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Abstract 

Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CV) 

techniques have been used to study passive layers anodically grown on steel rebars in an 

aqueous alkaline solution simulating the electrolyte of the concrete pores. Nyquist 

diagrams recorded by EIS at the different stabilization potentials show a diffusional tail 

at low frequencies. The analysis of the impedance measurements has been made by 

means of an equivalent circuit with a Warburg component and within the framework of 

the Point Defect Model (PDM) theory. It is observed that the calculated concentration 

of vacancies is a function of the potential in accordance with the theoretical prediction 

of the PDM. 
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 1. Introduction. 

 Steel rebars embedded in concrete are readily passivated due to the high alkaline 

pH of the aqueous electrolyte inside of the concrete pores. This passivation process 

allows the increase of the durability of concrete structures. Thus, the study of the steel 

passive state in alkaline media becomes important. Although several studies of steel 

passivity in alkaline media have been carried out [1–5], the knowledge about how is the 

growth of this passive layer is still uncertain. Several electrochemical techniques are 

employed to determine the corrosion processes of reinforcements embedded in concrete 

[2-3, 6-8]. Among them, Electrochemical Impedance Spectroscopy (EIS) and Cyclic 

Voltammetry (CV) are widely used in order to study the mechanism of passivation. 

Equivalent Electric Circuits, which simulate the electrical response of the system to an 

AC signal, are often employed to analyse the impedance measurements [9-11]. 

 Mott-Schottcky analysis has been extensively employed to characterize passive 

oxide films on metals, since passive layers formed under certain experimental 

conditions on transition metals show semiconductor behaviour [11-14]. However, a 

controversy about the valid conditions for the application of Mott-Schottcky theory 

exists [15,16]. When this theory has been applicable, the passive film on Fe shows an n-

type semiconductor behaviour [4,5]. 

 On the other hand, the Point Defect Model (PDM) provides a microscopic and a 

mechanistic description for the passive film growth on metal surfaces. The PDM 

informs of the interpretation of the growth mechanism of passive layers on metal 

surfaces and also gives a description of the breakdown and dissolution mechanism of 

these layers [17-20]. PDM has been remarkably successful in accounting for the growth 

of passive films in different systems including nickel [21], titanium [22] or zinc [23].  
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 Passive oxide films have been described to have a bilayer structure consisting of 

an inner layer, named “barrier layer”, that grows directly on the metal surface, and an 

outer layer precipitated via the hydrolysis of cations ejected from the inner layer 

[19,24,25]. According to the Point Defect Model (PDM) the barrier layer is described as 

a highly doped but graded defect semiconductor structure, in which vacancies are 

assumed to act as the electronic dopants [18,19,24]. A truncated version of the PDM, 

without considering the reactions for the generation and annihilation of cation 

vacancies, could be described by equations (1) to (5) [19,24,26]: 
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where the symbols are defined as follows: m (metal atom), Miχ
+ (metal cation 

interstitial), OO (oxygen anion in anion site), Mδ+ (aq) (metal cation in solution), VO
·· 

(anion vacancy), vm (vacancy in metal phase). 

 

During film growth, metal cation interstitials are produced at the metal/film 

interface, but are consumed at the film/solution interface. Likewise, anion vacancies are 

formed at the metal/film interface, but are consumed at the film/solution interface. Thus, 

under anodic polarization a net flow of oxygen vacancies from the metal/barrier layer 

interface to the barrier layer/outer layer interface and a net flow of metal cation 

interstitials in the reverse direction exist. 
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A spinel oxide (Fe2O3, Fe3O4 or related structure) has been reported [27,28] for 

passive films on Fe. An n-type semiconducting behaviour has been generally accepted 

for the passive film formed on Fe [29] and, according to the PDM, the dopants of this 

type of passive layers could be oxygen vacancies or cation interstitials [20]. Likewise, 

cation vacancies dope the film p-type [20]. 

 The global effect of the movement of anion vacancies across the film leads to 

film growth according to the overall process defined by equation 6 [18,19]: 

( ) ( )[ ] −+ +++→+ eHOMOHm OM 2222 2 χχ      (6) 

 When the rate of the two non-conservative processes defined by equation (5) and 

equation (6) are equal [18,19] a steady-state is established.  

The PDM theory takes into account the migration of point defects (vacancies) under the 

influence of the electrostatic field in the film, and also, the influence of concentration 

gradients within the passive film [18,19]. 

 The aim of this work is to study the applicability of the PDM theory to the 

analysis of the electrochemical impedance for passive layers anodically growth on a 

steel rebar immersed in an alkaline solution simulating the concrete pores content. A 

truncated version of the PDM, defined by equations (1)-(5), has been considered in this 

work, without taking into account the processes related with the generation and 

annihilation of metal vacancies which dope the film p-type. 

To consider the transport of vacancies within the potentiostatically 

electrogenerated passive layers different anodic stabilization potentials from the open 

circuit potential, an equivalent electric circuit containing a Warburg component has 

been considered to analyse the impedance diagrams. Since the thickness of the passive 

layer is finite, the transport impedance would be represented by a transmission line 

model [22], but, for high values of the time constant associated with the transport 
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process (large thickness of the layer or small diffusion coefficients), a Warburg element 

should be a good approximation for relatively high frequencies. 

 2. Experimental. 

 All the experiments have been carried out in a typical three electrodes 

electrochemical cell in a saturated Ca(OH)2 solution with the addition of 0.2 M KOH 

(pH = 13.2) which simulate the concrete pores aqueous content. The reference electrode 

was an Ag|AgCl|KCl (sat.) electrode but all the potentials in this work have been 

referred with respect to the Saturated Calomel Electrode (SCE). A rod of graphite 

(Φ=5mm) was used as counter electrode. The working electrodes were made from a 

steel rebar (Φ=6mm) covered with a cataphoretic paint and embedded in epoxy resin. A 

photograph of the working electrode has been included in figure 1. The geometric area 

was A = 0.28 cm2. Before each experiment the steel surface was polished with emery 

paper, degreased and washed with double deionised water, to ensure the same 

superficial state before each measurement. The three electrodes were placed into a 

polyethylene cell, suitable for this high alkaline pH. 

<Figure 1> 

 For impedance measurements the potential was controlled with a potentiostat–

galvanostat 273A EG&G PAR and the impedance spectra were recorded with the help 

of a lock-in amplifier 5210 EG&G PAR. Impedance measurements were taken at 

different potentials (included in table 1) in the anodic direction from the corrosion 

potential since the anodic potentials enhance the rebar passivation. A stationary stage of 

layer growth was considered, applying a stabilization potential for 60 minutes before 

each impedance plot was obtained at this stabilization potential. All tests have been 

performed without stirring the electrolyte. The impedance measurements were carried 

out in the frequency range [105 to 10-2] Hz and the amplitude of the harmonic potential 
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perturbation was 10 mV r.m.s. All the measurements were carried out at constant and 

controlled temperature T = 298 K under aerated conditions. All the impedance 

measurements have been performed under the same conditions. The fitting of 

experimental impedance data to the proposed equivalent circuit was carried out by 

means of a non-linear least squares procedure based on the Marquardt algorithm for 

function optimization [30,31].  

 Cyclic voltammetry measurement was obtained without stirring the working 

electrode, at constant and controlled temperature (T = 298 K), in the [-0.95 to 0.75] 

VSCE potential window. Moreover, the initial potential Ei = -0.95 VSCE was applied for 

180 s before recording the voltammetric curve. Both in the anodic and in the cathodic 

scans the sweep rate was 0.5 mV/s. 

 3. Results and discussion. 

The cyclic voltammetric curve for the steel rebar, obtained after the complete 

cycle is finished, has been represented in figure 2. 

<Figure 2> 

 Although an increase of the anodic current density values in the potential range 

[-0.6, -0.35] VSCE of the anodic scan has been observed, no clear anodic peaks have 

been distinguished. Previous studies in similar conditions [3] have identify in this 

potential range different oxidation peaks. However, the more relevant for present work 

is the passive observed in the potential range [-0.35 to 0.35] VSCE, in agreement with 

previous research [3]. Within this plateau, a constant residual current density, that 

defines the steady state current density, is measured, iss ≈ 5.5·10-6 A/cm2. 

 In figure 3, several electrochemical impedance spectra, recorded at the different 

stabilization potentials located on the anodic branch in the passive potential range [-0.35 

to 0.35] VSCE of the voltammetric curve (figure 2), are given.  
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<Figure 3> 

 An increase of the impedance values at low frequencies with the more anodic 

stabilization potential is observed. The shape of the recorded impedance spectra is 

consistent with those found in the literature under similar experimental conditions of 

stabilization time of the applied potential [4,5]. 

 The compliance of the system with the constraints of the Linear Systems Theory 

(LST) has been confirmed by Kramers-Kronig transformation. Thus, the steady-state of 

the system during impedance measurements is assured [32,33].The application of 

Kramers-Kronig transformation to the measured impedance spectra shows a good 

agreement between experimental and transformed real and imaginary components of the 

electrode impedance (figure 4), confirming the compliance of the system with the 

Linear Systems Theory. Therefore, the steady state of the system during the impedance 

measurements is assured.  

<Figure 4> 

 A hierarchically distributed equivalent circuit, reproduced in figure 5a, has been 

reported [4,10] to model the behaviour of steel in alkaline media. 

<Figure 5> 

 The values of the fitting for the passive elements of the considered equivalent 

circuit (figure 5a) are listed in table 1 as a function of the stabilization potential. 

<Table 1> 

 No appreciable changes in the charge transfer resistance defined by R1 are 

detected. The impedance of the CPE element is defined as ZCPE = 1/C(jω)α and the 

interpretation of this element depends on α value [33]. The obtained values for the 

exponent α2 are close to 0.5 at all the stabilization potentials. Consequently, the 

interpretation of the CPE2 element as a capacitance would be questionable. Contrarily, 
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the obtained α2 = 0.5 values are typical of a Warburg element which represent a 

diffusion control at low frequencies. Then, the experimental data should be fitted with 

the equivalent electric circuit of figure 5b, including a Warburg component [21]. In 

table 2 the values for the passive elements obtained from the fitting procedure to this 

equivalent circuit has been included. 

<Table 2> 

 Over the whole explored potential range [-0.35 to 0.35] VSCE, similar values with 

small variations for the charge transfer resistance defined by R1 are observed. This 

result is consistent with the absence of anodic peaks in this potential range registered by 

the voltammetric curve (figure 2) and also with the nearly constant value measured for 

iss. The observed low-intensity current plateau should be associated with the thickening 

and structural changes of the electrogenerated passive film. Thus, a quick passivation of 

the steel rebar, without current peaks seems to occur when is immersed in an alkaline 

medium and the experimental conditions used in present work. 

 Finally, α1 values close to 0.9 are observed in all cases from table 2 indicating 

that an interpretation of the CPE1 element as a capacitance should be acceptable. The 

variation of this capacitance with the potential is included in table 2. 

 When a steel rebar is immersed in the alkaline media simulating the aqueous 

content of the concrete pores, a stable passive layer, with semiconductor behaviour, is 

readily formed on the surface. The composition and protective character of this layer 

depend on the rebar potential [5,20]. 

 The capacitance associated with CPE1 element of the equivalent circuit of figure 

5b changes with the stabilization potential, as can be seen in table 2. This capacitance 

includes several contributions associated with the high frequency time constant, as are 
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the passive layer space-charge capacitance CSC, related with the charge carriers 

containing in the oxide barrier layer, and the Helmontz layer capacitance CH [4,13,20]: 

 
HSC CCC

111

1

+=       (7) 

 The values for CH can be estimated from the EIS data obtained at the potential of 

the hydrogen evolution, at which the steel surface may be considered free of oxides. A 

value of CH = 110 µF/cm2 is obtained in these conditions. Then, CSC values could be 

calculated from equation (7). The obtained values are represented in figure 6 in the form 

of Mott-Schottcky plot. 

<Figure 6> 

 From figure 6 is possible to establish a linear relationship between 1/CSC
2 and 

the applied potential in the [-0.05, 0.25] VSCE potential range. Then, the application of 

the Mott-Schottcky equation could be tempted: 
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where e (1.602·10-19 C) is the electron charge, ε0 (8.8542·10-12 F/m) is the permittivity 

of free space and εr (= 12) is the relative dielectric constant of Fe2O3 [34].  

Applying the Mott-Schottcky analysis [12-14] in this potential range, the 

effective donor concentration ND and the flat band potential Efb can be estimated. The 

donor concentration value ND = 8.1·1021 cm-3 obtained is slightly higher than that 

reported in literature [5,6,36], and the estimated value for the flat band potential Efb = -

0.11 VSCE is more cathodic than the expected one [35]. Thus, Mott-Schottky analysis 

allows to obtain approximate values from Mott-Schottcky but this results should be take 

with care, because only maintaining constant the film thickness, this analysis gives a 

valid relationship between the applied voltage and the capacitance measurements at 

high frequency [20,35]. 
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 Therefore, when the thickness of passive oxide films depend on the applied 

potential, the interpretation of the experimental data in terms of the Point Defect Model 

(PDM) [17-19] may be more appropriate than the Mott-Schottcky analysis. PDM theory 

provides a microscopic and mechanistic description of the passive layers based on the 

existence and transport of point ionic vacancies through the barrier oxide layers [19-21], 

which would explain the presence of a transport tail at low frequencies in the impedance 

spectra of figure 3, and the use of a Warburg component in the electric equivalent 

circuit considered for modelling the EIS measurements obtained in the present work. 

 The transport impedance through a layer of finite thickness δ can be defined as 

[36]: 

 
D

D

j
jth

Z
ωτ
ωτ

σδ =       (9) 

However, for relatively high frequencies, the following approximation could be 

considered [37]: 

 
D
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which defines the Warburg impedance. The frequency range for which this 

approximation is valid depends on the τD = δ2/D values, where δ represents generally 

the layer thickness and D the diffusion coefficient. For very low D values this frequency 

range is shifted towards lower values. 

 Also, the PDM considers that the film thickness at the steady state depends on 

the applied voltage by a linear dependency [19,21]. According to the PDM and the n-

semiconductor behaviour of the Fe passive layer, the predominant vacancies would be 

oxygen vacancies or metal cation interstitials [19]. The present study is not able to 

distinguish between these two possibilities and, consequently, in the following 
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mathematical treatment the global concentration of vacancies, defined by CV, has been 

considered The concentration of the diffusing vacancies CV within the film could be 

calculated from the Warburg coefficient σ, according to the equation [38]: 
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⋅
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where σ is the Warburg coefficient (Ω·cm2·s-0.5) and DV is the vacancy diffusion 

coefficient (cm2/s) and the other symbols have their usual meaning. According to 

literature data [5], a value of DV ≈ 7·10-17 cm2/s has been considered. DV value is 

probably too large, compared with that for a single crystal, since the barrier layer on 

iron comprises nano, columnar grains and hence has a large fraction of grain 

boundaries. 

The donor concentration, ND, could be estimated from the concentration of 

diffusing species multiplying by the Avogadro number (NA = 6.02·1023 particles/cm3) 

according to: 

  VAD CNN ⋅=        (12) 

 The donor concentration ND values, obtained as a function of the stabilization 

potential, have been represented in figure 7. 

<Figure 7> 

 A continuous decrease in the vacancy concentration values with the increase of 

the applied potential has been observed. This fact can be related with a more protective 

character of the electrogenerated oxide layer at more anodic potentials. From figure 7 

that a linear relationship between ND and the stabilization potential in the [-0.35 to 0.25] 

VSCE potential range can be deduced. It is interesting to observe that a theoretical 

prediction of the PDM implies that the following expression holds according to [20]: 

 21 )exp( ωω +−= bEN D      (13) 
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where ω1, ω2 and b are parameters related with the transport and electrical properties of 

the passive layer, and E represents the applied potential. For small values of (-b·E), the 

exponential could be approximated to a linear dependence and the following 

approximation is valid: 

 21 )·1( ωω +−= EbN D      (14) 

 Under these conditions, a linear dependence for the vacancy concentration on 

the applied potential could be expected according to equation (14) and experimental 

results of present work are consistent with this hypothesis (figure 7). 

 Finally, according to the PDM, the steady-state current density value in the Fe 

passive state is nearly independent of potential [19]. In addition, R1·iss has also a 

constant value. Then, R1 values must be potential independent in this case as is 

experimentally observed (Table 2) in the [-0.35. 0.25] VSCE potential range of the 

applied potential. 

 5. Conclusion. 

 The long term application (60 minutes) of an anodic stabilization potential 

causes the electric appearance of a low frequencies transport component in the recorded 

impedance spectra. Consequently, a Warburg element is included in the electric 

equivalent circuit used in the analysis procedure within the framework of the PDM 

theory. Our experimental results show a linear decrease of the donor concentration 

when the potential increases in good agreement with the theoretical consequences of the 

PDM. Moreover, a nearly potential independent charge transfer resistance is calculated 

which is consistent with the n-type semiconductor character of the passive layers on Fe 

since the oxygen vacancies are the predominant point defects in these experimental 

conditions. Consequently, PDM theory seems valid in order to interpret the EIS spectra 
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corresponding to the passive state of a steel rebar immersed in an alkaline medium 

simulating the concrete pores. 
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Figure 1. Working electrode photograph. The exposed area was the transversal section 

of the rebar. The bottom part was employed for connecting the electrode. 

 

Figure 2. Cyclic voltammetric curve for a steel rebar immersed in alkaline media 

simulating the pores concrete (saturated Ca(OH)2, 0.2 M KOH solution (pH = 13.2)). 

Sweep rate: 0.5 mV/s. [-0.95,0.75] VSCE. T = 298 K. 

 

Figure 3. Nyquist plots obtained at the different stabilization potentials indicated in the 

figure. Same experimental conditions than in figure 2. pH = 13.2. T = 298 K. 

 

Figure 4. Kramers-Kronig transformation of the impedance diagram obtain after one 

hour of stabilization of the rebar at -0.35 VSCE.  

 

Figure 5a. Equivalent electric circuit with two hierarchically distributed time constants. 

R0
 is the electrolyte resistance. R1 is associated with the charge transfer resistance and 

C1 is assigned to the double layer capacitance. The second time constant R2C2 is related 

with the redox processes taking place in the passive layer. α1 and α2 model the Cole-

Cole type dispersion of the time constants. ZCPE = 1/C(jω)α. Figure 5b. Equivalent 

electric circuit considered for modelling the passive layer formed on the steel surface by 

stabilization at different potentials. The second CPE has been replaced by a Warburg 

element. 

 

Figure 6. Mott-Schottky plotts from CSC calculated values by fitting to the equivalent 

circuit of figure 5b. 
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Figure 7. Evolution of vacancy concentration ND with the stabilization potential for the 

passive layer grown over a steel rebar surface immersed in alkaline medium. pH = 13.2. 

T = 298K. 

 

Table 1. Passive element values for the equivalent circuit of figure 5a obtained from the 

fitting procedure. Same experimental conditions than in figure 2.  

 

Table 2. Passive element values for the equivalent circuit of figure 5b obtained from the 

fitting procedure. Same experimental conditions than in figure 2.  
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