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The mathematical stability study for the system of the CoO(OH) – overoxidized 
polypyrrole composite synthesis in the presence of fluor ions
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Abstract: The potentiostatic synthesis of CoO(OH) – Overoxidized polypyrrole composite in the presence of fluor ions has 
been investigated mathematically. The corresponding mathematical model was described and analyzed by means of linear 
stability theory and bifurcation analysis. The steady-state stability requirements, like also oscillatory and monotonic instability 
conditions are derived.
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INTRODUCTION
Oxy-hydroxycompound of cobalt, described by the 
formula of CoO(OH), is a very interesting material [1-
3], that is viewed as an alternative to titanium dioxide in 
photo- and photoelectrocatalysis, for LEDs, and other 
optical devices, due to its intensively black color. It may 
also be used in corrosion-protecting coatings on some 
metal surfaces. 
On the other hand, the conducting polymers (CP) 
are another class of attractive materials, extensively 
investigated during the last 5 decades [4-10], due to 
their capability to combine the properties of plastics 
with metal conductivity and facility in modification. 
They also have vast and rich use spectrum, beginning 
on corrosion protection and ending with sensors and 
biosensors [11-20]. So, the composite of CoO(OH) with 
conducting polymers must have interesting optical, 
electroanalytic and catalytic (including electrocatalytic) 
properties.
One of negative sides of the electrochemical synthesis 
of CoO(OH) from cobalt salts may be the Co2+ oxidation 
potential, superior to the overoxidation potential of 
some conducting polymers, like some polypyrroles, by 
the scheme:

Other negative side of the use of CoO(OH) is its 
instability in the presence of fluoride ions, which form 
the complex ions by reaction: 

 CoO(OH) + 6HF  H3[CoF6] +2H2O                 (3)

The synthesis may also be affected by electrochemical 
instabilities, accompanying both the synthesis of 
conducting polymers [21-30] and of CoO(OH) [31-32], 
like oscillations, represented in Figures1-4.

In the most part of reported works, these phenomena 
received purely phenomenological explanation, 
which besides of being logically argued, didn’t have 
strong theoretical base, which may only be given by 
development and analysis of a mathematical model, 
capable to describe adequately the system´s behavior. 
This modeling is also capable to describe the behavior 
of relative systems and also compare it with the 

*corresponding author: e-mail: nightwatcher2401@gmail.com

DOI: http://dx.doi.org/10.5564/mjc.v16i0.663

(1)

(2)

Fig. 1. The oscillatory behavior during the anodic 
electropolymerization of thiophene with two different 

background electrolytes-4-TSS (argentum 4-tolylsulphate) 
(a) and ZnSO4 (c) and corresponding morphological 

changes (b,d). Reproduced from [22] with the permission of 
IN-SCAR, India

 



Fig. 4. The current responses, observed during 
potentiostatic electropolymerization of indole over iron in 

ACN-Water mixtures without (a, b) and with (c,d) oscillatory 
behavior. Reproduced from [24] with the permission of 

Elsevier, the Netherlands. 

behavior of other systems with additional experimental 
essays.
We have made an effort to describe the behavior of 
analogous systems with electropolymerization and 
overoxidation of conducting polymers in different 
conditions [33-40] and electrosynthesis of CoO(OH) 
[41, 42]. So, in this work we continue this research 

line and describe mathematically the potentiostatic 
synthesis of the  CoO(OH)-overoxidized polypyrrole 
(OPPy) composite in the presence of fluoride ions and 
compare its behavior with the behavior of analogous 
systems, involving conducting polymers and CoO(OH). 
System and its behavior: To describe mathematically 
the CoO(OH)-OPPy composite potentiostatic electro-
-synthesis in neutral solutions in the presence of 
fluoride, we introduce two variables: 

To simplify the modeling, we assume that the reactor 
is stirred intensively, to neglect the convection flow, 
that the background electrolyte, containing the cobalt 
salt, is in excess, so we can neglect the migration flow. 
Also we suppose that the concentration profile of the 
fluoride is linear and the pre-surface layer is of constant 
thickness, equal to δ. 
The fluoride-containing electrolyte enters the pre-
surface layer by diffusion and leaves it, reacting with 
the composite film of CoO(OH)-OPPy. So, according 
to the Fick’s first law and taking in account the DEL 
(double electric layer)-relative modeling coefficient, 
we may describe the fluorite concentration balance 
equation like: 

where: 
c0 - a fluorite bulk concentration;
r2 - the reaction rate of composite destruction.

 
The composite is formed by the polypyrrole 
overoxidation in the presence of an excess of the 
salt of Co2+ as a background electrolyte (and we 
assume that at the beginning of the reaction the initial 
polymer covers the entire electrode surface), and then 
is destructed, by reacting with fluoride-ion, so, the 
balance equation for its surface concentration may be 
described as:

where: 
 G - the composite maximal concentration;
 r1 - the reaction rate of its electrosynthesis.

The corresponding reaction rates may be calculated 
as: 

where: 
k - reaction rate constants;
z - the number of transferred electrons during the 
electrochemical processes;
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Fig. 2. The oscillatory behavior in current during the 
anodic synthesis of CoO(OH) in the presence of different 

concentration of ammonium fluorite. Reproduced from [31] 
with author´s permission

Fig. 3. The oscillatory behavior, observed during the 
electropolymerization of pyrrole in strongly acid media 

with (a) and without (b) the use of surfactants, (c) and (d) 
represent the surface modifications. Reproduced from [23] 

with the permission of Elsevier, the Netherlands.
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f - fluoride concentration in pre-surface layer;
θ - the composite coverage degree. 



F=NA*e - the Faraday number;  
j0 - the DEL potential slope, compared to the zero-
charge potential, calculated for the initial state of the 
surface;
R - the universal gas constant;
T - the absolute temperature; 
a - the variable, describing the interaction of 
adsorbed particles. 

Generally, the equation set resembles the systems with 
overoxidation [29, 30] and CoO(OH) synthesis [31], but 
the behavior seems to be more simple than for the case 
of CoO(OH) synthesis, but more complicated, than 
for the case of common overoxidation. The behavior 
comparison will be discussed below.

RESULTS AND DISCUSSION
To analyze the system with the electrosynthesis of 
the composite CoOOH – OPPy in the presence of F-, 
we investigate the equation set (4, 5) with the use of 
linear stability theory. The Jacobian functional matrix, 
described for the steady-state, will be rewritten as:

in which:

For the two-dimentional system, the stable steady-state 
requirements and main instabilities conditions may be 
described as:

To simplify the analysis, we introduce new variables, 
for the Jacobian determinant to be described as:

In which:
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Steady-state stability Tr J < 0, Det J > 0
Oscillatory instability Tr J = 0, Det J > 0
Monotonic instability Tr J < 0, Det J = 0
Double instability Tr J = Det J > 0

 
   ,  

      (   )    ,  

      (   )          (   )      

    (   )        
         (   )      

 

As the condition Tr J<0 is satisfied for the major part 
of cases in this system (ĸ and  ξ1 are always positive, 
Λ and λ are positive for the most cases), the main 
condition will be Det J > 0, or:

It may be concluded, that the steady-state stability in 
this system is warranted by: 

- the absence of strong influences in DEL of the 
electrochemical processes, maintaining L   positive;
- the repealing interaction of adsorbed particles 
during the complex reaction with fluoride ions, 
maintaining the positive values of l.

In the mentioned conditions, the steady-state will be 
stable and synthesis will be driven according to the 
Tafel conditions.  The electrosynthesis is controlled by 
the diffusion of Co salt, as it is the slowest process.
The oscillatory behavior for this system is possible and 
will be realized in the main condition of Tr J=0, or:

The expression on the left side of the equation is always 
negative, but the right side will be negative only in the 
case of the negativity of lambda parameters, which 
may be realized in the cases of: 

L<0 in the case of the strong influences of the 
composite synthesis on DEL. This cause is also 
valid for the electropolymerization (incl. the cases 
of “polythiophene paradox”), but not for the most 
potentiostatic overoxidation systems. 

l<0 in the case of the presence of the attracting 
interaction of the adsorbed particles on the electrode 
surface, which makes the value of l negative. 
This cause is valid for the electropolymerization 
of heterocyclic compounds and CoO(OH) 
electrosynthesis, but not for the most potentiostatic 
overoxidation systems. The amplitude of these 
oscillations will depend on the electrolyte composition 
(like on the Fig. 1 and 2), fluorite concentration and 
electrode surface. 

The monotonic instability for the system is possible and 
may be realized in the conditions of:

That may be transformed to:

So, the monotonic instability in this system may occur, 
like in the electropolymerization systems and CoO(OH) 
synthesis systems, but contrariously to the most 
potentiostatic overoxidation systems. They occur in the 
specific value of the composite desctruction reaction 
parameters ξ1 and l, so, in the case of the occurrence 
of this instability, the responsible process will be the 
reaction between the composite and the fluorite ions. 
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The double instability, or Takens-Bogdanov instability 
is also possible for this system. Imputting the value of l  
of the equation (15) to (17), we obtain its condition like:

So, the double instability will occur in the specific value 
of the destruction rate, defined by fluoride diffusion and 
composite formation. 
Autocatalytic behavior for this system may be 
possible in certain conditions (like the use of strongly 
acid media) and for this case the model (4, 5) will be 
changed. The autocatalytic behavior, if any, may be one 
more factor, responsible for the oscillatory behavior.
So, the model analysis shows, that the real synthesis 
of CoO(OH)-PPy composites will obey the general 
behavior features of diffusion-controlled systems. The 
stable steady-state is formed easily for the vast region 
of the parameters’ values. 
In the oscillatory mode, the time dissipative structure, 
analogous to the “predator-victim” oscillator, may be 
formed in the system. Its existence is maintained by 
cobalt salt diffusion (entrance of the entropy) and the 
stable composite formation (exit of the entropy). 

CONCLUSIONS
1. For the most cases in this system, the steady-

state is stable, and the steady-state stability is 
warranted by the absence of strong influences in 
DEL of the electrochemical processes, and the 
repealing interaction of adsorbed particles during 
the complex reaction with fluoride ions. When 
these conditions are satisfied, the reaction is 
diffusion-controlled. 

2. The oscillatory behavior for this system is possible, 
being caused by surface and electrochemical 
factors. So, the presence of time dissipative 
structures in this system may be confirmed.

3. The monotonic instability in this system may occur 
and the responsible reaction will be the composite 
destruction by fluoride ions.

4. The Takens-Bogdanov instability in this system 
may occur in the specific value of the destruction 
rate, defined by fluoride diffusion and composite 
formation.

5. Autocatalytic behavior in this system, if any, will be 
responsible to the oscillatory behavior in it. 
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