 
as all other runs, but under N 2 flux and a negligible 
oxygen partial pressure. Under these conditions the 
only oxygen source is LiCo0 2 _ J C decomposition [re-
action (5)]. 

The above remarks, and the fact that excellent 
agreement between the total weights measured at the 

end of the experiments and the calculated final weight 
is obtained with model A*, but no so with model A, 
apparently support both the correctness of the refine-
ment procedure and the validity of reaction model A*. 

3. Comments 

3.1 X-ray Data 

The xLi f values obtained by model A* are generally 
in good agreement with those obtained by X-ray data. 
However, the latter are generally slightly greater than 
the former, and it is very likely that the X-ray data 
slightly overestimate this parameter. This is seen in the 
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Table 6. Li-containing samples (xLi = 0.20). Quantitative parameters by thermogravimetric analysis according to models A 
and A* (see text). Data from X-ray analysis are reported for comparison. 

% L ^ C o ^ O % LiCoO : % Co30, 

6.1: Tf = 1100°C; t = 1 h; w3 - m2 = - 0 . 6 4 ; m4 - w3 = 5.83. 
Model A 0.090 - 122.92 122.75 2.09 
Model A* 0.090 0.000 122.91 122.75 2.18 
X-ray - - 0.00 

6.2: Tf = 1100°C; t = 3h; m3 - m2 = - 1.10; m4 - m3 = 5.80. 

Model A 0.154 - 122.46 122.80 3.60 
Model A* 0.154 0.002 122.42 122.80 4.09 
X-ray - - - - 1.02 

6.3: Tf = 1100°C; t = 5h; m3 - m2 = - 1.50; m4 - m3 = 5.65. 

Model A 0.210 - 122.06 122.05 4.93 
Model A* 0.211 0.010 121.87 122.05 7.42 
X-ray - - - - 7.92 

6.4: Tf = 1200°C; t = 1 h; m3 - m2 = - 2.36; m4 - m3 = 5.60. 

Model A 0.331 - 121.20 121.30 7.80 
Model A* 0.332 0.013 120.96 121.30 10.99 
X-ray - - 8.25 

6.5: Tf = 1200°C; t = 3h; m3 - m2 = - 2.92; m4 - m3 = 4.86. 
Model A 0.410 - 120.64 119.56 9.70 
Model A* 0.414 0.054 119.66 119.56 22.99 
X-ray - - - 19.32 

6.6: Tf = 1200°C; t = 5h; m3 - m2 = - 5.07; m4 

Model A 0.711 
Model A* 0.716 0.066 
X-ray - -

= 4.64. 

118.49 
117.29 

117.14 
117.14 

17.10 
33.80 
29.48 

26.44 
26.43 
32.77 

24.66 
24.60 
25.04 

23.09 
22.80 
22.76 

19.70 
19.33 
19.93 

17.47 
15.88 
14.95 

8.70 
6.60 
9.15 

71.47 
71.39 
67.23 

71.74 
71.30 
73.94 

71.98 
69.77 
69.32 

72.50 
69.68 
71.82 

72.82 
61.12 
65.73 

74.10 
59.54 
61.37 

0.188 
0.188 
0.233 

0.179 
0.179 
0.179 

0.170 
0.170 
0.169 

0.151 
0.150 
0.151 

0.137 
0.137 
0.126 

0.083 
0.082 
0.093 

cases of Tables 5.1, 5.2 and 5.3, where the nominal 
l i thium content is x L i = 0.0974, and in the case of 
Table 6.1, where the nominal l i thium content is 
xL i = 0.2017. It can be seen in the pertinent tables that , 
where xL i f is overest imated, the L i C o 0 2 _ x mass per-
centage by X-ray is appreciably greater than that of 
model A*. In o ther words, there appears to be a ten-
dency of X-ray refinement to overestimate the amoun t 
of the L i C o 0 2 _ J C phase. The same trend was found in 
our previous paper [2], where an explanat ion of such 
a behaviour was proposed. 

3.2 LiCo02_x and LixCol_xO Stoichiometry 

T G A yields direct evidence for the non-stoichiome-
try of L i C o 0 2 _ x and for the different x values with 
different nomina l composi t ion. A trend in the lattice 
cons tants of L i x C o ! _ x O points to the non-stoi-
chiometry of this phase. However, there is not a direct 
evidence tha t the x value is the same in L i C o 0 2 _ x and 

Li^Co, _ x O. In fact, T G A can not be used to calculate 
the x value of L i ^ C o ^ ^ O because bo th the relative 
a m o u n t and the stoichiometry of such a phase are 
unknown, and only one of these parameters can be 
obtained f rom thermogravimetr ic data . O n the X-ray 
side, the role of x in the refinement is too small to 
allow such an est imation to be made with XRD. The 
assumpt ion that the pa ramete r of non-stoichiometry 
has the same value in L i C o 0 2 _ x and L i ^ C o ^ ^ O is 
proven by the t rend of the lattice constants . If substi-
tut ion of Li for Co in the cationic sublatt ice of C o O 
leads to a shor thening of the lattice cons tan t propor-
tional to the l i thium content , as it occurred in the case 
of L i x N i x _ x O [10], the relat ionship should be 

flLixCol - x O = aCoO — K x , 

i.e. K = (aCo0 — a L i x C o i -x0)/x » 

and the same K value is obta ined for bo th x values. 
Thus the values of the lattice constants confirm that 
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the x values of the Li x Co 1 _ x O phases, obtained from 
samples of nominal lithium content xLi = 0.10 and 
0.20, are exactly in the ratio 0.14/0.09, as deduced from 
TGA measurements. 

The reason why the x value of the L i C o 0 2 _ x phase 
is higher when xLi = 0.10 than when xLi = 0.20, is 
presently not clear. We suspect that there might be an 
epitaxial growth of the L i C o 0 2 phase on the C o 3 0 4 

phase, becoming less important when the nominal 
lithium content increases. Work is in progress to un-
derstand this point. 

The fact that pure C o O transforms into C o 3 0 4 

during cooling and that L i ^ C o ^ ^ O and C o O have 
exactly the same structure must be stressed. Another 
important point of the model is that L i ^ C o ^ ^ O is 
stable and does not transform during cooling. Thus, 
the presence of about 10% of Co(III) atoms is able to 
avoid the transformation of C o O into C o 3 0 4 . 

3.3 Plaques and Powders 

The results obtained in the present work for pure 
Co samples are completely consistent with the be-
haviour described for pure Co plaques [2]. In that 
case, however, in Li-containing samples a highly 
non-stoichiometric C o 3 0 4 phase was present, while 
here the C o 3 0 4 phase is stoichiometric. The major 
difference stems from the weight changes measured 
in plaques and powders. Upon heating up to 
Tf = 800 -r- 900 °C, the weight change of plaques was 
by 15.3% - 14.3% lower than calculated for 
x , : = 0.10 and xLi = 0.20, respectively. After thermal 
cycling the powders at Tf in the 8 0 0 - 9 0 0 ° C range, the 
weight gain is only 0.6% and 2.6% lower than calcu-

lated for the xLi = 0.10 and xLi = 0.20 samples, respec-
tively. It is apparent that powders show a much higher 
weight increase than plaques do. A binder and an 
antifoaming agent were mixed to Co and L i 2 C 0 3 to 
obtain plaques. The burnout of these organic sub-
stances can be considered complete a round 500 °C. 
Since our measurements show that the Co C o 3 0 4 

reaction completes around this temperature (see 
Figs. 1 and 2), it follows that C o 3 0 4 formation occurs 
in plaques, during the organic substances burnout . 
However, this release does not exert any effect on pure 
Co plaques; after treatment at Tf = 800 °C and 
T{ = 900 °C, they showed exactly the weight gain ex-
pected as the powdered samples do. On the contrary, 
it is apparent that the presence of the organic sub-
stances affects the behaviour of Li-containing plaques, 
probably via an early formation of L i C o 0 2 . This 
might occur because, unlike powders, the plaque be-
comes quite uniformly covered by L i C o 0 2 during Co 
oxidation, thus hindering oxygen diffusion into the 
sample and causing incomplete cobalt oxidation to 
the Co(III) status, and the appearance of oxygen de-
fects. In other words it is likely that the main effect of 
the burnout of organic substances is to anticipate the 
L i 2 C 0 3 decomposition, and then the L i C o 0 2 forma-
tion. This suggests that trying to transfer the knowl-
edge from one system to a similar one may be a tricky 
business. 
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