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Abstract 

Constant-phase elements (CPE) are used extensively in equivalent electrical circuits for fitting 

of experimental impedance data. The CPE behavior is generally attributed to distributed 

surface reactivity, surface inhomogeneity, roughness or fractal geometry, electrode porosity, 

and to current and potential distributions associated with electrode geometry. In this work, 

different electrochemical systems showing the CPE dependence in the high-frequency range 

for the overall impedance were considered. Local electrochemical impedance spectroscopy 

was found to provide a good means for assessing the influence of local variations on the CPE 

behavior seen in global impedance measurements. A separation between 2D and 3D 

distributions could be easily observed. In the case of a 2D distribution (AZ91 Mg alloy), the 

origin of the CPE behavior was the distribution of high-frequency resistance associated with 

the geometry of the disk electrode; whereas, the capacitance was independent of position. In 

the case of the aluminium electrode, the CPE behavior could be attributed to a combination of 

3D and 2D distributions. Geometric distributions can play a significant role in the impedance 

response of electrochemical systems, and these distributions can lead to CPE behavior.  
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1. Introduction 

The impedance results for a solid electrode/electrolyte interface often reveal a 

frequency dispersion that cannot be described by simple elements such as resistances, 

capacitances, inductances or convective diffusion (e.g., Warburg) impedance. The frequency 

dispersion is generally attributed to a “capacitance dispersion” expressed in terms of a 

constant-phase element (CPE).  

Since the first paper devoted to the CPE [1], the time constant dispersion was attributed to a 

dispersion of the capacity or to a change of the capacity with frequency. Cole and Cole [2] 

studied dispersion and absorption in dielectrics, and, obviously, the capacitance was the 

parameter under investigation. The major part of subsequent theoretical work devoted to this 

phenomenon considers the CPE to be associated with a distribution of the capacitance, and, in 

consequence, the model electrode for the corresponding experimental analysis was an ideally 

polarizable electrode.  

In the literature different equations were proposed. In the following equations, j is the 

imaginary number ( ) and ω is the angular frequency (ω = 2πf, f being the 

frequency).  

Lasia [3] gives the impedance of the CPE as: 

 

 
(1) 

where T is a constant in F cm−2 s −1 and is related to the angle of rotation of a purely 
capacitive line on the complex plane plots.  



Brug et al. [4] proposed: 

 

 
(2) 

where Q is a constant (with dimensions Ω cm2 s−(1−α)) and 1 − α has the same meaning as in 
Eq. (1).  

Zoltowski [5] proposed two definitions, i.e., 
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and 
 

 
(4) 

The definition according to Eq. (3) was recommended in Ref. [5] because Qa is directly 
proportional to the active area. The dimensions of Qa and Qb are Ω−1 m−2 sα or (Ω m2)−1/α sα, 
respectively.  

A combination of these expressions can be also found. Depending on the formula used, the 

CPE parameter is Q, 1/Q, or Qα and, for capacitive dispersions, the CPE exponent is α or 

(1 − α) with α close to 1 or close to zero, respectively. The CPE has been considered to 

represent a circuit parameter with limiting behavior as a capacitor for α = 1, a resistor for 

α = 0, and an inductor for α = −1 [5] and [6]. In this case, the CPE becomes an extremely 

flexible fitting parameter, but its meaning in terms of a distribution of time constants is lost. 

The different expressions given for the CPE underline that the physical meaning of this 

element is not clear.  

Different origins of the capacitance distribution have been discussed on the literature and are 

briefly presented below:  

Surface roughness and heterogeneities: Rough electrodes have been modeled by surfaces of 

fractal geometry with possesses dilatational symmetry; this class of theory yields CPE 

behavior with a fractional exponent depending on the fractal dimension [7] and [8]. A more 

recent experimental study of Kerner and Pajkossy [9] showed that capacitance dispersion on 

solid electrodes was due to surface disorder (i.e. heterogeneities on the atomic scale) rather 

than roughness (i.e. geometric irregularities much larger than those on the atomic scale). Kim 



et al. [10] also showed that the contribution of surface inhomogeneity can be much higher 

than the contribution of the surface irregularity to the capacitance dispersion.  

Electrode porosity: The impedance of porous electrode in the absence of concentration 

gradient was described by de Levie [11] who treated pores as being ideal cylinders. Lasia [3] 

and [12] replaced the double layer capacitance on pore wall with a CPE. For finite pore 

length, mass transfer and the pore geometry might lead to different impedance curves. In this 

latter case, Hitz and Lasia [13] proposed equivalent circuits with one or two CPE elements. 

As mentioned by these authors [13], a model with a single pore dimension is too crude. A 

model taking into account the effect of the pore distribution was recently published [14].  

Variation of coating composition: Recently Schiller and Strunz [15] have shown that the 

dielectric relaxation in barrier coatings changes with the distance to the metal substrate due to 

inhomogeneities of the layer properties, leading to CPE behavior.  

Slow adsorption reactions: In a study of anion adsorption (Br−) on gold electrodes, Pajkossy 

et al. [16] have shown that the capacitance dispersion observed in the presence of specific 

adsorption can be assigned either to a slow diffusion or adsorption process or to 

transformations within the adlayer or the substrate surface.  

Non-uniform potential and current distribution: It is well known that non-uniform current and 

potential distributions are associated with the geometry of a disk electrode [17]. The non-

uniform potential distribution leads to a distributed and frequency-dependent Ohmic 

resistance [18] and [19], which has been modeled for disk geometries under the assumption 

that the kinetic resistance is uniform [20] and [21]. The resulting frequency dispersion leads to 

CPE behavior in cases where the Ohmic resistance is large with respect to the kinetic 

impedance [22]. A type of frequency dispersion is also evident in cases where mass transfer 

plays a significant role, [23] and [24] but this does not lead to the classic symmetric CPE 

behavior [24]. The influence of non-uniform current and potential distributions on apparent 

CPE behavior has not been addressed in context of local distributions of resistance and 

capacitance.  

It is evident that the origin of CPE behavior must be a distribution of time constants, but the 

varied explanations discussed above suggest that two kinds of distributions can be 

distinguished. A two-dimensional (2D) distribution results from current and/or potential 



distributions along the electrode surface or from slow kinetics for adsorption of charged 

species. A three-dimensional (3D) distribution results from effects in the dimension normal to 

the electrode surface such as surface roughness, electrode porosity and varying coating 

composition.  

For both 2D and 3D distributions, the overall electrode impedance results from an integration 

of local impedances along the electrode surface. This overall electrode impedance can be 

represented as being the result of the parallel combination of local impedances Z(ω) expressed 

by the ladder network given in Fig. 1(a).  

Fig. 1. Electrical circuit representations of a distribution of local impedance: (a) ladder 

network; (b) single element.  

 

 

In the case of a 2D distribution, the local Z(ω) does not contain a CPE element. In the case of 

a 3D distribution, all the Z(ω) shown in the ladder network (Fig. 1(a)) are identical and 

present CPE behavior. The impedance of the 3D surface can therefore be described in terms 

of the effective circuit given as Fig. 1(b) in which Z(ω) contains a CPE element.  

It should be possible to distinguish between 2D and 3D distributions by use of local 

electrochemical impedance spectroscopy (LEIS) measurements. In the case of a 2D 

distribution, if localized electrochemical impedance measurements sample a sufficiently small 

surface area, it should be possible to measure a single element (Fig. 1(b)) that does not have 

CPE behavior. Such 2D distributions were evident in recent experimental results for which 



the global impedance presented CPE behavior; whereas, the local impedance diagrams did not 

present this behavior [25] and [26]. In the case of a 3D distribution, the local element will 

reveal CPE behavior with the same exponent as seen in the overall impedance measurement.  

In this study, conventional and localized electrochemical measurements were performed on 

two systems: AZ91 Mg alloy and pure aluminium, both in Na2SO4 electrolytes. The behavior 

of AZ91 magnesium alloy was investigated previously [26] and [27], and this system is not 

controlled by diffusion in the liquid phase. Pure aluminium was chosen because it presents 

CPE behavior in neutral medium [28].  

2.1. Samples 

The composition of the as-cast AZ91 magnesium alloy was Al, 9.3 wt.%; Zn, 0.6 wt.%; Mn, 

0.27 wt.%; Si, 0.02 wt.%; Cu, 0.006 wt.%; Fe, 0.002 wt.% and the balance was Mg. The 

microstructure of the AZ91 alloy is presented in Fig. 2. The main characteristic of this alloy is 

the presence of a eutectic constituent (lamellar structure) along the grain boundaries. The 

eutectic areas are composed of α-eutectic phase and β phase (Mg17Al12) (white-colored on the 

micrograph). The fraction of the surface area covered by the eutectic constituent was 

estimated to be about 30%. A few MgAl Zn coarse particles can also be observed. Mg

Al Mn coarse particles were also found in the AZ91 alloy. The second metal tested was 

pure aluminium provided by Strem Chemicals (purity: 99.99%).  

Fig. 2. Micrograph of the AZ91 Mg alloy obtained by scanning electron microscopy (Leo 435 

VP apparatus). 

 



The working electrodes (AZ91 Mg alloy and pure aluminium) consisted of rods of 1 cm2 

cross-sectional area embedded in an epoxy resin. Before the experiments, the surface was 

polished with SiC paper (grade 600, 1200, and 4000) and thereafter polished with alumina 

0.5 µm grade, cleaned in distilled ethanol in an ultrasonic bath and dried in warm air. Isaacs 

and Kendig [29] have shown that the ac impedance scanning technique is sensitive to surface 

preparation and that is important to minimize surface heterogeneities.  

The supporting electrolyte was a solution of Na2SO4 (reagent grade) in contact with air, 

quiescent and at ambient temperature. The concentration for the conventional impedance 

measurements was 0.1 M, and the concentration was 10−3 M for the local impedance 

measurements. The motivation for using a reduced Na2SO4 concentration for the local 

impedance experiments was that the resolution of current measurements is optimal in low 

conductivity media. The conductivity of the 10−3 M Na2SO4 was measured to be 2.5 µS cm−1. 

During the experiment, the electrode was static.  

2.2. Electrochemical measurements 

For the classical EIS measurements, a three-electrode cell was used: the working electrode of 

AZ91 alloy or pure aluminium, a saturated sulfate reference electrode (SSE) and a platinum 

auxiliary electrode. Electrochemical impedance measurements were performed using a 

Solartron 1287 electrochemical interface and a Solartron 1250 frequency response analyser in 

a frequency range of 65 kHz to several mHz with eight points per decade using 10 mV peak-

to-peak sinusoidal potential.  

Localized electrochemical impedance spectroscopy (LEIS) was carried out with a Solartron 

1275. This method used the five-electrode configuration shown in Fig. 3. More details were 

given previously in Ref. [26]. For the LEIS, the probe was set in position and the 

microelectrodes were placed directly above the electrochemical region of interest. The local 

impedance diagrams were recorded over a frequency range of 10 kHz to around 500 mHz. 

With the experimental set-up used, only the normal component of the current was measured 

and the analyzed surface is not known accurately. The surface studied was estimated to be 

about 1 mm2 by comparing the local and global capacitance values as discussed later.  

Fig. 3. Schematic representation of the LEIS apparatus.  

 



 

 

3. Results and discussion 

Global and local impedance results are presented here for the AZ91 Mg alloy and the pure 

aluminium electrodes in Na2SO4 electrolyte.  

3.1. AZ91 magnesium alloy 

The global impedance diagram obtained for the AZ91 Mg alloy is presented in Fig. 4(a). The 

diagram is characterized by two capacitive loops and one inductive loop. The attribution of 

the three time constants was discussed previously [26]. Here, only the first capacitive loop in 

the high-frequency domain will be considered. The high-frequency loop appears to result 

from both charge transfer and a film effect of MgO. The CPE behavior can be quantified by 

plotting the imaginary part of the impedance as a function of frequency in logarithmic 

coordinates (Fig. 4(b)). As the imaginary part of the impedance is independent of the 

electrolyte resistance, the slope is constant in the whole frequency range [30]. A slope of 

−0.91 was obtained, which means that the exponent α = 0.91. Thus, this plot allows the value 

of the α parameter to be obtained directly without regression of equivalent circuits. The 

electrolyte resistance is evidently much smaller than the impedance measured at low 

frequency; thus, the CPE behavior cannot be attributed to a non-uniform and frequency-

dependent Ohmic resistance.  



Fig. 4. Impedance results obtained for the AZ91 Mg alloy at the corrosion potential after 1 h 

of immersion under static conditions in a 0.1 M Na2SO4 solution: (a) complex impedance 

diagram; (b) imaginary part of the impedance as a function of frequency (logarithmic scale).  

 

 

Systematic local impedance measurements were performed along the electrode radius of the 

AZ91 Mg alloy. Impedance results obtained at the center and near the perimeter of the 

electrode are presented in Fig. 5(a). The plot of the logarithm of the imaginary part of the 

impedance versus frequency (Fig. 5(b)) shows that, in these cases, the value of α is equal to 1. 

The parameters associated with the capacitive loop (the resistance, R and the capacitance, C) 

were determined by regression of the simple equivalent circuit presented in Fig. 5(a). The 

regression results are presented in Table 1. The local capacitance is approximately 10−7 F and 

the mean capacitance measured by global impedance is 10−5 F cm−2. The comparison between 



local and global capacitance values shows that the area sampled by LEIS is about 1 mm2. 

Near the edge of the disk, the 1 mm2 area (r ≈ 560 µm) sampled by the probe included both 

the electrode and a portion of the resin around the working electrode. This point was 

confirmed by positioning the probe exactly on the edge of the electrode. From these results, 

the data (R and C) corresponding to the three last points (4000, 4500 and 5000 µm) were 

corrected by the surface using the Re value. The resulting values of C and R, normalized by 

their values at the center of the disk, are presented in Table 2. The absolute values of local 

impedance parameters are in themselves meaningless because the size of the region analyzed 

is not known precisely.  

Fig. 5. Local impedance results obtained at the center (r = 0) and on the edge (r = 3000 µm) 

of the AZ91 electrode at the corrosion potential after 1 h of immersion under static conditions 

in a 10−3 M Na2SO4 solution: (a) complex impedance diagram; (b) imaginary part of the 

impedance as a function of frequency (logarithmic scale).  

 

 



Table 1.  

Values of regression parameters obtained directly from the local impedance diagrams for the 

AZ91 electrode  

Radial distance (µm)  
 

Re × 105 (Ω)  
 

R × 105 (Ω)  
 

C × 10−8 (F)  
 
α  

 

0 0.67 3.65 10.7 1.00 

500 0.67 3.7 10.9 1.00 

1000 0.67 3.7 10.4 1.00 

1500 0.67 3.8 10.1 1.00 

2000 0.67 4.1 9.7 1.00 

2500 0.67 4.8 10.5 0.99 

3000 0.66 5.8 11.0 0.99 

3500 0.67 6.7 10.0 0.94 

4000 0.66 9.3 11.4 0.89 

4500 0.7 11.9 10.6 0.87 

5000 0.79 19.9 9.0 0.85 

Table 2.  

Values of regression parameters obtained from the local impedance diagrams for the AZ91 

electrode (see Fig. 6)  

Radial distance (µm)  
 

R/R(0)  
 

R/R(0)corrected  
 

C/C(0)  
 

C/C(0)corrected  
 
α  

 

0 1.00 1.00 1.00 1.00 1.00 

500 1.00 1.00 1.02 1.02 1.00 

1000 1.00 1.00 0.97 0.97 1.00 

1500 1.04 1.04 0.94 0.94 1.00 

2000 1.12 1.12 0.91 0.91 1.00 

2500 1.31 1.31 0.98 0.98 0.99 

3000 1.59 1.59 1.01 1.01 0.99 

3500 1.83 1.83 0.93 0.93 0.94 

4000 2.55 2.60 1.06 1.05 0.89 



Radial distance (µm)  
 

R/R(0)  
 

R/R(0)corrected  
 

C/C(0)  
 

C/C(0)corrected  
 
α  

 

4500 3.26 3.12 0.99 1.03 0.87 

5000 5.45 4.62 0.84 0.99 0.85 

Values were scaled to values at the center of the electrode. Values for r > 3500 µm were 

corrected for the influence of the insulator. 

Normalized values of R and C are presented in Fig. 6 as a function of the radial position of the 

probe. From Fig. 6, it can be seen that the capacitance is independent of radial position; 

whereas, the resistance increased significantly near the periphery of the electrode. The 

parameter α remained equal to 1 except near the edge of the electrode, where the area sampled 

included a portion of the insulating resin. In other words, if it was possible to reduce the size 

of area sampled, α would tend to one even on the edge. The CPE behavior that appears on the 

global impedance is thus explained by a 2D distribution of the resistance. The systematic 

behavior as a function of radial position shows that the microstructure of the AZ91 Mg alloy 

(Fig. 2) did not cause the CPE behavior.  

Fig. 6. Values of regression parameters R (■) and C (●) for the AZ91 electrode, normalized 

by their values at the center, as a function of the electrode radius.  

 



3.2. Pure aluminium 

For the second system investigated, pure aluminium, the same experiments were performed. 

The conventional impedance diagram obtained at the corrosion potential after 24 h of 

immersion is presented in Fig. 7(a). As seen in Fig. 7(b), the diagram clearly shows CPE 

behavior with a value of α equal to 0.77. The Q value can be estimated to 

17 × 10−6 F cm−2 s−0.23. This value is characteristic of the thin oxide layer formed on pure 

aluminium. The local impedance measurements, presented in Fig. 8(a) as a function of radial 

position, also revealed CPE behavior as seen in Fig. 8(b). The parameter α is roughly uniform 

with a value of 0.81 as compared to 0.77 for the global impedance. The local Q value was 

calculated and was 16 × 10−6 F cm−2 s−0.23. For this system, the area sampled by LEIS is again 

about 1 mm2.  

Fig. 7. Impedance results obtained for pure aluminium at the corrosion potential after 24 h of 

immersion under static conditions in a 0.1 M Na2SO4 solution: (a) complex impedance 

diagram; (b) imaginary part of the impedance as a function of frequency (logarithmic scale).  

 

 



 

Fig. 8. Local impedance results obtained at the center (r = 0) and on the edge (r = 3500 µm) 

of the aluminium electrode at the corrosion potential after 24 h of immersion under static 

conditions in a 10−3 M Na2SO4 solution: (a) complex impedance diagram; (b) imaginary part 

of the impedance as a function of frequency (logarithmic scale).  

 

 

The local impedance diagrams were analyzed by using the equivalent circuit, given in Fig. 

8(a), in which the local impedance Z(ω) is a resistance in parallel with a CPE. Resulting 

values of R and Q, normalized by their values at the center, are presented as a function of 

radial position in Fig. 9. In contrast to Fig. 6, both R and Q are functions of radial position. 

The systematic behavior with radial position indicates that the variation of R and Q cannot be 

attributed to local microstructural features and is more likely associated with the current and 

potential distribution seen on disk electrodes. The radial distribution of R and Q observed with 

α = 0.81 can help explain the smaller value of α (α = 0.77) obtained with the global 

impedance. The observed distribution of R and Q indicates that there is a radial distribution of 



impedance. The global impedance therefore results from a 2D distribution of local 

impedances, each having an inherently 3D character. Thus, the CPE behavior that appears on 

the global impedance is explained by a 3D rather than a 2D distribution. This behavior could 

be attributed to the 3D heterogeneity reported for aluminium oxide [13].  

Fig. 9. Values of regression parameters R (■) and Q (●) for the aluminium electrode, 

normalized by their values at the center, as a function of the electrode radius.  

 

 

4. Conclusions 

The various origins of CPE behavior described in the literature can be classified into 2D or 

3D distributions of time constants. Previous investigations of CPE behavior used ideally 

polarized electrodes, and, consequently, the CPE was attributed to capacitance dispersion.  

In the present work, it was possible to study the local and global impedance of non-ideally 

polarized electrodes. Local electrochemical impedance spectroscopy was found to provide a 

good means for assessing the influence of local variations on the CPE behavior seen in global 



impedance measurements. A separation between 2D and 3D distributions could be easily 

observed. In the case of a 2D distribution (AZ91 Mg alloy), the origin of the CPE behavior 

was the distribution of high-frequency resistance associated with the geometry of the disk 

electrode; whereas, the capacitance was independent of position. In the case of the aluminium 

electrode, the CPE behavior could be attributed to a combination of 3D and 2D distributions. 

Geometric distributions can play a significant role in the impedance response of 

electrochemical systems, and these distributions can lead to CPE behavior. Experiments are 

planned for electrodes of larger diameter to explore further the role of electrode geometry and 

attendant distributions of potential and current on CPE behavior.  
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