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ABSTRACT 

The decomposition of cobaltous compounds (nitrate, hydroxide, carbonate, osalatr 
and oxyhydroxide) in vacua has been Investigated by magnetic methods and thermo- 
gravimetry. The mechanism is shown to be similar to that in air and begins with the for- 
mation of Co3+ ions in octahedral coordination The formation of different final products 
(Co304, Co0 and Co) has been attributed to the nature of the initial cobaltous com- 
pound. The results are in agreement with thermodynamic calculations_ 

INTRODUCTION 

It is known that thermal decomposition of cobaltous salts in air leads to 
the formation of Co30J [l], whereas decomposition in vacua produces 
various products, depending on the nature of the initial cobaltous com- 
pound. Thus, as a result of cobaltous oxalate decomposition in vacua or in 
an inert medium, metallic Co and Co0 are obtained [2-Y], whereas the 
decomposition product of cobaltous carbonate or hydroslde is Co0 [S-l1 1. 

and that of CoOOH in an inert medium is Co304 [ 121. From a thermodynamic 
point of view, identical conditions of decomposition should lead to the same 
products. The differences observed may be due to differences in the concli- 
tions arising during the decomposition of cobaltous compounds 111 vacua. 
For this reason, the decomposition of different cobaltous compounds in 
vacua was studied by measuring their magnetic properties during thermal 
treatment. This method was chosen because the magnetic methods are highly 
sensitive to the presence of small amounts of ferromagnetic admixtures, such 
as ferromagnetic cobalt, and give mformation on the valency state of thcb 
transition metal and its environment. 

EXPERIMENTAL 

Commercially available CoC204 - 4 HzO, Co(N03)-_ - 6 Hz0 (AR, llerck), 
2 CoC03 * 3 Co(OH), - n Hz0 (AR, Carlo Erba) and CoOOH (chemically 
pure, Soyuzkhimeksport) were used. COG was obtained by precipitation 
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of Co(N03)* with NaOH in the absence of air. The method and apparatus 
are described in detail in ref. 1. The investigations were carried out in the 
temperature range 25-370°C and a vacuum of more than 10m5 torr. Changes 
in weight and magnetic properties of the sample were traced simultaneously 
during the decomposition process. 

RESULTS 

Figure 1 shows results from measurements of the magnetic susceptibility 
of Co(NO& - 6 Hz0 (curve 1) and the decrease in weight of the sample 
(curve 2) during its decomposition in vacua. It is evident that, during evacua- 
tion of the sample, the gram-atom magnetic susceptibility of the Co ion has 
already begun to decrease at 25°C due to partial dehydration. The sample 
weight decreases monotonically at temperatures up to 200” C while the mag- 
netic susceptibility shows complex changes. At 200°C X, sharply decreases 
and the decomposition is practically complete. 

Figure 2 presents results from measurements of the temperature depen- 
dence of the magnetic susceptibility at some intermediate stages of the 
decomposition of Co(N03)- - 6 H,O obtained by quenching the process 
(curves l-lo), and also the temperature dependence of the final product of 
decomposition in vacua (curve 11). Obviously, the Curie-Weiss law is ob- 

served. The respective magnetic moments and Weiss constants are given in 
Table 1. The similar values of the magnetic moments of the Co ion in the 
decomposition products up to 140” C (curves l-4) show that, in this range, 
only the water of crystallization is eliminated and no change in the valency 
state of the Co ion occurs. When the sample is heated at a higher tempera- 
ture, the magnetic moment decreases, passes through a minimum (2.35 B&I) 
and then increases to 2.6 BM. The results of the magnetic studies show that 
the final decomposition product of CO(NO~)~ - 6 Hz0 in vacua is Coj04, the 
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Fig. 1. Change of the gram-atom magnetic susceptibility, SC,, (curve 1) and decrease in 
weight (curve 2) of a Co(N03)~ - 6 Hz0 sample during decomposition in vacua. 
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Fig. 1. Dependence of l/xa on temperature for different decomposition stages of 
CO(KO~)~ - 6 Hz0 

mechanism of the process being the same as that in air [l], i.e. the first 
decomposition stage is the formation of Co”’ ions in octahedral coordma- 
tion. 

It should be noted that the mean magnetic moment of the Co ion m 
Co30A increases on heating in vacua at 350” C. Table 2 contains the magnetic 
moments and Weiss constants for different heating durations_ The Increase 
in the mean magnetic moment of the Co ion is due to the reduction Co:‘,,, - 
Co& . After heat treatment in vacua at 350°C for 6 h, Co304 is almost com- 
pletely reduced to COO. No similar effect was observed with thermal treat- 
ment in vacua, at the same temperatures, of Co,O, obtained as a result of 
CO(XO~)~ - 6 H20 decomposition in air. 

Figure 3 shows the changes in magnetic susceptibility, W,, (curve 1) and 
decrease in weight (curve 2) of a Co(OH), sample during its decomposition 
in vacua. At 120-14O”C, both K, and the sample weight decrease sharply 
due to the formation of Co0 in vacua. Figure 4 shows data on the tempera- 
ture dependence of the magnetic susceptibility of the initial Co(OH), (curve 

i-ABLE 1 

Changes in the effective magnetw moment of the Co Ion (/&f) and Weiss constant (0) at 
different stages of Co(XO3)2 - 6HzO decomposition in vacua 

0 Peff 
WI (BAI) 

0 
(K) 

Peff 0 
(BM) (K) 

-1.59 -11 4.27 +17 2.12 +23 
4.45 +58 3.33 +62 2.35 +20 
1.6i +43 2.91 +14 2.64 -57 
1.63 +21 2.70 -6 
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TABLE 2 

Changes in the effective magnetic moment (petf) of the Co ion and Weiss constant (8) of 
CosOa dunng heat treatment at 350°C in vacua (The sample was obtained by thermal 
decomposition of Co(NOs), - 6H20 at 200°C m vacua) 

Heating duration Peff 
(h) (BM) 

e 

(K) 

1.5 3 89 -157 
4.5 4.12 -193 
6.0 5.49 -436 
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Fig. 3. Change in the gram-atom magnetic susceptibility, &, (curve 1) and decrease in 
n-eight (curve 3) of Co( OH)? durings its decomposition in vacua. 
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Fig. 4. Dependence of l/7& on temperature for different decomposition stages of 
Co(OH),. 
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TABLE 3 

Changes in the effective magnetic moment (peff) of the Co ion and Weiss constant (0) at 
different stages of Co(OH)z decomposition in vacua 

Peff 

(BM) 

1.95 
4.88 

4.60 

L 

+36 
+14 

+5 

Peff 

(BW 

4.62 
5.7-I 

6.44 

-114 

--I83 

-658 

l), the final product Co0 (curve 5), and some intermediate stages of the 
decomposition of Co(OH)? (curves Z-4). The corresponding effective mag- 
netic moments, per,, r, and 1j7eiss constants of the Co ion are given in Table 3. 
The magnetic moment of Co(OH), is in good agreement with the results of 
Richardson and Vernon 1131. The magnetic moment of the Co ion in Co0 
is higher than those obtained with samples prepared at 1100°C in air. A 
similar effect was observed by Bielanski et, al. [9] with Co0 samples ob- 
tained from basic cobaltous carbonate in vacua. During the process of 
decomposition, the magnetic moment of the Co ion decreases from 4.95 BM 
(Co” in a distorted octahedron) to a minimum of 4.6 BM and then increases 
up to 5.75 BM (Co2+ in octahedral coordination). The magnetic moment of 
the obtained Co0 increases with increasing temperature up to 350” C and 
reaches a value of 6.4 BM (curve 6 in Fig. 4). The presence of a ferromag- 
netic component has been established. This means that the process continues 
and leads to the formation of metallic cobalt. 

6 

Fig. 5. Change in the gram-atom magnetic susceptibility, xd, (curve 1) and decrease in 

weight (curve 2) of 2 CoC03 3 Co(OH)? n Hz0 during decomposition in vacua. 
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Fig. 6. Dependence of l/x= on temperature at some intermediate stages of f! CoCO3 - 
3 Co(OH), - Hz0 decomposition_ 

Figure 5 shows results from investigations on the magnetic susceptibility, 
X,, of 2 CoCOJ - 3 CO(OH), - ~2 Hz0 (curve 1) and the decrease in weight of 
the sample durmg its decomposition in vacua. Intensive decomposition of 
the salts begins at temperatures above 300°C. TCic, strongly increases and a 
ferromagnetic component is established, i.e. the decomposition proceeds 
with the formation of metallic cobalt. Figure 6 shows results from studies of 
the thermal dependence of the initial 2 CoC03 - 3 COG - n HI0 (curve 1) 
and some intermediate stages of the decomposition process (dependences 
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Fig. 7. Change in the gram-atom magnetic suceptibility, -x=. (curw 1) and decrease in 
weight (curve 2) of CoC204 - 4 Hz0 during decomposition in vacua 
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2-4). With the initial sample, the Curie-Weiss law is observed, the effective 
magnetic moment being 5.0 BM and the Weiss constant 0 = -22 K. The 
intermediate stages of the decomposition process show deviations from the 
Curie-Weiss law. The experimentally determined values for the effective 
magnetic moment of the Co ion & 290-360 K (where the l/SC, vs. T depen- 
dence is linear) vary between 4.4 and 4.2 BM, i.e. values lower than those 
characteristic of Co’,&, are obtained. 

Figure 7 shows the changes in magnetic susceptibility (curve 1) and weight 
(curve 2) of a CoC204 - 4 l&O sample during its decomposition in vacua. Up 
to lOO”C, the decrease in weight of the sample is due to the removal of its 
water of crystallization. The effective magnetic moment of the Co ion in 
CoC,O, was found to be 5.63 BM, and the Weiss constant was 8 = -68 K. 
Above 32O”C, the weight of the sample sharply decreases and the sample 
becomes ferromagnetic due to the formation of ferromagnetic cobalt. The 
presence of a ferromagnetic component was also established during the inter- 
mediate stages of CoC20J decomposition. 

Figure 8 presents the changes in magnetic susceptibility, Xic,, (curve 1) and 
decrease in weight (curve 3) of a CoOOH sample during its decomposition 
in vacua. Intensive decomposition of the sample begins above 220-230°C. 
Curve 2 corresponds to the magnetic susceptibility of the final product of 
CoOOH decomposition in vacua, Co30+ The effective magnetic moment of 
the Co ion in Co30a and Weiss constant, as calculated in the temperature 
range 130-300 K, are 2.76 B&I and -82 K, respectively. The Co304 ob- 
tained is stable over the whole temperature range investigated (up to 350” C). 

Fig 8. Dependence of the Sam-atom magnetic susceptibility, &, and the change in 
weight of CoOOH on the temperature. 1, Magnetic susceptibility of the initial sample; 2, 
magnetic susceptibility of the final product; 3, decrease in weight of the sample. 
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DISCUSSION 

The magnetic measurements during the process of decomposition of 
cobaltous salts in vacua confirmed the formation of various final products, 
Co304, Co0 and Co, depending on the nature of the initial cobaltous salt. 
However, a thermodynamic study of the reaction 

co +; oz- coo, 

showed COO,_~~ (CO,O~) to be the stable phase in the temperature range 
investigated (Fig. 9). The change in the Gibbs free energy LIG~ depending on 
temperature at x = 1; 1.33; l-5 and an osygen pressure of 10e6 torr was 
determined according to ref. 14. A stable Coj04 phase in the cases under 
consideration was obtained only with decomposition of CO(NO~)~ - 6 Hz0 
and CoOOH in vacua. The strongest contradiction betlceen our results and 
the thermodynamic data was observed with Co(OH)?, which has a low 
decomposition temperature. 

The following chemical reactions lead to the formation of Co90., or Co0 
depending on the initial compound 

3 Co(N03)2 + Co30J + 6 NO1 + 0: (1) 

2 CO(N03)1 --f 2 coo + 4 x0, + 01 (2) 

3 Co(OH), + Co,O, + Hz + 2 Hz0 (3) 

Co(OH), + Co0 + H,O (4) 

3 coca, - COJOJ + co + 2 co2 (5) 

coca, - coo + co, (6) 

3 COCOON - co304 + 4 co + 2 co2 (7) 

COC2OI - coo + co + co, (6) 

12 CoOOH - 4 Co,O, + 6 Hz0 + 0, (9) 

4CoOOH-+4CoO+2H,O+0, (10) 

Fig. 9. Dependence of the Gibbs free energy, AC, on temperature for a CoO, sample 

(E = 1: 1.33; 1.5; osygcn pressure = 10M6 torr). 

. 
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The formation of Co304 as a stable phase in the decomposition of 
CO(NO~)~ - 6 Hz0 and CoOOH shows that the process takes place according 
to reactions (1) and (9). When Co(OH)?, 2 CoC03 - 3 COG - n Hz0 and 
CoC204 - 4 Hz0 are decomposed, the formation of Co30q is accompanied by 
the evolution of some reducing gases such as H, and CO (reactions 3, 5 and 
7), whereas the decomposition of CoC204 - 4 Hz0 leads to the evolution of 
CO even when Co0 is obtained (reaction 8). However, the ferromagnetic 
component in the decomposition product is observed with the last three 
compounds. In this case, the formation of Co0 occurs according to the pos- 
sible mechanisms 

3 cozta + 2 coz,, --f 3 co:=*,,, 
Co&a ’ (COO) 

or 

co:co+ + coz, 

(COO) 

We are of the opinion that the decomposition of cobaltous salts proceeds 
according to the first mechanism, which is in agreement with the thermo- 
dynamic data, since the experiments showed a minimum in the magnetic 
moment during the decomposition process. This indicates the presence of 

Co3,“,,, ions with a magnetic moment p,,,(Coi+,,,) = 0 at the intermediate 
stages of the decomposition process;. With decomposition of Co(OH)?, 
2 CoCO, - 3 Co(OH)? - IZ Hz0 and CoC20J - 4 H20, the Co3’ ions formed are 
accompanied by a reducing gas (H,, CO, respectively) which leads to Co0 as 
a final product and even to metallic Co. No reducing gas is evolved with 
decomposition of CoOOH and CO(NO~)~ - 6 H,O, due to which Co30J is 
stabilized. This opinion is confirmed by the fact that, according to our 
esperimental results, no ferromagnetic component is obtained during decom- 
position of 2 COCOS - 3 CO(OH)? - R Hz0 in the presence of another easily 
reducible oside (CuO). This means that Co0 and Co are obtained as a result 
of the reducing action of the evolved CO and H,. 

The stable phase above 400” C in vacua is COO. For this reason, the Co,04 
obtained at lower temperatures is reduced to Co0 under these conditions. 
However, it should be taken into account that this process also depends on 
the stoichiometry of the initial Co90A and its defect structure_ That is why 
the Co301 obtained from CoOOH in vacua or from Co(N0,) - 6 Hz0 in air 
is not reduced at a noticeable rate at 350°C, whereas COLON obtained from 
Co(N03) - 6 H,O in vacua gradually passes into COO. 

On the basis of the present study it may be concluded that the decomposi- 
tion mechanism of cobaltous compounds in vacua is similar to that in air, i.e. 
the process begins with the formation of Co3+ ions in octahedral coordina- 
tion. However, the Co30J phase is not always stabilized; this depends on 
the nature of the initial cobaltous salt. 
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