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Abstract

Thermal decomposition of Co3ÿxNixO4, x � 0.1, 0.15 and 0.2, at oxygen pressures 2.7±20.0 kPa at linearly growing

temperature was examined. Decomposition of Co3ÿxNixO4 was found to be mixed-control diffusion±reaction process.

Observed activation energy of studied process strongly depends on the oxygen pressure±dissociation pressure ratio.

Comparison of the results obtained with earlier study on electrical conductivity of Co3ÿxNixO4 showed linear correlation

between activation energy of new phase nucleation and activation energy of electrical conductivity. Transport of electrons

from oxygen ions to Co3� ions leading to CoO nuclei formation was found to be one of two rate limiting steps of thermal

decomposition of Co3O4. # 1999 Elsevier Science B.V. All rights reserved.

Keywords: Heterogeneous kinetics; Reaction mechanism; Thermal decomposition; Cobalt oxide

1. Introduction

Thermal decomposition of Co3O4 is described by

the following chemical equation Co3O4� 3CoO �
1/2O2. In the temperature range 1123±1200 K and in

the oxygen pressure range 2.66±20.7 kPa thermal

decomposition of Co3O4 proceeds according to

Seth±Ross kinetic equation:

1ÿ 2
3
�ÿ �1ÿ ��2=3 � s 1ÿ �1ÿ ��1=3

h i
� krt;

(1)

where � is a conversion degree, t is time, s and kr are

parameters dependent on the temperature and oxygen

pressure [1]. Eq. (1) was derived for the mixed-control

model of the heterogeneous gas±solid reaction, which

assumes that the total reaction rate is simultaneously

controlled by chemical reaction and by diffusion

through the product layer [2]. For the thermal decom-

position of Co3O4 the rate of chemical reaction was

proportional to (prÿp), where pr is dissociation pressure

of Co3O4, p is oxygen pressure on the phase boundary

Co3ÿxNixO4/CoO,andtherateofdiffusionwasinversely

proportional to the thickness of product layer.

As was found the rate of Co3O4 thermal decom-

position strongly depends on temperature and oxygen

pressure. This is connected with the high value of the

observed activation energy Eobs
a , which is a function of

temperature and oxygen pressure [1]:

Eobs
a � sEr � 2f1f2Ed

2f1f2 � s
� 2�H

1

1ÿ p=pr

; (2)

where f1 and f2 are functions of �, �H is the enthalpy

of Co3O4 decomposition, Er is the activation energy of

chemical reaction and Ed is the activation energy of

diffusion.
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While the kinetics of Co3O4 thermal decomposition

is quite well described, the detailed mechanism of

microscopic processes corresponding to diffusion and

chemical reaction remains unknown. Doping of

Co3O4 by Ni2� ions should in¯uence the electron

transport process [3] that could help to explain the

microscopic nature of Co3O4 thermal decomposition.

The goal of the present work is to ®nd the effect of

nickel ions presence on the kinetics of the studied

reaction.

2. Experimental

The powder samples of Co3O4 doped with Ni2�

ions used in experiments were prepared by thermal

decomposition of cobalt(II) and nickel(II) nitrate(V)

mixtures (analytically pure). The nitrate mixtures

of appropriate composition were decomposed at

550 K in oxygen ¯ow and next annealed for 1 h at

700 K [4].

The X-ray diffraction analysis of the samples pre-

pared showed the presence of just one phase corre-

sponding to Co3O4 spinel phase, with slightly shifted

most intensive lines in the spectrum, that might be the

effect of nickel ions built in the spinel structure. The

grain size of the powder samples was lower than

30 mm and the speci®c area was 7.7±9.2 m2 cmÿ3.

Gravimetric analysis and atomic absorption spec-

troscopy method were used to determine the chemical

composition of the samples obtained. In experiments

the samples of the following composition were used:

Co2.90Ni0.10O4, Co2.85Ni0.15O4, Co2.80Ni0.20O4.

The kinetics of decomposition of the prepared

samples as well as Co3O4 was measured in the volu-

metric kinetic apparatus. The measurements were

carried out at the constant oxygen pressure and at

heating rate � � 3 K minÿ1. The experimental oxygen

pressures were 2.7, 4.0, 6.7, 10.0, 13.3, 20.0 kPa.

The sample mass was 20±140 mg, depending on

experimental oxygen pressure. In the preliminary

measurements it was stated that mechanism of exam-

ined reaction is not in¯uenced by the mass of sample

in the mass range used in experiments.

The conversion degree �, was determined as a ratio

of oxygen volume evolved from the sample till

moment t, to oxygen volume evolved after the com-

plete decomposition of sample.

3. Results and discussion

The preliminary measurements showed that decom-

position of cobalt spinel doped by nickel ions carried

out in constant temperature is diffusing inhibited, just

like it was found for Co3O4 decomposition. In result

only in the ®rst, relatively short period the rate of

reaction was high enough for recording. After this

time diffusion processes took the control over the

decomposition and the reaction rate has signi®cantly

decreased. Finally the reaction rate became so low that

recording was almost impossible though the conver-

sion degree has reached only 0.4±0.6, depending on

the temperature. The way to omit this problem was to

measure the kinetics of the process at constant oxygen

pressure and in conditions of rising temperature.

At ®rst the mixed-control model of reaction was

tested for the kinetic analysis of the results obtained.

The attempt to introduce temperature as a function of

time into the mixed-control model of Co3O4 thermal

decomposition has shown that analytical form of

equation connecting conversion degree �, with the

reaction time is impossible to derive. The main cause

of this is that producing of the nuclei of new phase

(CoO) and the rate of its growth are the complex

functions of temperature. The consequence of this is

that in discussed mixed-control model of reaction, the

ratio of chemical reaction and diffusion in the rate of

the whole process changes not only as a function of �,

but also as a function of temperature and what is more,

this function is unknown. In consequence it is impos-

sible to obtain the simple equation that could be the

analogue of Eq. (1) for non-isothermal conditions.

Fig. 1 shows how the rate of Co2.85Ni0.15O4 decom-

position changes during the course of reaction.

For the kinetic description of the obtained �(t)

dependencies it was necessary to create the simpli®ed

model of reaction proceeding in non-isothermal con-

ditions.

It was assumed that the rate of Co3ÿxNixO4 decom-

position is proportional to �p � prÿp and to nuclea-

tion rate J:

V � k�pr ÿ p� � J � g���; (3)

where g(�) is some function of decomposition degree

which has to satisfy condition:

lim
�!1

g���� � � 0: (4)
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It was additionally assumed that the rate of nuclea-

tion depends on deviation from equilibrium state and

can be expressed by the following general depen-

dence:

J � A0
p

pr

� �q

; (5)

where A0 and q are constants. In experimental condi-

tions it is justi®ed to assume that oxygen pressure on

the phase boundary Co3ÿxNixO4/CoO is equal to

external oxygen pressure. Now Eq. (3) takes the fol-

lowing form:

V � K�pr ÿ p� � 1=pr� �q�g���; (6)

where K � kA0pq. The logarithmic form of Eq. (6):

ln
V

pr ÿ p

� �
� ln�K� � ln�g���� � q ln

1

pr

� �
(7)

allows to determine the value of constant q for each �,

if K does not depend on temperature.

Fig. 2 illustrates, as example, the dependence

ln�V=�pr ÿ p�� vs. ln�1=pr� for Co2.80Ni0.20O4 and

� � 0.2, 0.5 and 0.8. Linear correlation coef®cients

of this dependence for all samples were better than

0.975. pr as a function of temperature was determined

by the authors in separate measurements for all studied

compounds. V was calculated by numerical differen-

tiation of experimental curve �(t). In Table 1 the

determined values of q for all examined samples

are collected.

The signi®cant linear correlation between para-

meter q and the contents of nickel, x, was stated which

is shown in Fig. 3.

Fig. 1. The rate of Co2.85Ni0.15O4 decomposition during the course of reaction conducted at different oxygen pressures: (a) 2.7 kPa, (b)

4.0 kPa, (c) 6.7 kPa, (d) 10.0 kPa, (e) 13.3 kPa, (f) 20.0 kPa.

Table 1

Values of parameter q

Sample q

Co3O4 1.227�0.008

Co2.90Ni0.10O4 1.195�0.011

Co2.85Ni0.15O4 1.199�0.014

Co2.80Ni0.20O4 1.179�0.017
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According to Eq. (5) parameter q is directly con-

nected with the rate of nucleation J. Now it will be

shown that parameter q is also connected with the

observed activation energy, Eobs
a .

Using de®nition of Eobs
a , as a differential increment

of reaction rate logarithm when temperature increases

by dT [5]:

@ ln�V�
@T

� Eobs
a ��; T ; p�

RT2
(8)

and taking into account that pr � p0 eÿ2�H=RT

(p0 � const), the following expression for Eobs
a was

obtained:

Eobs
a ��; T ; p� � RT2 @G���

@T
ÿ 2q�H

� 2�H
1

1ÿ p=pr
; (9)

where G(�) � ln(K)�ln[g(�)]. The analytical form of

g(�) is unknown; that is why Eobs
a can be calculated

only for de®nite � value by numerical differentiation

of experimental curve �(T).

Eq. (9) is in fact a sum of three components ± one of

them is dependent on oxygen pressure. This compo-

nent can have any value, especially extremely

high when p/pr is close to 1. Moreover, during the

experiments the strong dependence of reaction

rate on oxygen pressure was noticed. That is why it

is justi®ed to assume that mainly the part of Eq. (9)

dependent on oxygen pressure determines value

of Eobs
a :

Eobs
a �T ; p� � 2�H

1

1ÿ p=pr�T� : (10)

The strong dependence of Eobs
a on temperature is

illustrated in Fig. 4 and explains experimental fact that

changing temperature by 1 K causes change in reac-

tion rate by several times, depending on oxygen

pressure.

Eq. (9) is formally analogous to Eq. (2), which

describes observed activation energy of pure

Co3O4. First addend of Eq. (2) is related to chemical

reaction and diffusion, being simultaneous rate limit-

ing processes, while the second addend is related to

deviation from equilibrium oxygen pressure. By com-

parison, it can be assumed that the following part

of Eq. (9) is also related to chemical reaction and

diffusion:

Fig. 2. Determination of parameter q as a slope of straight line in the system: ln�V=�pr ÿ po�� vs. ln�1=pr�, for Co2.80Ni0.20O4.
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Fig. 3. Linear correlation between parameter q and nickel contents, x, in Co3ÿxNixO4.

Fig. 4. Temperature dependence of observed activation energy Eobs of Co3ÿxNixO4 for oxygen pressure p � 4.0 kPa.
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ÿ2q�H � RT2 @G���
@T

:

Notice that q is directly connected with the rate of

nucleation which suggests that ÿ2q�H can be inter-

preted as a part of observed activation energy related

to activation energy of nucleation process.

It was found that activation energy of electrical

conductivity of Co3ÿxNixO4, Es
s , decreases when the

contents of Ni2�, x, increases [3]. The correlation

between Es
a and x is nearly linear and the adequate

regression line is calculated using values from [3] is

given by:

Es
a � ÿ263; 2x� 72; 0 (11)

This allowed for calculating values of Es
a for all

studied samples. The statistical test F showed that

hypothesis about correlation between Es
a and q

obtained for examined samples cannot be rejected

on the signi®cance level >0.06. The lower q the higher

activation energy of conductivity.

Above considerations allow for drawing conclusion

that correlation exists between activation energy of

nucleation and activation energy of electrical conduc-

tivity (Fig. 5). Thus transport of electrons from oxy-

gen sub-lattice to Co3� ions leading to CoO nucleus

formation is the rate-limiting step of thermal decom-

position of Co3O4, related to chemical reaction. The

microscopic mechanism of diffusion process, which

simultaneously controls observed rate of decomposi-

tion, remains still unexplained.
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Fig. 5. Correlation between activation energy of nucleation and electrical conductivity for Co3ÿxNixO4.

104 B. Prochowska-Klisch, A. Malecki / Thermochimica Acta 335 (1999) 99±104


