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SUMMARY

Co3O4 has been extensively studied from the point of
view of possible industrial applications such as cataly-
sis and electrocatalysis for oxidation reactions. Fundamen-
tal studies are less numerous and they mainly concern ma-

gnetic and structural properties.

Low spin 3d6 configuration of Co3+ in Co3o4 and elec-
trocatalytic behaviour permitted to expect interesting ano-
dic photoélectrochemical properties. However crystals
grown by standard C.V.T. techniques were higly stoichiome-
tric, they are practically insulators at room temperature.
For photoelectrochemical studies it was necessary actually
to obtain semiconducting crystals. The methods which could
be considered for that purpose were doping, slight reduc-
tion or decomposition. A slight reduction process could not
be used as CO3O4 is easily reduced to cobalt metal even at
the relatively low temperature of 570 K. Hence the
decomposition method was chosen as a first step in the pre-
paration of semiconducting crystals of Co,0, for electro-

374
des.

’

An examination of the existing literature on the ther-
mal decomposition of Co3O4 reveals that many of the pre-
vious authors confined their studies to the temperature and
heat of decomposition, only a few extended their inves-
tigations to the chemical kinetics of decomposition. Seve-
ral discrepancies and contradictions in these studies
could justify a reinvestigation of the kinetics of the ge-

nerally accepted reaction : Co thﬁb 3 Co0O + 1/2 0

3 (publi-

2
cation n° 1).



In publication 1 these kinetics has been detaily des-
cribed. Numerical analysis of experimental data led to a
new kinetic eguation

1 - 2¢/3 - (1 -061273 = ke

n
where o 1is the degree of decomposition, t the time and k
and n parameters. Atcivation energy was also found to vary

with degree of decomposition.

On the base of results given in publication 1, new ki-
netic model has been developped (publication 2). This model
has been derived from Ginstking~onunshtein model in which
it additionally has been assumed that activation energy
- varies with of . In Ginstling-Brounshtein model as well as
in the ae proposed here it is assumed the rate limiting step
to be diffusion through a layer of product forming on the
surface of grains of reactant. Formation of such a layer
has been clearly observed on cross section of partially
decomposed single crystals. The layer has been found to be
very compact and well attached to the surface of crystals
which Jjustify possibility of applying a such diffusional
kinetic model (publications n® 1 and 2).

During working out our results*a simple but very close
approximation to the Serin-Ellickson equation was found.
This approximation appeared to be very helpful due to the
relatively compliéated from of the quoted equation (publi-
cation n° 3).

Finally it may be ascertained that due to the layer-ty-
pe decomposition of the single crystals of Co3O4 semicon-
ducting homogeneous crystals cannot be obtained by partial

decomposition.

An alternative way for preparation of semiconducting
crystals of Co304 was dopihg. Substitution of cobalt for
nickel in the spinel structure of Co304 gives rise to si-
gnificant increase of electrical conductivity at room tem-

perature by three ordersof magnitude. Ni atoms are located



in the octahedral sites with both oxidation states 2+ and

3+ (publication n° 4}.

Due to lack of data concerning electrical properties of
single crystals of pure Co30,, conductivity and thermopower
have also been investigated between 25 and 900 K. Results
have been interpreted on the base of an intrinsic behaviocur
which differs from previous investigations carried out on

polycrystalline samples.

As expected Ni doping led to crystals exhibiting a se-

miconducting behaviour. However Ni doped Co electrodes

0
374
have shown high instability in used electrolytes which pre-

vented obtaining reproduciblé results.
Finally results given in papers 1 to 4 have led to

- a complete description of kinetics of thermal decomposi-

tion of Co304 single crystals as well as powder,

- extension of Ginstling-Brounshtein's model assuming acti-
vation energy to vary with degree of decomposition which

leads to new kinetic equation,

- a simple and practically helpful approximation to Serin-

Ellickson equation,

- interpretation of electrical properties of highly stoi-
chiometric C03O4 single crystals,
- explanation of structural and electrical properties of

Ni-doped C0304 single crystals.
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Kinetics of Thermal Decomposition of Co;04 Powder

and Single Crystals
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Kinetics of thermal decomposition in vacuum of Co,04 powder as well as single crystals has been
investigated. Discrepancies with the results of previous authors have been discussed. Decomposition
of Co;0, proceeds through formation of a compact layer of CoO and hence diffusion is the rate-limiting
factor. The experimental curves e(f) can be described for 0.05 < « < 0.85 using a modified Ginstling—
Brounshtein equation: I — 2a/3 — (1 — a)®® = kst where the activation energy varies with the degree of

decomposilion. © 1985 Academic Press, Inc.

Introduction

Single crystals of Co;04 have been pre-
pared and characterized for the purpose of
photoelectrochemical studies. However,
crystals grown by standard C.V.T. tech-
niques were highly stoichiometric, they are
practically insulators at room temperature.
For photoelectrochemical studies it was
necessary actually to obtain semiconduct-
ing crystals. The methods which could be
considered for that purpose were doping,
slight reduction, or decomposition. A slight
reduction process could not be used as
Co;0, is easily reduced to cobalt metal
even at the relatively low temperature of

* Permanent address: Institute of Materials Science,
School of Mining and Metallurgy, 30-059, Cracow, Al.
Mickiewicza 30, Poland.

t Permanent address: Mineralogical Institute, My-
sore University, Mysore 570006, India.

¥ To whom correspondence is to be addressed.

570 K. Hence the decomposition method
was chosen as a first step in the preparation
of semiconducting crystals of Co3;0Q4 for
electrodes.

An examination of the existing literature
on the thermal decomposition of Co;0; re-
veals that many of the previous authors (/-
5) confined their studies to the temperature
and heat of decomposition, only a few (6—
9) extended their investigations to the
chemical Kkinetics of decomposition. Sev-
eral discrepancies and contradictions in
these studies could justify a reinvestigation
of the kinetics of the generally accepted re-
action: C0;04 =2 3Co0O + 10,.

The previous investigators carried out
their kinetic studies using different types of
C0;04. Ichimura and Komatsu (6) used
only powders, Deshmukh et al. (§) pow-
ders as well as sintered spherical pellets,
Berthod (7) both powder and single crys-
tals. Joly and Gerard (9) did not indicate

0022-4596/85 $3.00
Copynght © 1985 by Academic Press, lnc.
All rights of reproduction in any form reserved.
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which material they used, but it was proba-
bly a powder sample. It is worthwhile to
note that only Berthod attempted to investi-
gate single crystals, but he could not obtain
reliable results by isothermal decomposi-
tion and instead used only the polythermal
method applying the Satava model (/0) to
calculate the activation energy of the pro-
cess. For describing the kinetic curves a(f),
(where « is the degree of decomposition
and ¢ the time), Ichimura and Komatsu (6),
Joly and Gerard (9), Deshmukh et al. (8),
used the equation

L= (- e =kt (0

However, in Ref. (8), this equation was
considered as valid for the powder and for
the so-called first decomposition stage of
the pellets. The second decomposition
stage of these pellets was described by
these authors using Jander’s equation

[1- (- o) =kt @)

Berthod (7) for « < 0.4 proposed a so-
called Carter—Valensi equation
A

e N
] (11—
1

= _ 21 —

T+ @ =Dl =kt ()
where A is the ratio of the molar volume of
the product to the molar volume of sub-
strate, and also the relation

a? =kt 4)

But Joly and Gerard extended the valid-
ity of (4) up to a = 0.7 and 0.8.

It seems that, except for Ichimura and
Komatsu, the previous authors could not fit
the experimental data with an equation
that describes correctly the results over the
whole decomposition range.

Various values of activation energy were
reported by the previous authors. For pow-
ders the values given by Ichimura and Ko-
matsu (6) and Deshmukh (8) were 366.6 kJ/
mole (87.7 kcal/mole) and 392.9 + 8.4

kJ/mole (94 = 2 kcal/mole), respectively.
But for pellets Deshmukh gave two differ-
ent values, 397.7 = 25.1 kJ/mole (95 = 6
kcal/mole) and 539.2 = 29.3 kJ/mole (129 =
7 kcal/mole) corresponding to his first and
second stage of decomposition. Berthod (7)
could not find an activation energy for a
powder sample and ascertained that the ap-
parent value determined from the reaction
speed, changed with a, being between 627
and 1254 kJ/mole (150-300 kcal/mole). But
for single crystals, using the Satava method
of polythermal analysis, he obtained two
different values: 309.3 kJ/mole (74 kcal/
mole) and 384.6 kI/mole (92 kcal/mole) for
« either below or above 0.35, respectively.

Due to these discrepancies the present
authors report new experimental results
and a new description of the kinetics of
thermal decomposition of Co;04, both in
powder and single-crystal forms.

Experimental Techniques and Sample
Preparation

The powder samples studied were com-
mercial Co;04 (Cerac Inc. 99.95%). Single
crystals were obtained by a standard
C.V.T. technique using quartz ampoules.
The transport agents were Cl;, HCl, or
TeCL. Crystals grown after about a 1-week
run, ranged in a size between 1 and 3 mm
(Fig. 1). The identity of the crystals was
confirmed by powder X-ray diffraction.

&

g I,

&

Fic. 1. Single crystals of Co,0,.
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FiG. 2. The «{r) curves for thermal decomposition of Co;0, powder.

Kinetics determination were made with a
SETARAM thermal balance (+0.05 mg).
Thermal decomposition studies in isother-
mal conditions were carried out under an
oxygen partial pressure of 0.67 Pa. For
each experiment a 100-mg sample was used
in a platinum holder. The single crystals
chosen for these measurements had ap-
proximately the same dimensions, each
edge being about 1 mm. A rapid heating rate
for 40-50°C/mm was used so as to reach the
desired temperature as quickly as possible.
When a constant temperature was attained
the loss of mass as a function of time was
automatically recorded. The degree of de-
composition was calculated as the ratio of
the loss of mass to the total loss of mass at
the end of the reaction.

Results and Discussions

Kinetic measurements for powder and
single crystal samples were made at five se-
lected temperatures; 1022, 1043, 1060,
1086, 1104 K for powder samples, 1158,
1175, 1183, 1211, and 1231 K for single
crystals., The «(f) curves for powder and
single crystals are given in Figs. 2 and 3.

In order to choose an appropriate kinetic
equation it was necessary to know whether
the decomposition product formed a layer
or was dispersed in the crystal bulk. From
Figs. 4a and b showing the cross section of
crystals decomposed up to ¢ = 0.1 and 0.6,
respectively, the formation of a layer is
clearly visible. In order to describe the ex-
perimental curves, several so far used ki-
netic equations corresponding to layer-type
decomposition were tried, but it was appar-
ently impossible to find a single equation
accounting satisfactorily for the entire
range of a. However, a relatively good
agreement with the experimental data for
both powder and single crystals could be
achieved, thanks either to Eq. (1) or to the
Ginstling—Brounshtein equation

l—%a—(1—-a)P =Kk (5)

A plot against fof 1 — (1 — ) and I —
2a/3 — (1 — &)¥ for Egs. (1) and (5), re-
spectively, gave linear dependencies for
0.15 < a < 0.75. The coefficient of correla-
tion obtained from least-squares methods
were in the range of 0.985 to 0.995, values
which appear to be satisfactory. However,
the intercept which should have been at the
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FiG. 3. The a(f) curves for thermal decomposition of Co,0, single crystals.

origin showed a conspicuous shift. This * probability of a zero intercept did not ex-

shift could be attributed to an experimental
error, but statistical tests showed that the

Fi1G. 4. Cross section of partially decomposed single
crystals of Co;0,: (a) & = 0.1; (b) @ = 0.6.

ceed 5% and hence that the shift could not
be ignored. It was therefore thought that
none of these equations truly described the
experimental data and that the agreement
with the experimental value of « in the
range of 0.15-0.75 was in fact only a nu-
merical coincidence. It became thus impos-
sible to use any of the known kinetic equa-
tions to describe our experimental data. A
similar situation prevailed actually before
in the studies carried out by Berthod and
Deshmukh. While Berthod failed to find a
suitable equation, Deshmukh er al. at-
tempted to describe their data for the kinet-
ics of decomposition of pellets using two
different equations, (1) and (2). The second
decomposition stage, for « > 0.6, was de-
scribed by Deshmukh using Jander's equa-
tion (2), a choice which is rather surprising
as this equation is in principle only valid for
small values of « (0.15 or 0.20). One may
assume that this apparent fitting with Jan-
der's equation for a > 0.20 is merely a nu-
merical agreement and has in fact no physi-
cal meaning.

Before considering the ability of Eq. (1)
to describe the reaction, it is necessary to
take into consideration two important fac-



F1G. 4. Cross section of partially decomposed single
crystals of Co;04: (a) a = 0.1; (b) a = 0.6.
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tors, namely the compactness of the layer
of the material and then the reversibility of
the reaction. Indeed this equation does not
take into account the influence of the layer
on the surface reaction. In the thermal de-
composition of Co3;0, a dense and compact
layer of CoO is formed as observed by
Deshmukh et al. (8) and also in the present
work (Figs. 4a and b). Such a layer should
hinder the transport of oxygen from the sur-
face on which the reaction occurs and
therefore should have an influence on the
speed of the reversible reaction itself. This
is quite in contradiction with the assump-
tion under which Eq. (1) is derived.

From the above considerations, and also
from the observations of the previous au-
thors (7, 8), it may be assumed that the
speed of the Co;04 decomposition is diffu-
sion controlled. As it has already been em-
phasized that none of the known diffusional
models could be applied, it became neces-
sary to look for a more satisfactory descrip-
tion of the present results. _

During different trials made to fit experi-
mental data with the kinetic equations, it
was found that when In[l — 2a/3 — (1 —
«)*?] was plotted against In ¢, extremely
high values of straight-line coefficients of
correlation (0.9992-0.9999) were obtained
for a large « domain: 0.05-0.85. This corre-
sponds to fitting of data to the Ginstling—
Brounshtein equation using logarithmic co-
ordinates instead of those mentioned ear-
lier. Using such a system of coordinates the
Ginstling—Brounshtein equation takes the
form

F(e) = In[l — 2a/3 — (1 — &)?]
=Ilnk+Int (6

If this equation is suitable for the experi-
mental data, then the plot of F(a) against In
t should give a straight line with a slope
equal to 1. In our case, although a good
straight line was observed, the slope was
found to be between 1.82 and 2.07 or 1.18
and 1.30 for single crystals or powders, re-

TABLE 1
ReSULTS OF FITTING OF EXPERIMENTAL DATA
FOR POWDER

T
(K) n k r
1022 1.385 1.871 x 103 0.99997
1043 1.358 9.312 x 103 0.99988
1060 1.295 3.078 x 10-* 0.99997
1086 1.229 1.618 x 103 0.99987
1104 1.184 5.203 x 10°? 0.99973

spectively. Statistical tests confirmed that
this difference between the obtained and
the expected value of the slope was quite
significant. The probability of the event that
the true value of the slope was 1 rather than
those observed, due to experimental errors,
was not greater than 1%. Simultaneously
statistical tests for the coefficient of corre-
lation of the straight-line dependency given
by Eq. (6) showed that the probability was
smaller than 1%, i.e., it was really a
straight-line dependency. As a result of
these tests, the following equation was able
to describe our experimental data:

In[l — 2a/3 — (1 — )]
=lnk+nlnt (7)

or
1 =23 -(1—-a)? =k (8)

Assuming this to be a true kinetic equa-
tion, it was used to work out our results.
Tables I and Il give the parameters n and &

TABLE II

RESULTS OF FITTING OF EXPERIMENTAL DATA
FOR SINGLE CRYSTALS

T

(K) n k r
1158 2.072 1.290 x 10-¢ 0.99971
1175 2.028 7.660 x 10-¢ 0.99932
1183 1.981 1,671 x 103 0.99947
1211 1.899 1.271 x 104 0.99938
1231 1.823 1.178 x 10-3 0.99917
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Fi1G. 5. Temperature dependency of n in Eq. (8) for powder and single crystal.

and the correlation coefficient r for the ther-
mal decomposition of powder and single
crystals, respectively.

In Figs. 2 and 3, it is possible to find out
the quality of the fitting (the points corre-
spond to experimental data and the curves
to the calculated values using n and & from
Tables I and II). It can be pointed out that
the parameters n and k are temperature de-
pendent, as illustrated for n in Fig. 5.

The next problem was to determine the
activation energy, which required the
knowledge of the ratio constant. Since both
n and k parameters are temperature depen-
dent, none of them could be used as ratio
constant. Using Eq. (8), it was possible to
find for the reaction speed:

da K1 - a)i?

R T—AL —aj® [1 = 2a/3
-1 - 9
where
K = )nk" [l — 2a/3
= (I = a)zf]}—h’n (10)

The temperature dependency of the reac-
tion speed concerns only K. But it is mathe-
matically impossible to separate Eq. (9)

into two parts, one depending on « and the
other one on the temperature. Therefore it
was necessary to assume that the expres-
sion (10) corresponded to the reaction con-
stant as supposed previously by one of the
authors (1/).

In such a case we can expect, for a given
value of «, K to obey an Arrhenius law

K = Kge ERT (11)

where K, is a constant, E the energy of acti-
vation, R the perfect gas constant.

TABLE III

FITTING OF K VALUES TO THOSE GIVEN BY AN
ARRHENIUS EQUATION FOR DIFFERENT VALUES OF

o (POWDER)

E AE
a (kJ/mole) ko r (kJ/mole)
0.1 457.3 1.89 x 102 0.9999 4.3
0.2 436.8 6.00 x 102 (0.9998 4.9
0.3 424.3 7.51 x 10  0.9997 5.6
0.4 415.1 1.63 x 10"  0.9997 6.1
0.5 407.6 4.74 x 10" 0.9996 6.5
0.6 401.3 1.64 x 10" 0.999 6.9
0.7 3955.4 6.28 x 107 0.9995 1.3
0.8 390.0 2.51 x 107 0.9994 1.7
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F1c. 6. Plot of In X against 10* x T-! for Co,0, single crystals for different values of «.

Because K is also a function of «, we
must expect that either X or E or both of
them depend on «. Tables III and IV give
results of the fitting of the K values with
those of the Arrhenius equation for differ-
ent values of a. The tables also give the
correlation coefficients and the most proba-
ble error on the determination of the activa-
tion energy, AE.

Figures 6 and 7 show examples of fittings
of In X to the values given by an Arrhenius

InK

?§:

equation for different values of « (0.1, 0.5,
and 0.8). It can be seen from these plots
that the activation energy is a function of «,
as illustrated in Fig. 8. This observation is
in good agreement with the difficulties en-
countered by Berthod (7) who also noticed
such a dependency. Table IV shows clearly
however that the uncertainty AE is large
relative to the influence of « on the activa-
tion energy E.

The values of the activation energy are

a=08

92 94

96 a8 wrt

F1G. 7. Plot of K against 10* x T-! for Co,0, powder for different values of a.
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FiG. 8. Dependency of activation energy on o for single crystals and powders.

close to those given by Deshmukh et al.
(6), however it must be emphasized that the
values found here show a dependency on c.

Conclusions

In conclusion we may say that we ob-
tained an equation which has the following
features: (i) it describes experimental
curves a(f) for a wide range of «-values
with high accuracy; (i) it leads to determi-
nation of activation energy as a function of

TABLE 1V

FITTING OF K VALUES WITH THOSE OF AN
ARRHENIUS EQUATION FOR DIFFERENT VALUES OF
o (SINGLE CRYSTALS)

E AE
a  (kJ/mole) ko r (kJ/mole)
0.1 495.3 1.94 x 103 0.9947 29.4
0.2 479.9 1.96 x 10®  0.9946 29.0
0.3 470.7 4.93 x 10¥  0.9944 28.8
0.4 463.6 1.79 x 10®  0.9944 28.6
0.5 458.1 7.87 x 10"  0.9943 28.4
0.6 453.5 3.89 x 10  0.9942 28.3
0.7 448.9 2.06 x 10 0.9941 28.2
0.8 444.8 1.12 x 10"  0.9941 28.1

a; (iif) it derives from Ginstling—Broun-
shtein equation.

Therefore, Eq. (8) can be considered as
kinetic equation. The only difference be-
tween this equation and that of Ginstling—
Brounshtein lies in the introduction of n pa-
rameter which actually takes into account
the observed change of activation energy
with . Such an interpretation is analogous
to that reported earlier for the modification
of the Zhuravlev equation used to explain
kinetics of the reduction of V,05 by gaseous
ammonia (/1). However, the apparently
linear temperature dependency of n as well
as the large difference obtained for the n-
values between single crystals and powder
(Fig. 5) remains to be explained.

Equation (8) is able to describe the ther-
mal decomposition of both powder and sin-
gle crystals with comparable efficiency.
The activation energy for powder seems to
be lower than that obtained for single crys-
tals. However, statistical tests do not con-
firm this hypothesis with high enough prob-
ability (not greater than 80%),

Finally, it may be ascertained that due to
the layer-type decomposition of the single
crystals of Co;0,, semiconducting homoge-
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ABSTRACT

Thermal decomposition of Co,0, leads to the formation
of a layerofCoO. This layer has been found to be very
compact and well attached to the surface of partially de-
composed single crystal. On the base of these observations
and previous werk devoted to numerical analysis of experi-
mental datae¢ vs.t it is shown that kinetic of the reac-
tion can be described using a model derived from Ginstling
Brounshtein's model in which it is assumed that activation

energy varies as a function of «¢ .

*
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INTRODUCTION

In a previous paper we have shown that kinetic of

thermal decomposition of Cos0, :

CO3O4 —= 3 CoO0 + 1/2 O2
under oxygen partial pressure of 0.67 Pa can be described
with a very high accuracy by equation |1

1 - 200/3 - (1-00)2/3 = kP (1)

where o, is the degree of decomposition, k and n are cons-
tants. The above equation which did not appeared previously
in literature has been found directly from kinetic analysis
of experimental curves &L vs.t. It has also been shown
that equation (1) could be considered as kinetic equation
because it leads to determination of activation energy and

it can be connected to Ginstling-Brounshtein equation
1~ 2073 — (L)Y = (2)

Activation energy has been found to vary with degree of

decomposition (see tables 2 and 3).

Ginstling-Brounshtein model 1is based on assumptions
that the product of reaction forms a layer on the surface
of the grains and that diffusion of reactants through the
layer is the rate limiting step. Existence of a layer was
observed in our previous work |1l| for decomposition of sin-
gle crystals of C0304.

In the present paper we will try to show that the tex-
ture of the layer support hypothesis that diffusion across
the layer can be the rate limiting step. On the other hand
the changes of compositions of +the layer can simply
explain the evolutions of activation energy during the re-

action.

We will also show that it is possible to derive equa-
tioin [1| by modification of Ginstling-Brounshtein model



using a phenomenclogical assumption concerning changes of

activation energy.

TEXTURE OF THE LAYER

In reference |1| formation of a layer of product on the
surface of thermally decomposed single crystals of
Co3o4 was observed. However there was given no information
concerning the nature of this layer which could support
hypothesis that diffusion through the layer could be the

rate limiting step.

During decomposition oxygen is formed on the boundary
between layer of the product and non decomposed crystal. If
diffusion through the layer is the rate limiting step the
layer should be compact (without cracks or channels) and
well attached to the crystal.

Optical microscope as well as scanning electron micros-
cope observations of the cross section of partially decom-
posed single crystals have shown that the layer is extreme-
ly compact and very well attached to the surface to non
decomposed crystal. As an example, figure 1 gives a photo-
graph of a cross section of a single crystal partially de-

composed (X = 0,5), using optical microscope (X 1000).

Fig. 2 shows that even at higher magnification

(x 4000) using scanning electron microscope we can see nei-
ther any cracks in the layer, nor any gap at the boundary
between layer and single crystal. On Fig. 2 are also shown
results of electron microprobe analysis giving the varia-
tion of the concentration of cobalt which allow to clearly
distinguish the regions corresponding to the layer and sin-
gle crystal respectively.



Fig.1 - Cross section of a partially decomposed single
erystal of Coz0, (optical microscope, X 1000).



Fig.2 - Cross section of a partially decomposed single
erystal of Co 40, (SEM, X 4000) .



Finally the above observations are in agreement with
the hypothesis that diffusion across the layer can be rate
limiting step of the reaction. Therefore it is not surpri-
sing that an equation corresponding to a diffusional kine-
tic model could be used for working out results in ref.
11,

KINETIC MODEL

In ref. |l1| we have pointed out that equation (1)
could be related to Ginstling-Brounshtein model. On the
other hand it has been suggested that difference between
equations (1) and (2) could be due to variation of activa-
tion energy during the reacgion. Using a method analog to
that proposed in ref. |2| for a modification of Zhuravlev's
model it is possible to show that equation (1) can be deri-

ved from Ginstling-Brounshtein model.

Equation (2) in differential form can be written as

de_ | _(a-e)® (3)
€T T Ao (Ao

where the rate constant k depends only on temperature :

k = k, exp (-E/RT) (4)

where E is the activation energy which corresponds to the

diffusional process which is the rate limiting step.

Let us assume as in ref. |2| that the form of variation

of activation energy E(t) during the reaction is given by :

dE® _ ke (s)
dt t

where kE is a constant.



It can be seen that equation (5) contains assumption
that E(t) tends to a constant value as the reaction approa-
ches completion which takes into account the fact that the

medium where diffusion occurs no longer evoluates.
By integration of (5) :
E(t) = k. 1n t + const. (6)

E

For determination of integration constant in the above

equation we can take that for t = to 5 (i.e. forel= 0.5)
E (t0.5) = EO.S’ thus :
N (7)
B(t) = By ¢ + kgln

tos

We have now to assume that even in the case where E(t)

has the form given above equation (4) remains valid.

Substitution of (7) into (4) and the of (4) into (3)

gives

dot “e/KT I il * e

— =k tO 5 exp(—EO 5/RT) 78 i (8)

dt : : 1-(1-49

After integration of (8) :

1-20/3 - (1-c¢)2/3 = x'p? | (9)
where :

n=1- KE/RT (10)
and

R I R “
K n[:‘; kotos exp ( EO-S/RTJ (11)



From equation (9) for t = t0 5 and = 0.5 we can ob-

tain

375
tg s = 32)% - (é) _J exp(E,  /RT) (12)

Eliminating tO 5 from equation (11) wusing equation

(12) leads to final form of equation (9) :

1- 20/3 - (1-0¢)2/3 = kT (13)
where :
r koexp(-EO 5/RT; n
K = 0.03671 | 18.16 z (14)
2 J

Form of equation (13) is identical to equation (1).

In the above model determination of activation energy
leads to determination of the function E(c¢). Fitting of
experimental data (i.e. curveso vs.t) to equation (13) for
different temperatures led to values of n and K parameters
given in ref. |l|. From n values, using equation (10) we
can determine the values of the coefficient of proportiona-
1igy - in equation |5|. Results are given in table 1 for

powder and single crystals.

Using equation (14) written in the form :

K 1/n _

0.05506 n | __—~ = kg exp (-E; ¢/RT)
0.03671

and plotting the logarithm of the left hand side of the
above eugation vs. 1/T gives values of EO 5
From equation (13) we have:
1/n

—

. =l— T N o e

K

(15)




TABLE I

kE values for powder and single crystals.

POWDER SINGLE CRYSTALS
l l
T|K| IkElkJ/moll TIK| | kElkJ/moll
1022 | -3.27 1158 | =10.32
1043 | -3.10 1178 | -10.04
1060 | -2.60 1183 | -9.05
1086 | -2.07 1211 | -9.05
1104 | -1.69 1231 | -8.42




and

11/n
_10.03671 (16)

K

Knowing Ey. s and substituting (15) and (16) into (7)

leads to expression of E(c&f)

(1-n)RT | 1-2043 - (1-op 2”3
n 0.03671

E(et) = E + (17)

Validity of equation (17) is _of course limited to the range
of ot -values for which time dependency of et can be described
by equation (13). This validity domain for thermal decompo-
sition of Co,0, corresponds to 0.1« ¢ < 0.8 as shown in
ref. |1|. Values of activation energy for this range of OC
are given in tables 2 and 3 for powder and single crystals

respectively.
DISCUSSION

Previously |1]| equation (1) has been proposed as kine-
tic equation on the base of numerical analysis of experi-

’

mental data.

In the present paper are given two additional evidences
which support the above proposition :

- both optical and scanning electron microscope observa-
tions showed that a compact and well attached layer of pro-
duct is formed on the surface of partially decomposed sin-
gle crystals. In such conditions transport of oxygen
through the layer should be hindered and therefore the ki-
netics of thermal decomposition of Co304 should be control-
led by diffusion

- equation (1) can be derived from Ginstling-Brounshtein
diffusional model by introducing an assumption concerning

change of activation energy during the reaction.
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Such a change of activation energy is indeed expected
since layer being formed during the reaction should be ge-
nerally considered as a dynamic system in which the follo-

wing phenomena can take place :

- evolution of the texture due to growth of grains, recrys-

tallisation effects and so on,

- evolution of chemical composition. It should be observed
especially when product of decomposition either further
reacts giving another phase or it 1is non-stoichiometric
compound. In the present case the product of thermal de-
composition of C0304 is CoO which is non stoichiometric. In
addition this compound is fqgmed simultanously with oxygen.
Due to equilibrium between defected cobalt monoxide and
-oxygen some changes in concentration of defects should be

observed.

As reaction proceeds volume of the layer of course in-
crease while the area of the boundary between layer and
single crystals on which oxygen is generated decrease.Both
above phenomena should lead to changes of oxygen activity
within the layer and consequently lead to change of concen-
tration of defects.

Physical and chemical modifications of the layer just
above mentioned has strong influencéjon transport phenomena
in the layer and could be responsible for the evolution of
activation energy for diffusion.

These remarks seem to be confirmed by the observations
of a strong influence of external partial pressure of oxy-
gen on the value of activation energy of thermal decompo-

sition of Co3O4 14t ,



Previously variations of activation energy have been
found as a function of oX|l|. On the base of the model deve-
lopped in this paper an analytical form of the function
E(ew) is given (equation (17)). Tables 2 and 3 show that the
range of wvariation of activation energy found using

equation (17) is narrower than that found previously.

This difference is not surprising due to following rea-
sons. Equation (1) contains two parameters both of them
depending on temperature, thus activation energy ought to
be hidden either in one or both of these parameters. As in
ref. |1|, equation (1) was obtained by numerical analysis
of experimental curves o vs.t,the relationship.between
activation energy and paraseters n and K could not be
known. Therefore for determination of activation energy it
Qas assumed that in the derivative of equation (1) which

can be written as :

dee _ K(1 ey 1/3 2/3

= —— 1-2/3 - (1-42)
dt l—(l—'%)l/3

where :

~ -1/n
kK = (3)nki/™ | 1-2 /3 - (1-0@2/3]
2

all the part depending on temperature can be considered as
rate constant.

Although there are no strong theoretical basis for
above assumption it was the unique way for a rough evalua-
tion of activation energy. On the other hand model develop-
ped in this paper leads to a relationship between E() and
n and K parameters. As far as the present model can be con-
sirered as describing accurately the kinetics of thermal
decomposition of Co304, equation (17) should quantitatively

describe the variation of activation energy vsa.



It is worthwhile to emphasize that table 2 and 3 show
that in fact E(x¢) is temperature independent. Such tempera-
ture independency 1is required for determination of Ey g

using equation (14).

It is also a criterion for applications of the model
developped in this paper since it contains the assumption,

that rate constant obeys Arrhenius's law.
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SERIN—ELLICKSON EQUATION
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The Serin—Ellickson equation,
= 2,2
5] Z’ 1 n4r =Dt
a=1——" —)exp(——7")
w2n=l(n2) p( 32 )

where D is the diffusion coefficient and a the radius of a spherical body, can be approxi-
mated with high accuracy in a wide range of « values by

2
oz=§x—-+ -GL_,
2 ﬂer
' 2
where x2 = Dn t.
az

One of the commonly used expressions in the study of chemical kinetics and dif-
fusion in a spherical body is the Serin—Ellickson equation:
_n2Dn2¢

[n1_2]e a? (1)

8
1T2n

M

a=1

li
s

where D is the diffusion coefficient, a the radius of the sphere and t the time. D or
D/a? can be determined by fitting the experiemental a{t) reaction rate curves to
Eq. (1). Due to the complex form of this equation, the determination of the D values
is time-consuming and involves the use either of standard precalculated tables or
graphs or of computerised programmes [1-3].
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In this communication, the authors propose the simplest so far known, but very
close approximation of the above equation, overcoming all the routine and laborious

calculations narmally involved in fitting the experimental data to the Serin—Ellickson
equation.

Let us write:
Dn2t
2=
X 2 (2)
Equation (1) can be written as:
6 < /1 S8
a=1——> 2 (—)e—n%x 3
72 n=1 (n2 ] @

The first differential of Eq. (3), considering x 2 as the variable,

de _ 6 Ze__,,zxz (4)

dix2) 72 p=1

is:

o

The series in Eq. (4) can be expressed in another way:

. ! . _nZx2
—atyi Ly ¥mpd 2
STt at ge ] e

When x2 < 1.4, the sum of the series on the right-hand side of Eq. (5) becomes
very small, and for practical purposes it can be neglected with respect to 1/2.

On the other hand, if x2 = 1.4, Eq. (3) gives @ = 0.9. This result implies that for
x2 < 1.4 the nearly full range of « usually investigated has been taken into account.

Equation {4) can now be written as:

d_a~6[1+1/7?]

dix2) #2

By integration of Eq (6) we obtain the following appmximation of the Serin—
Ellickson equation:

(6)

2
a2 B -
2 a¥w
The difference A in the values of @ given by the Serin—Ellickson equation (3) and
Eq. (7) is less than 10—3 for ¢ = 0.9, It rapidly decreases with decreasing &, as shown
in Table 1.

Table 1 Values of A for different ranges of o

« <09 <0.84 <0.78 <07
A <10-3 <10-4 <10-5 <10-7

J. Thermal Anal. 29, 1984
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By solving Eq. {7), we obtain:

x=Va[1-1 —%a)lz‘] (8)

Equation (8) enables the calculation of x from the experimental values of a. From
a plot of x2 against t via Eq. (2) we can obtain Dn2/a2 directly, and the value of the
diffusion coefficient D if the radius a of the sphere is known.

At this point it may be emphasized that, even if the diffusion coefficient D is a
function of t, Eq. (8) allows determination of the experimental curve D(t), which is
otherwise very difficult using the original Serin—Ellickson equation directly.
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ABSTRACT
Single crystals of pure and Ni-doped Co304 spinel-type
phases have been grown by C.V.T. Electrical conductivi-
ty and thermopower measurements have been performed
between 25 and 950 K. Ni-doping gives rise to a signi-
ficant increase of electrical conductivity at room
temperature by three orders of magnitude. The obtained
results suggest that the Ni atoms are located in the
octahedral sites of the spinel lattice with both oxi-
dation gtates_2+ and 3+, as illustrated by the formu-

p 2+ 3+ 3+ i2+wi3+
la : Co?]_ Coy [COZ—ley le_y}o4.

Introduction

Co,0, which has a normal cubic spinel structure C02+[Cog+]o4
has beeh studied by many investigators mostly by magnetic mea-
surements (1-7).

Although it has been found to be a p-type semi-conductor (8,
9), a detailed report of its electrical properties over a wide
temperature range is lacking except for a recent determination of
the conductivity of polycristalline samples at lcw temperature
(12-300 K). Two other earlier investigations (10,11) have also
been carried out on polycrystalline samples but at room tempera-
ture, where the conductivity was studied as a function of stoi-
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chiometry for the purpose of understanding the catalytic proper-
ties.

To the author's knowledge, there is no report on the electri-
cal properties of either pure or doped single crystals of Co,04.
In this paper the results of electrical measurements performed
on single crystals of pure and Ni-doped Co;04 are given along
with a brief discussion on the oxidation state of nickel in the
Co40, matrix.

Experimental

Single crvstals of pure and Ni-doped Co,0, have been grown by
standard CVT method, Commercial "Pro-analyse" Co30, and Ni0 powders
were mixed in appropriate concentratiocons. The %ransport agents
have been either HCl or Cl,;. The normal pressure of gas filling
quartz ampoules (300 x 20 mm) has been 200 torr at room tempera-
ture. The optimum temperatures at the source and deposit zone for
the growth of pure crystals have been 1250 and 1130 X respective-
ly. For Ni-doped crystals, the temperature of the source has been
increased up to 1330 K. Each experimental run lasted for 250-350
hours .

Nearly perfect octahedral crystals have been obtained ran-
ging in size between 3 and 4 mm (Fig. 1). Their spinel-type struc-
ture has been confirmed by X-ray diffraction. The lattice cons-
tants of pure and doped cubic Co304 did not show any noticeable
difference.

Bach crystal of Ni Co3-x04 used for electrical measurements
has been analysed thanks to an electronic microprobe analyser. The
distribution of Ni has been found to be uniform in the crystals.

Electrical
conductivity and
thermoelectric
power have been

+ + measured between 25
% . and 950 X. For
conductivity deter-
minations the four
probe method has
been used. Ohmic
contacts have been
achieved using pla-
tinum paint. The

. e g o - “es e »~ . thermopower cells
2 - — ‘ . used at high and

v low temperature
have already been
described (12).

Crystals of C0304
(1 division = 1 mm)



FIG. 1

Crystals of Co.,0
(1 division = 13m§n)
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Results and dis-
cussion

Electrical
conductivity o lago |
and thermopower «
have been mea-
sured for Co,04 o
and Ni CO3_X84
crystais with
x = 0.053, 0.013 2L
and 0.132. Fig.2
and 3 give the +
logo vs.1/T
plots for the
p're and Ni-doped L
crystals above
182 K and below -8}
room temperature
respectively. The

variation of a " . A n § + . 6

with T is given 2 T
in Fig. 4. From

an examination FIG. 2

of the figures Electrical conductivity of pure and Ni-doped
some features Co30y4 single crystals between 100 and 950 K

seem obvious

a) a large

increase of the
electrical con-
ductivity bet- log @
ween pure Co30, (auz
and the least i
doped sample, -
this difference
becoming relati-
vely smaller bet- r
ween the following 6}
samples with
higher dopant

concentrations. -8t
b} The sign of - a a a3
thermopower a0}

changes from ne-
gative to posi-
tive at a tempe- i )y . i A %

rature T_ which 10 20 30 Eﬁ%
decreases with

increasing deopant

ceoncentration FIG, 3

(Table I). Electrical conductivity of Ni-doped Co40,

single crystals between 25 and 300 K
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@
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400
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1.6 20132
e 2.5 20103
3. x = 0053
4.+ =0000
-200}
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FIG. 4
Thermcoower vs. temperature of pure
and doped Co40, crystals

ERPLE T In order to interpret the

Temperature of the change of thermo- above results it seemed ne-
power sign with dopant cencentration cessary to discuss primarily
two aspects of the problem :

- the conduction mechanism in

X 0.000 0.053 0.103 0.132 pure Co304
- the possible oxidation
TS(K) 300 260 195 144 state of nickel and its dis-

tribution between tetrahedral
and octahedral sites of the
spinel lattice.

1 - Pure Co304

Previous authors (9) have proposed to explain the electrical
conductivity of pure polycristalline Co Oﬁ by the existence of
some acceptor levels located above the ao + : 3d band in tetrahe-
dral sites. These acceptor levels are Co3t ions trapped at catio-
nic vacancies in tetrahedral sites.

Since the single crystals of Co30, grown presently by C.V.T.
have been found to show a very high resistivity (p>108 Q.cm at
room temperature), the chances of considering a high concentra-
tion of vacancies are minimised. Furthermore, this model is
unable to account for the sign change of a which in our Co30,4
single crystals becomes negative below 300 K (Fig. 4).

Moreover, thermal variation of electrical conductivity and
thermopower could actually be explained considering only intrin-
sic generation of carriers (Fig. 5) :
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(a) Excitation of an elec-
tron from the 3dy,  levels of
Co2+ in tetrahedral sites
(Co%g) to_the empty e _ band
of Co3* in octahedral
sites (Co%*). Let E; be the
energy difference between E
these two levels. Electrons 1
in the Oh sites and holes Tq - site
in the Td sites have mobili-

ty uy and 1, respectively. ——j:::) C¥+'egoﬂ
(b) Generation of electron- )
hole pairs in the Oh sites () [B1

giving rise to electrons in Cf‘wgu
the eq band and holes in the

tsq band of Coldt. since t E
2 h . -29 2
1&Vels are mor8 stable in

Op sites than tp levels in
Tq sites E, is expected to (13)

be much larger than E ;7 &
(Fig. 5). Let uy be tllxe @ Cos*: t2g
mobility of holes in the

3d band of CoRf.
. Y

From structural consi-
derations we could expect
that u3>> My > Un. With
the assumption that H, is
thermally activated and

Op - site

can overcome M, at a tem- FIG. 5
perature close to Tg, it is Schematic energy diagram for
possible to obtain a varia- stoichiometric Co30,

tion of @ vs.T which has a
shape gualitatively simi-
lar to that observegd®

2 - Ni-doped Co30,
2-1- Nickel oxidation state

e e e e e e e ———

Regarding the location of nickel in the NiCop04 spinel, the
previous investigators have eliminated its presence in Td sites
on the basis of energy considerations (13) as well as from expe-
rimental determinations (14, 15). Using this statement, only two
limiting possibilities remain to be considered for the oxidation
state of nickel in Op sites

2+ 3+ 2+ .2+
(1) cojl, Co. [COZ_lex] 04
2+ 3

(2) Co 5

o3+
[Co -xNlx l O4

% The thermopower is given by a = 5{0./o)ai, where ¢4 and oy are
the conductivity and thermopower cofitributidns of carriers o
i-type.
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The behaviour of & at high temperature and the strong diffe-
rences of activation energies for the electrical conductivity bet-
ween pure and doped crystals (Table II) suggest that in doped
samples intrinsic behaviour is no longer dominant even at high
temperature,

TABLE II

Activation energy for the electrical conductivity of pure and
Ni-doped single crystals of Co30,

X 0.000 0.052 0.103 0.132

Activation energy

between 400 and 950 K(eV) B2 B 38 s 19 Ol

Under such conditions only occurence of Ni2* in octahedral
sites can provide extrinsic ceneraticn of both kinds of carriers
[electrons and holes), required to explain the change of sign of
the Seebeck coefficient with temperature (Fig. 4).

Above 700 K, o becomes temperature independant, which sug-
gests that the number of carriers is no longer activated. The
decrease of the thermoelectric-power with increasing dopanﬁ con-
centration is in gualitative agreement with Heikes'law a= g 1nl-C,
where C 1is the ratio of the number of holes to the number =
of available sites. However the high values obtained for o(Fig.4)
suppose a hole concentration about one order of magnitude smaller
than the total nickel concentration (Table III). This implies that
only one part of nickel contributes to the creation of holes and
consequently that nickel is present in both 2+ and 3+ oxidation
states. Hence, when nickel is introduced into the Co,04 matrix,
the following formula is expected :

2+

IF P 28 el BF
Co Z,Coy LCOZ_Xle le_y] 0y
TABLE IIT with approximately 10 % of the

total nickel amount in divalent
state, generating an equivalent
number of Co3t acceptors in te-
trahedral sites (Fig. 6). Thes
holes are likely trapped as Co

Hole concentration calculated
in Ni-doped sanmples, above
700 K, using Heikes'law

X  0.053 0.103 0.132  ions located in tetrahedral 19
sites adjacen% to octahedra
_ (oo o4 x :
« (UV.K l) 470 375 332 containing Ni ions (Flg; 6b) .
The existence of Ni in
c 0.004 0.013 0.02 Co304 seems at first sight rather

surprising as one expects a nrio-
ri that the eguilibrium:

3+ 2+ -+ .24 3+
oh + Con Nloh + Con

Ni

t
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FIG. 6
Energy diagram (at 0 K) of Ni-doped Co,0, near the
Fermi level, assuming either (a) that holes are in
the Co%g : t, band or (b) that they are trapped at
acceptor levels (Co%g)

should be shifted towards the right hand side. However, Co Oy
being a normal spinel, the stabilization of Ni3* in octahegral
sites probably results from the fact that the Td sites can no
longer accept Co3+ cations beyond a certain limit due to accomo-
dation difficulties.

This interpretation is in agreement with the observations
of Blasse et al. (14) and Mehandjiev et al. (15) who in their
investigations on the NiCo,0, spinel found all nickel atoms to
occupy octahedral sites as Ni3+. However , we think that the
existence of a small amount of Ni2+ in NiCoy0, cannot be excluded.

The large increase of the conductivity (Fig. 2 and 3 ) and
the evolution of activation energy (Table II) show that the intro-
duction of dopant plays an important role in the whole temperature
range considered.

As already emphasized, only a minor fraction of nickel isz+
divalent, so that e%ectrons can jump from an occupied site (Ni"')
to an empty one (Ni®*%) , giving rise to an impurity band type
conduction.

Such a mechanism is generally expected to be predominant at
low temperature and can account for the negative sign of the ther-
mopower. The activation energy for the conductivity below 50 K is
unexpectedly small for an impurity conduction. Such a behaviour
has, however, also been observed for impurity band conduction in
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Li+~doped NiC and discussed by Austin and Mott (17).

As the temperature increases two situations can be conside-
red whether :

-(i) holes in tetrahedral sites occupy energy levels at the top

of the Co%g = t, band (Fig. Gi)

-(ii) they are trapped as Co3d ions localized in tetrahedra ad-
jacent to octahedra containigg Ni2+ ions (Fig. 6b).

In case (i) the negative sign of o at low temperature
requires a mobility of holes ( p,) in the Co2* : t. band lower
than the mobility (u,) of electréns in the O Ni-impurity band.
The change of sign o% the thermopower can be accounted for if
we assume that the activation energy of Hgy is larger than that
of Hg so that u, can become higher than Hy above Tg.

In case (ii) the thermopower is negative at very low tempe-
rature since electrons in the impurity band are more numerous than
holes in the Co%f : t, band. At rising temperature holes are pro-=
gressively amﬁtéiinﬂ:ﬂeC02§ : t, band and the positive compo-
nent of the thermopower intfeases®and becomes predominant above Tg-

The temperature at which the thermopower sign changes
decreases as Ni-content increases (Table I). This feature may
result from the increase of hole concentration in case (i) or
from the increase of acceptor concentration going along with a
decreasing ionization energy in case (ii).

Finally, at high temperature, as we have already emphasized,
the positive thermopower seems to obey Heikes' law. This coulad
logically imply th%E conduction is then mainly due to hopping

of holes in the Con 3 t2 band.
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