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Abstract

The feasibility of using direct current electrical conductivity measurements to study the
solid state reactions involved in the preparation of cobalt oxide and nickel oxide from
cobalt(Il) and nickel(II) oxalate dihydrate have been analysed. Investigations were carried out
using atmospheres of static air, dynamic air and dry nitrogen.

The study of the isothermal decomposition of cobalt(II) and nickel(II) oxalate dihydrate at
different temperatures in these three atmospheres revealed that the anhydrous complexes are
formed first. In static air and dynamic air atmospheres, the cobalt oxalate then undergoes
oxidation decomposition to Co;0, with the probable intermediate formation of CoO along
with the anhydrous complex. In dry nitrogen also, the formation of CoO is well characterized.

For nickel(I) oxalate dihydrate, the final decomposition product in all three atmospheres
was found to be NiO. The conductivity measurements were supplemented with data obtained
by chemical, thermal (TGA and DTA), IR spectroscopic and X-ray powder diffraction
analyses. The gaseous decomposition products were characterized by gas-liquid chromatogra-

phy.
INTRODUCTION

In a study of the influence of atmosphere on the thermal decomposition
of hydrated iron(II) dicarboxylates, it was shown [1] that the temperature
and the mechanism of decomposition of the anhydrous dicarboxylates was
altered by the presence of different atmospheres. Although there have been
several investigations [2—6] of the thermal decomposition of manganese,
cobalt and nickel oxalates, most of these were carried out by thermogravi-
metric analysis in a normal atmosphere. Only two of the studies were on the
same material. Wiedeman and Nehring [7] reported values of 330 and
370°C for the commencement of decomposition of nickel oxalate in air and
nitrogen, respectively; these are not in good agreement with the value of
290° C for both atmospheres given by Doremieux and Boulle [8], who also
determined the decomposition characteristics of manganese, iron, cobalt,
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zinc and copper oxalate in the two atmospheres and reported a shift to lower
temperatures when oxygen is present for iron, manganese and cobalt oxalates,
but not for zinc and copper oxalates.

Differential thermal analysis (DTA) of these oxalates has been carried out
by Ugai [9] in an unspecified but probably inert atmosphere, which yielded
endothermic decomposition peaks commencing at 384°C for manganese
oxalate and 400°C for nickel oxalate. DTA was also used by Amiel and
Paulmier [10] who found the decomposition of cobalt oxalate to be endo-
thermic in nitrogen and exothermic in hydrogen. The influence of the
atmosphere on the decomposition of cobalt oxalate dihydrate was also noted
by Garn and Kessler [11] in their experiments with a cylinder and piston
type of sample holder designed to retain the self-generated atmospheres in
TGA studies. Decomposition commenced at 250° C when the piston was
omitted as compared with 370°C when the evolved gases were retained by
the piston.

Interest has recently been shown in the use of electrical conductivity
techniques in the study of solid state decomposition reactions [12-16]. The
present work is concerned with the feasibility of using d.c. electrical conduc-
tivity measurements as a probe to study the progress of the thermal
decomposition of cobalt(Il) and nickel(II) oxalate dihydrate. The conductiv-
ity measurements were supplemented with data obtained by TGA and DTA,
X-ray diffraction, IR spectroscopy and gas-liquid chromatography.

EXPERIMENTAL
Sample preparation

Cobalt(IT) and nickel(II) oxalate dihydrate were prepared according to the
usual procedure [17]. A mixture of 14 g of CoSO, - 6H,0 or NiSO, - 6H,0, 8
g of Na,C,0, and 0.25 g of H,C,0,-2H,0 was placed in a three-necked
flask under a stream of dry nitrogen. Oxygen-free water (150 ml) was then
added, and the mixture was stirred vigorously with a magnetic stirrer. After
some time, cobalt(II) oxalate dihydrate, CoC,0, - 2H,0, or nickel(II) oxalate
dihydrate, NiC,0O, - 2H,0, separated out as a fine crystalline precipitate.
This was filtered, washed with cold water and dried in vacuo.

Elemental analyses were made in wt.% for CoC,0, - 2H,0 (C, 13.0 (13.1);
H, 2.06 (2.10); Co, 31.6 (32.2)) and for NiC,0, - 2H,0 (C, 12.8 (13.1); H, 2.3
(2.2); Ni, 31.5 (32.1)) where the values in parentheses are calculated ones.
The IR spectra showed frequencies corresponding to the oxalate group,
hydroxyl group, metal oxygen etc. The bidentate linkage of the oxalate
group with the metal was confirmed on the basis of the difference between
the antisymmetric and symmetric stretching frequencies. The X-ray diffrac-
tion pattern showed that the sample was polycrystalline in nature. The
presence of two molecules of water of crystallization was confirmed on the
basis of the thermal analysis curves and d.c. electrical conductivity measure-
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ments. The compounds CoC,0, - 2H,0 and NiC,0, - 2H,0 have a magnetic
moment of 3.59 B.M. and 2.41 B.M. respectively, which indicates that the
compounds have free spin with sp’d® hybridization. For the study of the
decomposition of the oxalate in dynamic air, an air compressor was used to
maintain an air flow of between 80 and 85 ml min™.

X-ray diffraction analysis

The products of the decomposition of CoC,0, - 2H,0 and NiC,0, - 2H,0
were analysed by X-ray powder diffraction techniques, using Cu Ka radia-
tion (wavelength, A = 0.709 A; nickel filter) and a PW 1730 Philips X-ray
diffractometer. The experimentally observed d spacing values and relative
intensities of CoC,0;,-2H,0 and NiC,0, - 2H,0 were compared with those
reported in the ASTM file [18,19].

Thermal analysis

Thermal analysis curves were recorded using a Netzsch instrument, for
atmospheres of static air, dynamic dry nitrogen and dynamic air. The flow
rate for the dynamic dry nitrogen and dynamic air was 90 ml min~'. The
heating rate was 3°C min~! for static air and 5°C min~' for the runs with
dynamic air and dynamic dry nitrogen.

D.c. electrical conductivity measurements

The d.c. electrical conductivity was measured using a Philips PP 9004
microvoltmeter [12]. The conductivity cell was designed so that different
atmospheres could be used. For the decomposition study, the heating rate
was adjusted to 3°C min~!. Precautions were taken to maintain a constant
rate of heating. The results, presented in terms of log ¢ vs 10° 77! (in K™1),
are given in Figs. 1-3 below. The data were obtained using four different
pellets of the same sample, and the pattern of the o vs. T~ ! plots was found
to be reproducible to within +1°C.

The evolution of various gases during the thermal decomposition of
CoC,0, - 2H,0 or NiC,0,-2H,0 was recorded using Shimadzu RIA and
Hewlett-Packard instruments, with nitrogen as the carrier gas.

RESULTS AND DISCUSSION
Static air atmosphere
COC204 * 2 H 20

The TGA and DTA curves for CoC,0, - 2H,0 are shown in Fig. 1(a). The
dehydration of CoC,0,-2H,0 was indicated by the presence of an endo-
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Fig. 1. Thermal decomposition in a static air atmosphere. (a) TGA and DTA curves for
CoC,0,-2H,0. (b) Plot of log o vs. T™! for CoC,0,4-2H,0: o, during decomposition; X,
cooling cycle; a, heating cycle. (c) TGA and DTA curves for NiC,0,-2H,0. (d) Plot of log ¢
vs. T™! for NiC,0,-2H,0: o, during decomposition; X, cooling cycle; a, heating cycle.

thermic peak in the DTA curves at 200° C. The TGA curve showed a weight
loss within the range 150-240° C, with a plateau up to 255° C, correspond-
ing to the loss of two water molecules (calc. 19.68%; found, 20.0%). There
was a sharp exothermic peak (at 270°C) between 260 and 355°C in the
DTA curve, corresponding to the oxidative decomposition of CoC,0, to
Co0;0,. The TGA curve showed a continuous weight loss within the tempera-
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Fig. 2. Thermal decomposition in a dynamic nitrogen atmosphere. (a) TGA and DTA curves
for CoC,0,-2H,0. (b) Plot of log o vs. T~! for CoC,0,-2H,0: o, during decomposition;
X, cooling cycle; a, heating cycle. (c) TGA and DTA curves for NiC,04-2H,0. (d) Plot of
log ¢ vs. T~ for NiC,0,-2H,0.

ture range 255-360°C, corresponding to the formation of Co;0, (calc.,
45.37%; found, 45.05%) as final product.
A comparison of the results of conventional thermal analysis with those
of conductivity analysis reveals that conductivity analysis gives a much more
detailed view of the decomposition process. The temperature variation of the



222

~—Temperature,T(°C)
441 2'82 181 111
T T

E

&~
=)

®

) —
o
=)
T

-1
cm
L4l
<
T

Log o~ (ohmI

—-—— %/ Weight loss

210%
1 1 1 1
100 200 300 400

70

Temperature °C —=

- Temperqture,T("c)

441 282 181 111 )
) 0

, @

L 2 £
[=) S S
T T

—O—

-
o
T

%% Weight loss

g;l

Log o (ohm 'em™) — =

o
S
T

y

| | | 1
100 200 300 400

?l

Temperature C—-

Fig. 3. Thermal decomposition in a dynamic air atmosphere: (a) TGA and DTA curves for
Co0C,0,-2H,0; (b) plot of log 6 vs. T~! for CoC,0,-2H,0; (c) TGA and DTA curves for
NiC,0,-2H,0; (d) plot of log ¢ vs. T™! for NiC,0,-2H,0.

electrical conductivity o (Fig. 1(b)) did not show much change with an
increase in temperature from 27 to 100°C (region A). There was a steady
decrease in o between 100 and 145°C (region A’) and the value then
remained nearly constant up to 235°C (region B). There was a steady
increase in o between 235 and 290°C (region C), followed by a steep
increase at 300°C to a maximum at 360°C (region D). The ¢ value then
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increased steadily and remained almost constant in the temperature range
370-400° C (region E).

The plot of log ¢ vs. T~! indicated that the decomposition of CoC,0, -
2H,0 proceeds via the formation of intermediates of varying conductivity,
whereas the TGA curve obtained by conventional thermal analysis showed
only a continuous weight loss, and the DTA curve showed only one sharp
exothermic peak, corresponding to oxidative decomposition.

Within region A of Fig. 1(b) there was no observable change in the X-ray
diffraction patterns {18} or in the IR spectra for the isothermally heated
samples. The IR bands characteristic of the coordinated oxalate group
[20,21] at 1600 (s) (this band was broad owing to overlap with the H,O
band), 1350 (m), 1210 (m), 815 (s) and 488 (m) cm ™, persisted for samples
heated up to 110° C. In addition, bands due to coordinated water molecules
were observed at 3340 (s), 1640 (s), 725 (m), 580 (m) and 535 (m) cm ™. The
C and H analyses were in good agreement with the formula CoC,0, - 2H,0.

In the temperature range corresponding to region A" in Fig. 1(b), the IR
spectrum showed sharp peaks for the oxalate group frequencies, and the
H-OH band decreased in intensity. The X-ray diffraction pattern also
showed broad peaks with no observable change. This indicates the desorp-
tion of physically adsorbed water molecules on the upper surface of the
particle surfaces [22]. A sample heated isothermally at 220°C, in region B of
Fig. 1(b), showed no H-OH bands in the IR spectrum; however, the X-ray
diffraction pattern indicated a less crystalline sample, with a slight decrease
in the interplanar spacings (Table 1). The elemental analysis also agreed well

TABLE 1

X-ray diffraction data for anhydrous CoC,0, and NiC,0, obtained from CoC,0,-2H,0 and
NiC,04-2H,0 by heating in an atmosphere of nitrogen at 250° C and 270 ° C respectively *

Observed 4 spacing Observed d spacing
for CoC,0, for NiC,0,
(A) (A)

472 (60) 4.70 (55)
4.51 (100) 4.40 (100)
3.74 (48) 372 (42)
3.30 (25) 323 20)
285 (70)

2,70 (48) 2,78 (15)
239 (15)

2.34 (30) 235 (50)
217 (21) 208 (22)
1.80 (10) 1.76 (3
1.52 (18) 147 (10)

* The figures given in parentheses are intensities relative to the linewidth intensity (100).
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TABLE 2

X-ray diffraction data for CoC,0, and CoO obtained from CoC,0,-2H,0 by heating in an
atmosphere of static air at 270°C ®

Observed d spacing CoO d spacing ®

A) A)

462 (54)

3.72 (25)

326 (18)

2.83 (45

2.68 (31

248 (60) 246 (75)

232 (5)

2.15 (100) 2.13 (100)

1.80 (5)

1.52 (40) 150 (50)

1.28 (23) 1.28 (20)

1.20 (15) 1.23 (16)
1.06 (10)

0.97 (10) 0.98 (14)

0.94 (35) 095 (30)

? The figures given in parentheses are intensities relative to the linewidth intensity (100).
b
Ref. 23.

with the anhydrous oxalate (CoC,0,) formulation. Region B corresponded
to the dehydration of CoC,0, - 2H,0 [2].

After the dehydration step, the value of o increased steadily from 235 to
290°C (region C). The IR spectrum of a sample of CoC,0, -2H,0 heated
isothermally at 270 ° C showed a decrease in the intensity of the coordinated
oxalate band. Bands also appeared in the range 625-495 cm™! for metal—
oxygen stretching frequencies which were due to the presence of cobalt oxide
[20,21]). The sample heated in this region contains 18 wt.% oxalate group
(anhydrous CoC,0, contains 59.89 wt.% oxalate) which indicates that this
compound is possibly a mixture of CoC,0, and CoO. The X-ray diffraction
pattern of this isothermally heated sample (Table 2) showed generally sharp
lines, indicating that the sample was predominantly crystalline. The pattern
corresponded to anhydrous CoC,0, and CoO [23].

A sharp increase in the value of ¢ was observed within the temperature
range 290-360° C (region D, Fig. 1(b)). For the sample heated isothermally
at 330°C, the IR spectrum showed a weak band corresponding to the
oxalate group, but a strong, broad band was observed at 500 cm~'. This
band may be tentatively assigned to the Co-O stretching mode in cobalt
oxide [18,19]. The X-ray diffraction pattern of this isothermally heated
sample shows a complex pattern, probably that of a mixture of CoO,
CoC,0, and Co;0,. Thus the steep increase in conductivity observed in
Region D was due to the transformation of CoC,0, to Co,0,, possibly via
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TABLE 3

X-ray diffraction data for Co,0, obtained from CoC,0,-2H,0 by heating in an atmosphere
of static air at 380°C ®

Observed d spacing Co,0, d spacing ®
A) A)

465 (25) 467 (20)
371 (5)

2.86 (47) 2.86 (40)
2.44 (100) 2.44 (100)
232 (15) 233 (12)
202 (20) 202 (25)
1.83 (10)

165 (8) 1.65 (12)
153 (40) 155 (35)
140 (48) 142 (45)
121 (10) 123 (12)
108 (7) 108 (8)
105 (12) 1.05 (16)
101 (12) 1.01 (16)
093 (18) 0.93 (15)

® The figures given in parentheses are intensities relative to the linewidth intensity (100).
b
Ref. 26.

the semiconducting CoO (about 107° ™! cm™!) [24,25]. In this experiment,
a separate step for the formation of CoO could not be identified. It should
be noted here that the conductivity measurements were made on a dynamic
system, while the other data were from samples obtained by isothermal
heating at a specified temperature.

Within the temperature range of region E in Fig. 1b, the value of ¢
remained almost constant. The sample obtained by heating isothermally in
static air at 380°C showed a black oxide. The X-ray diffraction pattern
observed for this region indicated a predominance of Co;0, (Table 3) [26].
No line which could be assigned to metallic cobalt was detected in our work.
The Co,0, has an normal spinel structure and an electrical conductivity
value of about 107* @7 ! cm™! [27]. The sample thus obtained at 380°C
shows a change in o as the temperature is changed (see cooling and heating
cycle, Fig. 1(b)). This behaviour is characteristic of Co,0, [27].

NiC,0,- 2H,0

The dehydration step of nickel oxalate dihydrate, NiC,0, - 2H,O (see Fig.
1(c)) can be detected on the DTA curve by the single endothermic peak at
175-285°C. The TGA curves show a weight loss for the dehydration step
up to 280°C corresponding to the loss of two water molecules. This
dehydration step was also clearly indicated by the presence of a peak in
region B of the log o vs. T~! plot in Fig. 1(d). The IR spectrum showed no
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TABLE 4

X-ray diffraction data for NiC,0, and NiO obtained from NiC,0,-2H,0 by heating in an
atmosphere of static air at 350°C ?

Observed d spacing NiO d spacing ®

(A) (A)

468 (15)

438 (35)

390 (5)

372 (10)

278 (5 :

241 (60) 241 (60)

2.10 (100) 2.09 (100)

174 (18)

1.50 (35) 147 (35)

126 (25) 126 (18)

120 (20) 120 (16)

105 (10) 104 (8)

097 (8) 096 (6)

0.88 (8) 0.85 (10)
080 (5)

: The figures given in parentheses are intensities relative to the linewidth intensity (100).
Ref. 28.

H-OH band for NiC,0, - 2H,0 heated isothermally at 250°C. X-ray dif-
fraction (Table 1) and elemental analysis corresponded to the formula
NiC,0, [2].

The oxidative decomposition of NiC,0, - 2H,0 was indicated by the very
strong broad exothermic peak on the DTA curve at 310-370° C. The TGA
curve showed a continuous weight loss from 310°C until the sample
crystallized to mainly NiO. The plot of log & against 7~ ' showed a steep
increase in o at 300-365°C (region C) and then remained constant above
this temperature (region D). The X-ray diffraction pattern of this isother-
mally heated sample (region C) showed a generally sharp line, indicating
that the sample was predominantly crystalline. The pattern corresponded to
anhydrous NiC,0, and NiO (Table 4) [28]. The IR spectrum and X-ray
diffraction pattern for the sample decomposed isothermally at 380 ° C showed
mainly NiO (Table 5); the sample was pale green and had an electrical
conductivity value of about 10™* ! cm™! [29]. The sample thus obtained
at 380°C shows a variation in ¢ with temperature. This behaviour is
characteristic of the non-stoichiometry present in NiO [29,30}. Hence we can
infer that the nature of the oxidative decomposition steps for CoC,0; - 2ZH,0
and NiC,0, - 2H,0 under a static air atmosphere are not generally the same.
Thus the conventional simultaneous thermal analysis (TGA and DTA)
supplemented with electrical conductivity measurements, IR spectral data,
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TABLE 5

X-ray diffraction data for CoO and NiO obtained from CoC,0,-2H,0 and NiC,0,-2H,0 by
heating in an atmosphere of nitrogen at 380 °C and 400° C respectively °

Observed d spacing Observed d spacing
for CoO for NiO
(A) A)
2.48 (70) 2.41 (65)
2.12 (100)
2.09 (100)
1.51 (50) i 1.47 (30)
1.28 (20)
1.22 (16) 1.25 (20)
1.20 (13)
1.06 (10) 1.04 (8)
099 (18) 096 (5
095 (35) 093 (10)
0.85 (10)

® The figures given in parentheses are intensities relative to the linewidth intensity (100).

X-ray diffraction patterns and elemental analyses gave a detailed analysis of
the thermal decomposition of CoC,0, - 2H,0 and NiC,0, - 2H,0.

When the reaction is carried out in an atmosphere of static air, the
gaseous product acts as a gas buffer for the solid state reaction and some of
the reaction is poorly defined. For example, the role of water molecules in
CoC,0, - 2H,0 or NiC,0, - 2H,0 and the role of atmospheric oxygen in the
solid state reaction in static air could be clarified by comparing the different
physical properties for the reaction carried out in a dynamic dry nitrogen
atmosphere.

Dynamic nitrogen atmosphere

CoC,0,-2H,0

The dehydration of CoC,0, - 2H,0 (Fig. 2(a)) was clearly indicated by an
endothermic peak in the DTA curve at 230°C. The TGA curve showed a
weight loss within the temperature range 125-270°C with a plateau up to
350° C corresponding to the loss of two water molecules. The decomposition
of the oxalate (CoC,0,) was indicated by an endothermic peak in the DTA
curve at 370° C. The TGA curve showed a continuous weight loss from 350
to 400°C. This weight loss was found to be in good agreement with the
formation of CoO as final product.

The temperature variation of the electrical conductivity o (Fig. 2(b)) does
not show much change with an increase in temperature from 27 to 180°C
(region A). There was a steady increase in the value of o between 180 and
235°C (region A’) followed by a linear decrease between 240 and 270°C
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(region B). The isothermally heated sample of CoC,0,-2H,0 in region A
showed no observable change in the IR spectrum and X-ray diffraction
pattern (see Table 1). In the temperature range corresponding to region A’
in Fig. 2(b), the IR spectrum showed sharp peaks for the oxalate group
frequencies [20,21] and the H-OH band decreased in intensity. The X-ray
diffraction pattern also showed broad peaks with no observable change. A
sample heated isothermally at 260°C, (region B of Fig. 2(b)), showed no
H-OH band in the IR spectrum. Elemental analysis agreed well with that of
the anhydrous compound CoC,0,, and the X-ray diffraction pattern indi-
cated a less crystalline sample, with a slight decrease in the interplanar
spacings (Table 2). Region B, therefore, corresponded to the dehydration of
CoC,0, - 2H,0. After the dehydration step, the value of ¢ remained con-
stant in the temperature range 270-300° C. A steep increase in ¢ from 10~°
to 1072 Q7! cm™! was observed within the temperature range 310-360°C
(region C), and then ¢ remained constant up to 390° C (region D). The IR
spectrum for a sample heated isothermally in region C showed bands
attributed to Co-O stretching frequencies becoming more intense, and a
band relating to coordinated carboxylate decreasing in intensity. The X-ray
diffraction pattern showed sharp lines, indicating that the sample was
predominantly crystalline. The pattern fitted with the data for anhydrous
CoC,0, and CoO [23].

The X-ray diffraction pattern of a sample from the dry nitrogen atmo-
sphere run obtained at 390°C (region D) showed sharp lines and was
comparable with the data reported [23] for CoO (Table 5). No line which
could be assigned to metallic cobalt could be detected. The sample thus
obtained at 390 ° C showed a variation in o with changing temperature. This
behaviour is characteristic of CoO [24,25]. The sample was olive green in
colour. The Seebeck voltage of this sample under nitrogen atmosphere shows
p-type semiconducting properties. Thus the X-ray diffraction patterns and
conductivity measurements suggested that the product obtained by thermal
decomposition of CoC,0,- 2H,0 in a dry nitrogen atmosphere is pure CoO,
and that the concentration of cobalt metal, if present at all, is beyond the
detection limit of these techniques.

NiC,0,-2H,0

The DTA curve in Fig. 2(c) for NiC,0, - 2H,O showed a broad endother-
mic peak at 255°C. The TGA curve showed a weight loss for the dehydra-
tion step up to 285°C corresponding to the loss of two water molecules.
However, a peak (B) was found on the plot of log ¢ against 77 *, Fig. 2(d).
The IR spectrum of the sample of NiC,0,-2H,0 isothermally heated at
270° C showed no H-OH bands. Elemental analysis agreed well with that
for the anhydrous compound NiC,0,, and the X-ray diffraction pattern
indicated that the sample was less crystalline than the starting material
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NiC,0, - 2H,0 (Table 1). Region B can therefore be said to correspond to
the dehydration of NiC,0, - 2H,0.

A broad endothermic peak on the DTA curve, corresponding to the
thermal decomposition occurred at 355°C. The TGA curve showed a
continuous weight loss from 315° C until it crystallized to mainly NiO. The
plot of log o against T~' was quite similar to that of Fig. 2(b) after the
dehydration step. The IR spectrum and X-ray diffraction pattern for a
sample heated isothermally in region C showed a mixture of NiC,0, and
NiO [2,30]. The X-ray diffraction pattern for a sample from the dry nitrogen
atmosphere run obtained at 400° C (region D) showed sharp lines and was
comparable with the data reported [30] for NiO. No line which could be
assigned to metallic nickel could be detected. The sample thus obtained in
region D shows a variation in ¢ with a variation in temperature. Thus the
X-ray diffraction pattern and conductivity measurements (about 10™* Q7!
cm ™) [28,29] suggested that the product obtained by thermal decomposition
of NiC,0, - 2H,0 in a dry nitrogen atmosphere is pure NiO.

Comparison of the solid state thermal decomposition reactions of CoC,0,
- 2H,0 and NiC,0, - 2H,0 in normal static air and in dynamic dry nitrogen
showed the following main differences.

(a) The temperatures corresponding to dehydration and decomposition
from DTA curves recorded under nitrogen atmosphere were resolvable and
matched changes observed in plots of log o vs. T~', whereas the curves
obtained under static air were quite complex.

(b) The decomposition temperatures observed from DTA and TGA
curves recorded under a nitrogen atmosphere were higher than those ob-
served under static air.

(c) Oxalate was intimately associated with the decomposition product up
to 360° C in static air and a dry nitrogen atmosphere.

(d) The step corresponding to the formation of anhydrous CoC,0, and
NiC,0, was resolved in the plot of log ¢ vs. T~' for the dry nitrogen
atmosphere.

(e) The final products of the decomposition of CoC,0,-2H,0O and
NiC,0, - 2H,0 are Co,0, and NiO in static air, and CoO and NiO in a
nitrogen atmosphere respectively.

Because the solid state thermal decomposition of CoC,0,-2H,0 and
NiC,0, - 2H,0 is influenced by the atmosphere, it was decided to undertake
similar measurements in other controlled atmospheres.

Dynamic air atmosphere

CoC,0,- 2H,0
The TGA curve showed a weight loss between 120 and 250 ° C (Fig. 3(a)).
The DTA curve showed an endothermic peak at 210°C, corresponding to
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the dehydration of CoC,0,-2H,0, and an exothermic peak at 280°C,
corresponding to oxidative decomposition.

Region B in the plots of log ¢ vs. T~! (Fig. 3(b)) corresponds to the
dehydration of CoC,0,-2H,0. There was a steady increase in o at 260°C
followed by another steep increase at 325° C (see regions C and D in Fig.
3(b)). These two temperature ranges, 260-320°C and 320-390°C, can be
tentatively assigned to the formation of CoO and Co,0,, respectively.
However, our repeated experiments to obtain pure CoO by careful heating
in dynamic air, even at 290 ° C, always led to the formation of a mixture of
CoO and CoC,0,. As the X-ray diffraction pattern of the sample obtained
in this way showed broad lines, the product seems to be less crystalline. The
IR spectrum of a sample heated isothermally in regions C and D showed
broad peaks at 625 and 409 cm™', which are due to Co-O stretching
frequencies [20,21]. Within the temperature range (about 390 ° C) of region E
in Fig. 3(b), the value of o remained almost constant. The X-ray diffraction
pattern for this region indicated a predominance of Co;0,; the sample is
black and crystalline.

NiC,0,-2H,0

The DTA curve in Fig. 3(c) for NiC,0, - 2H,0 showed a broad endother-
mic peak at 260 ° C and the TGA curve indicated a weight loss between 100
and 275°C, corresponding to the dehydration of NiC,0, - 2H,0. However,
a broad peak (B) was found on the plot of log o vs. T~! (Fig. 3(d)). An
exothermic peak on the DTA curve corresponding to the thermal decom-
position occurred at 340°C. The TGA curve showed a continuous weight
loss from 310°C until it crystallized to NiO. The plot of log ¢ vs. T7}
showed a steep increase in o between 310 and 360 ° C (region C) and then
remained constant above this temperature (region D). The IR spectra and
X-ray diffraction pattern for the sample decomposed isothermally at 400° C
showed mainly NiO; it is a pale green crystalline sample.

The gaseous products obtained by thermal decomposition of CoC,0, -
2H,0 and NiC,0, - 2H,0 under a dynamic (pure and dry) nitrogen atmo-
sphere were indicated by the gas chromatograms (not shown). These
chromatograms showed the presence of polar-type gases (namely CO, CO,,
H, etc.). The gases were collected at around 380 °C.

The different paths followed by the decomposition of CoC,0, - 2H,0 and
NiC,0, - 2H,0 in different atmospheres is now considered. Complete dehy-
dration of CoC,0, - 2H,0 and NiC,0, - 2H,0 was observed under static air,
dynamic dry nitrogen and dynamic air atmospheres, as indicated by TGA,
DTA and log o T~! curves. A transformation of CoC,0, to CoO was also
detected in static and dynamic air atmospheres. A separate phase of CoO
could not be obtained; this compound always occurred with CoC,0,. Thus
the transformation of CoO and CoC,0, seems to be an equilibrium reaction.
This mixture of CoO and CoC,0, is then transformed to Co,0,, which is the
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final product obtained in static air and dynamic air. These reactions are
presented as follows:

CoC,0, - 2H,02-25°C,CoC,0, + 2H,0 1
C0C,0,220°C,Co0 + COT + CO, 1
2C00 + CoC,0, 224, 0,0, + 2CO 1

The transformation of CoC,0, to CoO was the final step detected in a
dynamic dry nitrogen atmosphere, while NiC,0, transformed to NiO under
static air, dynamic dry nitrogen and dynamic air atmospheres:

NiC,0, - 2H,02-2°€,NjiC,0, + 2H,0 1
2NiC,0,-2%30°C,NiC,0, + NiO + CO 1 + CO, 1

NiC,0, + Ni03¥%4°CrNio + CO 1 + CO, 1

OI_C=0H
7~
M~ |
OI_C=OH
Scheme 1

It has been reported in the literature [5] that as the M-O; bond (Scheme
1) becomes stronger, so the C-O; bond is lengthened and the C-Oy; bond is
shortened. As the electronegativity of the metal ion increases so the bond
strength of the M—O; bond will increase and according to Fujita et al. [31]
the C-O; bond will become weaker. This also depends on whether the
standard free energy of formation (AG ®) of the oxide MO from its elements
is greater or less than AG*® for the formation of CO, from 2CO and O, [2].
In the present study, the final products, cobalt oxide or nickel oxide, were
produced in a nitrogen atmosphere. The decomposition temperature repre-
sents the energy required to break the C—O; bond, and this will depend less
critically on the nature of the cation.

CONCLUSIONS

The results of the present study allow us to make the following important
observations regarding the solid state decompositions of CoC,0, - 2H,O and
NiC,0, - 2H,0.

(a) The dehydration of CoC,0,-2H,0 and NiC,0,-2H,0, yielding
anhydrous CoC,0, or NiC,0,, took place in all three of the atmospheres
considered.

(b) Conventional thermal analysis curves (TGA, DTA) showed a very
broad large exothermic peak (DTA) and continuous weight loss (TGA) for
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the oxalate in all three atmospheres during the oxidative decomposition step.
These curves could not, however, provide information regarding the type of
intermediates formed at this step. Hence, it was necessary to supplement the
results with a more helpful technique, i.e. the use of d.c. electrical conductiv-
ity measurements, in conjuction with IR spectral and X-ray diffraction
investigations.

(¢) In dry nitrogen, the plot of log ¢ vs. T~! showed a well-characterized
step corresponding to dehydration. The formation of CoO from CoC,O, -
2H,0 was confirmed in dry nitrogen atmosphere.

(d) The final product of decomposition in static air and dynamic air was
found to be Co,0, for CoC,0,-2H,0. However, the final decomposition
product in all three atmospheres was found to be NiO for NiC,0, - 2H,0.

(e) Gas chromatograms showed that polar gases were present during the
thermal decomposition of CoC,0, - 2H,0 or NiC,0, - 2H,0.
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