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Abstract. The aim of this paper is to analyze the sensitivity of parameters used in modeling the electrochemical impedance under 
bubble-induced and forced convections. Electrochemical impedance measurements have not been traditionally used in the presence 
of strong bubble evolution due to drift and noise occurrences. However, some works not only experimentally measured this system 
but also modeled it. The effects of current density and electrode speed modify the hydrodynamics and consequently the 
electrochemical impedance results. The present work analyzed the sensitivity of the electrochemical nature of parameters in the 
frequency domain. 
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1. Introduction 
 

The effects of the H2 bubble evolution on mass and heat transfer in electrochemical cells have been studied in 

several experimental and theoretical works (Elsner and Marchiano, 1982; Shah and Jorne, 1989; Sutija and Tobias, 
1994; Boissonneau and Byrne, 2000). However, electrochemical impedance spectroscopy –EIS measurements have not 
been extensively used because the presence of bubbles was usually considered as a source of drift and/or noise (Ekdune 
et all, 1991; Bai et all, 1987). For that reason, many of the works dealing with hydrogenic evolution reaction were 
limited to low current densities for which very few bubbles were evolved or a forced convection (rotating disc 
electrode) was employed to hydrodynamically avoid the presence of bubbles on the electrode surface. The influence of 
bubble evolution on electrochemical impedance diagrams was investigated by Gabrielli et all. (2002) in a large range of 
cathodic current densities on stationary Pt electrode in alkaline solutions with and without addition of a ferricyanide 
redox couple. Additionally to that, the interface was simulated by means of a simplified model in which ferricyanide 
reduction reaction takes place at Pt active sites not blocked by adsorbed hydrogen or bubbles. In the present work this 
model was studied by sensitivity analysis to provide quantitative answers about the dependencies of electrochemical 
and convection parameters on global impedance diagrams. This procedure is always advisable in order to understand 
complex models where some parameters are of difficult experimental acquisition. Therefore, its quantitative influence 
on model behavior has to be known for the frequency swept range. Despite the utility in evaluating models, this analysis 
is rarely used in the electrochemical field and few works are available in its literature. 
 
2. Impedance Modeling 

 
The aim of this paper is to investigate the combined influence of H2 bubble evolution and forced convection on the 

impedance of Pt in NaOH and NaOH + K3[Fe(CN)6] solutions. The interface was modeled by considering that 

ferricyanide reduction occurred on Pt active sites not blocked by adsorbed hydrogen or bubbles It is interesting to note 
that the ferricyanide reduction could not occur indistinctly at any point of the metallic surface, because of the electrode 
screening due to bubbles and also because of the blocking effect of adsorbed hydrogen. Hence, in a first attempt to 
model this complex system, the interface was modeled by taking into account the parallel and simultaneous reductions 
of both hydrogen and ferric ion species. The latter reduction was considered to take place on Pt active sites that were 
not blocked by the presence of adsorbed hydrogen or direct bubble screening.  

Hydrogen production on metallic electrodes is often assumed to follow the Volmer-Heyrovsky model: 
 

 
k1H O e H OH2 ads

− −+  → +  (1) 

 

 
k2H O H e H OH2 ads 2

− −+ +  → +  (2) 
 

in alkaline media (Vetter, 1967), while ferricyanide, denoted Fe
3+

 for the sake of brevity, is reduced on the free surface 
according to the reaction: 
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k3 23Fe e Fe+ − ++  →  (3) 

 
In the cathodic potential domain, only the forward reactions have been considered. Then, changes in the surface 

coverage, θ, by adsorbed hydrogen Hads are governed by: 

 

 
( )11 2

d
k k

dt

θβ θ θ= − −  (4) 

 
where β is the maximum site number per unit surface. If the kinetic rate constants ki are assumed to follow the Tafel 

law: ki = kio e
-biE (i=1,2,3), the faradaic current is: 

 

 ( )(1 ) (0)(1 )1 2 3I F k k k cF θ θ θ= − − + + −
 

(5) 

 

where c(x) is the concentration of Fe
3+

 in the solution, which obeys the Fick equation: 
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∂ ∂=
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 (6) 

 
with the boundary conditions: 
 

 c(x = δ δ N) = ∞c  and (0)(1 )3
c

D k c
x

θ∂ = −
∂

 at x = 0 (7) 

 
where δ N  is the thickness of the Nernst diffusion layer. In steady-state conditions the surface coverage is: 
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For small perturbations of the potential, ∆E, the interface response, ∆θ , is such that: 

 

 1 2

G E

j k k
θ

ωβ
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+ +
 

with: ( ) 1 2
2 1
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k k
G b b

k k
= −

+
 (9) 

 
while the concentration change, ∆c, is given by Eq. (6) in the frequency domain: 
 

 

2
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 (10) 

 
with the boundary conditions:  
 
 δ c(x = δN) = 0 (11a) 

 
and 
 

 (0)(1 ) (1 ) (0) (0)3 3 3 3
0

c
D b k c E k c k c

x x
θ θ θ∂∆ = − − ∆ + − ∆ − ∆

∂ =
  (11b) 

 
Hence, the faradaic current perturbation is: 

 

 ( )1 (0) (1 ) (0)1 2 3 3I R E F k k k c Fk cF t θ θ−∆ = ∆ + − + ∆ − − ∆  (12) 

 
where: 



 ( )1 (1 ) (1 ) (0)1 1 2 2 3 3R F b k b k b k ct θ θ θ− = − + + −  (13) 

Finally, the faradaic impedance can be written, with 
j

b
D

ω= : 
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and the total impedance, Z, of the interface was obtained by taking into account the electrolyte resistance, Re, and the 

double layer capacity, Cdl: 

 

 
1

ZFZ Re j C Zdl Fω
= +

+
 (15) 

 
Equation (15) is the general expression of the faradaic impedance when considering two parallel and simultaneous 

reactions of hydrogen and ferricyanide reduction. It can be checked that this model points out the existence of low-
frequency loops associated to the relaxation of θ.  
 
 
Table 1 – Parameters used for simulating the impedance diagrams in Fig. (1). The symbol sse stands for saturated sulfate 

electrode. 
 

Parameters Jp – 7.5 mA cm
-2

 Jp – 25.5 mA cm
-2

 

E (Vsse) - 0.185 - 0.240 

k01 (mol cm
-2

 s
-1

) 5.5 × 10
-11

 5.5 × 10
-11

 

k02 (mol cm
-2

 s
-1

) 8 × 10
-8

 8 × 10
-8

 

k03 (mol cm
-2

 s
-1

) 0.2 0.2 

b1 (V
-1

) 33.5 33.5 

b2 (V
-1

) 3.5 3.5 

b3 (V
-1

) 2.5 2.5 

C
∞

 (mol cm
-3

)
 

1 × 10
-4

 1 × 10
-4

 

β (mol cm
-2

) 6 × 10
-9

 6 × 10
-9

 

θ (calculated from Eq. 8) 0.162 0.479 

δN (cm) 200 × 10-4 200 x 10-4 

D (cm
2

 s
-1

) 100 × 10-6 200 × 10-6 

C(0) (mol cm
-3

) 1 × 10
-6

 0.5 × 10
-6

 

Cdl (µF) 30 80 

Re (Ohm. cm
2

) 0.92 0.92 

 
 
 



3. Comparison with Experimental Results 
 

The existence of low-frequency loops occur, except when b1 = b2 (G = 0) or when k1 → ∞  

(θ = 1) or k2 → ∞ (θ = 0). In the literature, these loops have been detected only in the absence of bubble evolution (low 

current-density (Ekdunge et all, 1991), or electrode rotation speed higher than 3600 rpm (Assunção et all. 1997). In the 
presence of bubbles, they have been obtained in this work in particular experimental conditions, depending on 
electrolyte stirring due to bubble evolution and electrode rotation. Simulation of Eq. (15) with the kinetic parameters 
given in Tab. 1 gives impedance diagrams with low-frequency loops show in Fig. 1. It should be noticed that these 
curves have been simulated by introducing arbitrary values of the ferricyanide concentration c(0) at the interface, 
because this quantity strongly depends on bubble evolution, giving values different from that derived from the diffusion 
boundary condition (Eq. (7). It is also expected that the diffusion coefficient D would be locally increased by electrolyte 
stirring due to bubble evolution, which enhanced mass transport. Hence, the parameters obtained from simulations must 
be considered as being averaged apparent values of diffusion coefficient, D, and diffusion layer thickness, δN, that 

simulate the effect of bubble evolution on ferricyanide mass transport. In this sense, the D values in Tab. (1), 
approximately 10 to 20 times higher than the usual value in bubble-free electrolyte, were considered, in this preliminary 
approach, to be reasonable values concerning forced and bubble-induced convections.  

A direct comparison of experimental and simulated impedances is presented in Fig. (1) with, as an example, the 
Nyquist diagram corresponding to the experimental curve and the corresponding simulated curve confirming the good 
agreement in the whole frequency range. The model proposed above was able to simulate experimental results when 
considering that the ferricyanide reduction takes place at actives sites not blocked by adsorbed hydrogen. It seems then 
that the ferricyanide species act as a tracer to indirectly reveal the relaxation of Hads that is hardly found in standard 

impedance measurements.  
Due to uncertainties of actual values of some parameters deemed necessary to study how they affect the impedance 

in the experimental frequency range in order to have reliable values; this procedure, provided by sensitivity analysis, 
adds insight into the behavior of kinetic model.  
 

 

0 2 4 6 8 10 12
-4

-2

0

2

4

6

8

-240mVsse

-188mVsse

-I
m

(Z
) 

/ Ω
.c

m
 2

Re(Z) / Ω.cm 2

 
Figure 1. Experimental and modeled impedance. E = -185 mVsse and –240 mVsse. 
 
4. Sensitivity Analysis 
 

An important requirement in parameter estimation is that the sensitivity coefficients should not be of small 
magnitude, and when two or more parameters are estimated simultaneously, their sensitivity coefficients must be 
linearly independent over the experimental time or frequency domain (Beck et alii, 1985; Bieniasz and Speiser, 1998). 
Similar shapes (time or frequency dependence) of sensitivity coefficients for two or more different parameters indicate 
that their effects on the model response are similar, being, therefore, impossible to tell them apart. Larger sensitivity 
coefficients are related to better chances of obtaining good estimates. In the present work, we analyze the scaled 
sensitivity coefficients, which are defined as 

 

( ) ( )C tbX ts s
s

β
β

∂
=

∂
 , s= 1, 2, ..., Np (16) 

 



where sβ  are the parameters used in the present sensitivity analyses and may be one of these thirteen parameters: 

{ }1 2 3 01 02 03, , , , , , , , (0), , , ,dl N eE b b b K K K C C D Rβ λ . As it can be observed in Eq. (17), the scaled sensitivity 

coefficients have all the same units of Ohm.cm2 for modulus and degree for phase angle, and a direct comparison is 
therefore possible. The sensitivity coefficients were calculated using a numerical approximation 
 

 

( ) ( ) ( ), , , , , , , , , ,1 2 1 2

2

C CC t b s s Np b s s Npb

s s

β β β β β β β β β β

β β

+ ∆ − − ∆∂
=

∂ ∆
, s= 1, 2, ..., Np (17) 

 
In order to calculate the normalized sensitivity coefficients, approximate values of sβ  are needed, as depicted in 

Tab. (1). We have calculated the sensitivity coefficients considering measured parameters that agree with experimental 
results in two electrochemical potentials, E = -185 and –240 mVsse (see Fig. (1)). 
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Figure 2. Sensitivity analyses for diagram. E = –185mVsse. 
 

Figure (2) displays the scaled sensitivity coefficients at E= -185 mVsse. Our attention is consequently directed to E 
and b1 due to their strong effect on the result. The parallelism observed in the curve possibly indicates some linear 
dependence between both. The analysis presented in Fig. 2 reveals the strong effect of potential and b1 on impedance 
modulus for the potential of –185mVsse. Besides the fact that these two parameters have the most relevant sensitivity in 
the whole frequency range, around 10Hz their effect reaches the maximum. b1 is the parameter related to reaction of 
adsorbed hydrogen production from water and plays a fundamental role in the alkaline medium without mass control. 
The coupling between E and b1 shows an apparent dependence for all frequencies. However, by calculating the 
difference of sensitivity between them, it is possible to assure a linear independence at least in the range from 5 Hz to 
1KHz, as depicted in Fig. (3). This simple calculus consists of subtracting the sensitivity of E from b1, for each 
frequency. Therefore, by employing this result and the model (Eq.(15)) we can determine the frequency range where the 
biggest sensitivity occurs and the experimental test should be carried out, if possible. These analyses can be extended 
for each parameter in respect to the others. K01 is the third most important parameter. Electrochemically this result is 
expected, since the majority of cathodic current in this case passes through hydrogen evolution, in spite of the parallel 
and simultaneous redox Fe3+/Fe2+ reaction. This redox reaction has small impact on the impedance modulus, as shown 
by its small sensitivity of b3 and K03. This is also in good agreement with the electrochemical model, since the redox 
reaction is supposed not to take place at reactive sites blocked by adsorbed hydrogen. The negative values of sensitivity 
indicate a trend in decreasing the modulus of impedance. The vice-versa is also true. 
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Figure 3. Dependence between E and b1. E = -185 mVsse. 

 
The influence of small potential steps in modifying the diagram is shown in Fig. (4). In this case the small 

difference of only 3mV produces a different Nyquist diagram. Usually the present sensitivity affects negatively the 
modulus, thus the increasing absolute value in potential has an effect of decreasing the modulus. Indeed, this is 
observed in simulation showed in Fig. (4). In experimental impedance testing is usual to employ a perturbation signal 
with amplitude around 10mV. For systems with high sensitivity in respect to potential, there should be expected some 
difference mainly in low frequency domain. The difference between experimental and simulated Nyquist diagrams in 
low frequency presented in Fig. (1) is probably due to this influence. 
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Figure 4. Strong effect of potential on Nyquist diagram. E = -185 and –188 mVsse. 
 

In Fig. (5) the sensitivity coefficients for { }, (0), , ,dl NC C Dβ λ parameters is shown. It is observed that they have 

minor magnitude. However, this behavior does not imply that they are unimportant. A useful result can occur if some of 
them present difficulties to be experimentally obtained. In the present case we can mention D, C(0) and δn, where a 
direct relationship with the electrochemical process is coupled with cumbersome mass transport phenomena. Therefore, 
for these parameters, approximated values do not jeopardize the simulation quality, and additional efforts to obtain 
accurate values are not advisable. This result corroborates the approximated D values assumed before. 
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Figure 5. Sensitivity analysis for modulus diagram. E = –185mVsse. 
 

Some parameters have positive effects on the modulus, such as Re and β. Cdl reaches the highest effect around 
1 KHz as should be expected for double layer capacity, which affects the impedance behavior in high frequency.  
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Figure 6. Sensitivity analysis for phase angle. E = –185mVsse. 
 

An impedance diagram is usually presented in Bode (modulus and phase angle) or Nyquist (real and imaginary 
components). Although they have the same amount of information, some authors strongly recommend the Bode plots 
(Mansfeld, 1988) because all points are displayed equally. Therefore, the analysis has to take into account the angle 
sensitivity. Fig. (6) shows how the parameters affect the angle. A similar influence of E and b1 is found when 
considering the parameters { }1 2 3 01 02 03, , , , , ,E b b b K K K . The { }, (0), , ,dl NC C Dβ λ parameters affect in an almost totally 

linear independent manner the phase angle, despite the fact of their minor magnitude as a whole. Re and Cdl are far 
more responsible for the closing of the Nyquist plot near 10KHz, where the diagram is completely reduced to Re. 

For the potential of –240mVsse the strong effect of b1 and E is still quite relevant. However, b2 and k02 have a 
strong influence than the one at –185mVsse owing to the higher adsorbed hydrogen coverage. Indeed, reaction (2) acts 
by liberating blocked sites that can further react by reactions (1) or (3), which subsequently affect the overall impedance 
modulus. Besides, K02 and b2 parameters are linearly dependent for all frequencies. 
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Figure 7. Sensitivity analysis for phase plot. E = –185mVsse. 
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Figure 8. Sensitivity analysis for modulus diagram. E = –240mVsse. 
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Figure 9. Sensitivity analysis. E = –240mVsse. 
 

The parameters 1 2 3 01 02 03{ , , , , , , , }nb b b k k k δ β are constant in both potentials. Otherwise, their sensitivities are 

different for each potential and frequency range. As an example, the effect of C(0) is relevant from 1Hz to 1KHz at –
185 mVsse, as depicted in fig. 5. On the other hand, for –240mVsse its sensitivity vanishes or has a small positive 



signal in the same region, as shown in fig.9. So, the experiment and simulation with interest in this parameter is more 
sensitivity to be carried out at –185mVsse than 240mVsse. 

The inverse problem, not performed here, consists in finding more reliable values for a given experimental 
impedance diagram and mathematical formulation. This procedure is always advisable for multiparameter models, 
typical of complex physical systems. 
 
5. Conclusions 
 

The use of sensitivity analysis methods in the modeling of electrochemical impedance provides additional 
information about the dependence of parameters during the frequency sweep. This approach proved useful especially in 
this electrochemical system, not extensively studied by impedance, due to the drift and noise caused by the bubbles. The 
analyses showed the strong effect of potential and Tafel coefficients that almost control the overall kinetic process even 
in the presence of a rotating electrode. 
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