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ABSTRACT 

In this paper we address two major and open questions on the ubiquitous and controversial 

constant-phase element (CPE) behavior in the electrochemical impedance spectroscopy (EIS) 

response of electric double layers (EDLs) and its relationship with surface properties. The first 

one concerns the physicochemical origin of this anomalous behavior whereas the second one 

deals with the physical meaning of the CPE capacitance obtained from impedance data. For that 

purpose we have analyzed the EIS response of a well-controlled electrochemical reaction taking 

place on a surface electrode that was progressively modified by electrodissolution. A complete 

characterization of the surface structure was obtained by means of scanning with-light 

interferometry (SWLI), X-ray diffraction and from a previous analysis based on atomic force 

microscopy (AFM). With regard to the first question, our results show direct evidences 

supporting the hypothesis that CPE behavior results from energetic rather than geometric 

heterogeneity (roughness). Regarding the second question, our results promisingly point to the 

CPE capacitance as a measure of the actual EDL capacitance for rough metal-electrolyte 

interfaces. 

Keywords. Electrical double layer capacitance; Surface roughness; Anomalous roughening; 

Active surface area. 
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 3

INTRODUCTION 

Electric double layer in electrode-electrolyte interfaces almost never behaves as a pure capacitor 

and this is reflected in the form of frequency dispersion in the EIS response of these systems.
1,2

 

A very frequent approach used to interpret EIS data is based on electric circuits with the 

capacitance dispersion modelled by the distributed CPE
3
 with impedance

4
  ( )CPE

1Z Q i
αω= , 

where α  is the CPE exponent and Q  ( -2 1F cm  sα− ) the CPE parameter. CPE behavior in EIS is 

as ubiquitous as puzzling. It is generally attributed to the time-constant distributions caused by 

interfacial heterogeneity, the extent of which is characterized by the deviation of the CPE 

exponent from the ideal capacitive behavior 1α = . However apart from this very recurrent 

statement, there is not yet a general framework to explain it despite the efforts to connect or 

relate it with more general models.
5-7 

Nowadays this behavior is assumed to be the rule rather 

than the exception and is even a priori introduced in more complex theoretical models to 

account, for instance, for the heterogeneity of the compact layer
8
 or for the interfacial impedance 

of the inner surface of porous electrodes.
9
  

A major question addressed in this paper concerns the physicochemical origin of CPE behavior, 

which has been widely discussed but still remains an object of controversy. Several origins have 

been reported in the literature. On the one hand we find causes attributed to surface (2D) or to 

normal-to-surface distribution of properties leading to a time constant distribution.
10

 The 

combination of both surface and normal distributions, say a 3D distribution, could also yield a 

surface position-dependent local impedance CPE behavior.
10,11

 Some examples are capacitance 

distribution in polycrystals,
12,13

 electrode geometry
11,14-16

 and normal-to-surface distributions of 

properties, e. g. resistivity or permittivity, in oxide layers, passive films and coatings.
17-19

 On the 
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 4

other hand we find kinetic dispersion effects caused by ion adsorption/diffusion phenomena such 

as specific anion adsorption,
20,21

 which can also lead to low frequency slow pseudo-capacitive 

processes displaying CPE behavior,
22

 adsorption of trace impurities from solution
23

 and 

adsorption of inhibitors.
24

 CPE modeling allows the separation of the impedance response of the 

sample under investigation from that of the probe when specific adsorption of anions occur at the 

tip surface during local impedance measurements.
25

  

However, among all these causes surface disorder and roughness have been, by far, the most 

addressed ones and investigated for decades. According to de Levie,
26

 roughness is the oldest 

cause to which the appearance of CPE response in an electrochemical system has been attributed. 

De Levie
27

 himself was one of the first authors to develop a mathematical model to explain the 

effect of surface irregularities –specifically porosity- on EIS response.
 
Since then, many 

authors
28-34

 have reported experimental evidences and theoretical models leading to the thumb’s 

rule that CPE exponent decreases with surface roughness. A significant contribution to this belief 

came from the theoretical modeling, which focused on electrode geometries with certain 

symmetries that allowed an analytical treatment. That is the case of porous
26,27,35-37

 and fractal 

electrodes, for which theoretical relationships between CPE exponent and fractal dimension were 

reported.
38-47

  

In spite of these promising results, the lack of a complete agreement on the direct relationship 

between CPE behavior and roughness has been a constant throughout these studies and several 

contrasting view-points were also reported in the literature. Conditions of validity of analytical 

relationships in fractal models were discussed
40,42,48,49

 and it was concluded that the fractal 

geometry of the interface does generate a CPE impedance but the exponent α  is not just a 

function of the electrode fractal dimension in all cases. Even the scarce experimental works
50
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 5

that tried to confirm the theoretical relationships had their validity questioned.
49,51

 The main 

criticism to fractal and porous models comes from their oversimplification, which makes their 

predictions to be far from experimental results. Frequency distribution is sensitive to interfacial 

physicochemical parameters not involved in those geometric models, which mostly work on the 

basis of the electrolyte resistive distribution due to the surface irregularity, assume that 

capacitance of the double layer is uniform along the rough surface and disregard atomic scale 

heterogeneities. Moreover, capacitance dispersion due to these highly irregular geometries 

appears at much higher frequencies as is usually found in real experiments.
12

 With regard to real 

systems, Bates et al.
52

 proposed that the appearance of the CPE is related to the shape or form of 

the surface rather than to roughness. They admitted that the CPE exponent is sensitive to the 

texture of the interface but they found no correlation between α and the fractal dimension, nor 

with the average roughness. Some authors
28,29

 attributed these contradictions to the experimental 

set-up conditions or to the parameters of measure.  

Furthermore, evidences in the last years seem to tip the scale against roughness as a direct cause 

for frequency dispersion. Very high values of the CPE exponent ( > 0.99) were observed for very 

rough materials as ball milled Pt powder.
53

 Conversely to what is very often accepted ‒CPE 

exponent decreases with roughness, it has also been shown that CPE exponent may increase with 

surface roughness as in the case of electrochemically roughened Pt electrodes,
23

 in agreement 

with previous works.
12,54,55

 Kerner and Pajkossy
13,56

 went a step further by arguing that the extent 

of frequency dispersion seems to be more related to surface disorder (i. e. heterogeneities on the 

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

atomic scale), although the effect can be enhanced on rough electrodes because they are much 
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 6

more heterogeneous on the atomic scale, so an increasing roughness may broad the time constant 

distribution of the heterogeneous kinetics and lead to an increase of the frequency dispersion.
12,21

  

In this paper we present experimental evidences that clearly support the hypothesis proposed by 

Pajkossy and collaborators,
12,13,21,55,56

 according to which CPE behavior in EIS response is 

originated in energetic, rather than geometric, interfacial heterogeneity caused, for instance, by 

surface disorder or by different crystallographic orientations. This would explain why we always 

observe frequency dispersion on capacitive polycrystalline metal electrodes even for very low 

degrees of roughness or surface disorder.
12,13,30,56,57

 

The second issue addressed here concerns the estimate of the EDL capacitance in systems 

displaying frequency dispersion, for which the classic representation leads to a frequency-

varying complex capacitance.
12,58,59

 However, when the CPE is considered to model the EDL 

behavior, a characteristic capacitance CPEC  obtained from CPE and interfacial parameters 

(electrolyte resistance eR  and charge-transfer resistance ctR ) by:  

( )( ) 1/
1

1 1

CPE e ct
C Q R R

αα −− − = +  
,     (1) 

has been theoretically derived from the analytic capacitance distribution that yields a perfect 

CPE behavior,
57

 and lately generalized from general considerations on the interfacial admittance 

function.
60,61

 This expression has been extensively used to estimate the interfacial capacitance 

−and in some cases the active surface area− from CPE parameters
22,62

  (see also Ref. 60 and 

references therein), but direct experimental evidences of its reliability are scarce. For example, 

Martin et al.
23

 showed that CPEC
 
agreed with the double layer capacitance obtained from the 
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 7

Frumkin and Melik-Gaykayan model for the kinetics of ionic adsorption and diffusion, and that 

it also agreed with interfacial capacitance determined voltamperometrically. In a theoretical 

treatment
15

 on the geometry-induced potential and current distributions of planar disk electrodes 

with faradaic reactions and uniform interfacial capacitance, the authors concluded that (1) 

provides the best estimate of interfacial capacitance when frequency dispersion is significant. 

Results comparing real active surface area with the estimate from (1) are even scarcer. The study 

of scale electrodeposition on partially blocked electrodes
61

 showed that CPEC  was directly 

correlated to the active surface measured by microscope observation. Another evidence of the 

reliability of CPEC  was reported in a work with very high active area powdered electrodes,
53

 with 

errors in the estimate from (1) of the roughness factor obtained from the integration of the 

hydrogen underpotential deposition up to 25%, despite the large electroactive surface area. 

However, in most cases CPEC  has simply been assumed to be proportional to the active surface 

area without comparison with other measures (see discussion in Ref. 60).
 

The aim of this work is to provide new insights on the origin and physical information we can 

get from the CPE behavior in EIS response of electrochemical interfaces. The results presented 

here were obtained from the study of the relationship between the impedance behavior of a well-

controlled electrochemical reaction and the properties of the surface on which it takes place. 

These properties were modified by submitting the electrode to galvanostatic dissolution. 

Structure of the roughening electrode was followed from both the geometric (optical surface 

profilometry) and energetic (X-ray diffraction) point of view. The results shown here will also 

provide a physical explanation of the anomalous kinetic surface roughening observed during 

galvanostatic uniform dissolution of pure iron.
63
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 8

 

EXPERIMENTAL 

We have performed EIS measurements on an electrode submitted to different electrodissolution 

times. The electrode consisted of a 5.0 mm diameter pure monocrystaline iron (99.99%) rod 

laterally insulated with a Teflon
TM

 sheath. The iron single crystal orientation was obtained by 

Laue diffraction measurements and corresponded to the planes from the {-3 -1 0} family (more 

details of this diffraction characterization will be discussed later). Sample surface was initially 

polished by grounding it down to P2400 grade followed by diamond compounds (6, 3 and 1 µm) 

and alumina 0.5 µm grade polishing. Finally, it was rinsed in distilled ethanol in an ultrasonic 

bath and dried in warm air.  

Initial polished electrode was then submitted to galvanostatic anodic dissolution in 0.5 M H2SO4 

electrolyte (25ºC) at constant current density 25.093 mA cmJ −=  ( 1 mAI = ) up to different 

dissolution times. Electrodissolution was carried in a conventional three-electrode cell with the 

iron rod as the working electrode, a Pt grid as the counter electrode and the references was a 

mercurous sulfate electrode (SSE). Different dissolution times were considered in a cumulative 

sequence, e.g. the largest dissolution time investigated here (100 min) was carried out in ten 

consecutive steps (5+5+5+5+5+5+10+20+20+20 min). Between two consecutive dissolution 

steps the rough sample were washed with distilled water, dried with nitrogen, and investigated by 

electrochemical impedance spectroscopy as follows.  

EIS measurements were carried out in 1M NaOH + 0.1M K3[Fe(CN)6] electrolyte at 25ºC in a 

similar three-electrode cell but the reference was now a saturated calomel electrode (SCE). The 
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 9

redox couple concerned is then the ferric-ferrocyanide ( ) ( )3- 4-III II

6 6
Fe CN Fe CN  one. Impedance 

data was obtained at cathodic polarization potential -0.4 Vsce and at a fixed rotation rate of 3000 

rpm. Frequency was swept from 50 kHz until 0.4 Hz, and a 10 mV rms perturbation signal was 

applied. Several impedance measurements were carried out for each polarization after different 

stabilization times to have reproducibility control. All the electrochemical measurements were 

performed with a potentiostat/galvanostat, Reference 600
TM

 from Gamry instruments. 

We repeated this procedure five times, thus giving five different series of data. In one of this 

series, EIS measurement was followed by non-contact profilometry optical surface inspection. In 

fact, surface topography was followed by scanning white-light interferometry with a 3D optical 

surface profiler NewView 600s. This non-contact optical technology is capable of scanning a 

variety of surface types by mapping in a single measurement surface heights ranging from 

nanometers to several tens of microns across areas that range from microns to millimeters.
64

 

Compared to other techniques such as atomic force microscopy (AFM), the most significant 

advantages of the SWLI are the larger fields of view (lateral distance ranging from several tens 

of microns to several millimeters depending on the objective) and the very large vertical scan 

ranges ( 150 mµ≤ ) in combination with nanometer vertical resolution (from 0.1 nm<  to ca 

3 nm  depending on the phase deconvolution algorithm) for fast and accurate surface 

measurements.
65

 This makes the SWLI the most suitable technique for surface characterization 

of very rough or stepped topographies with surface features covering different length scales. 

In this work two objectives were employed giving two different fields of view (both giving 

640×480 pixel resolution images): 
21403 1052 mµ×  with a lateral resolution of 2.19 mµ

(objective 5×), and 
2140 105 mµ×  with lateral resolution of 0.219 mµ (objective 50×), both with 
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 10

the same vertical resolution ca 3 nm (FDA Res. control was set to Normal). Surface electrode 

obtained after each dissolution time was sampled by acquiring microscope images with the two 

objectives at different surface positions: 4 different images were recorded with objective 5× and 

20 with objective 50×. For each image three measurements were taken and averaged together to 

reduce microscope artifacts and improve accuracy and repeatability. Analysis of profiler images 

was done after subtracting from data the best fitting least squares spherical surface. This was 

done to minimize the initial curved base form resulting from to the mechanical treatment. 

Nevertheless, neither the subtraction nor the geometrical shape of the removed surface affected 

significantly the results presented here. The larger differences, though being not significant, 

appeared at the early stages of the dissolution and for the largest field of view. Unless otherwise 

stated, the results presented here correspond to values averaged over the ensemble of images 

taken with the same objective at the same dissolution time.  

 

EIS  ANALYSIS 

Experimental impedance results were analyzed following a methodology that we next summarize 

but that was discussed in depth elsewhere.
66

 CPE behavior characterization was carried out in 

two ways to check reliability. We first performed and analysis of the imaginary part of the 

impedance in the high frequency domain by monitoring the evolution with frequency of the 

effective CPE parameters,
67

 defined as eff ( ) log ( ) logif d Z f d fα ≡ −  and 

( ) ( ) eff ( )

eff eff( ) sin 2 ( ) 2
f

iQ f f Z f f
α

α π π ≡ −      . These effective parameters should 

asymptotically converge to the actual CPE values α and Q.
66,68

 From this analysis we got 
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 11

estimates of the CPE parameters and we also got an estimate of maxf , the critical frequency 

above which electrode geometry influences the impedance response thus screening underlying 

CPE behavior ‒if any.
68

  

In a second step we performed a complex nonlinear-least-squares fitting of impedance data to an 

equivalent electric circuit, with frequency data above maxf  disregarded. A deep analysis of the 

EIS behavior of the experimental model system employed here for different experimental 

conditions (cathodic potential, surface topography and rotation rate) was presented 

elsewhere.
66,68

  As discussed there,
66

 our system is expected to behave electrically as in circuit of 

Fig. 1, with a solution resistance 
e

R  in series with the interfacial impedance, which is modeled 

by three parallel branches: one for the double-layer response represented  by a CPE with 

impedance CPEZ , a second one for the Fe
3+

 ion difusion (convective diffusion impedance 3
 FeD

Z + ) 

and reduction (charge transfer resistance 3
ct Fe

R + ) at the interface, and a third one taking into 

account the current from the dissolved oxygen reduction. In most cases we found a very good 

agreement between the estimates from both approximations. In the very few cases in which 

discrepancies appeared, we considered the result from the complex fitting. 
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 12

 

Figure 1. Equivalent electric circuit model of the interface. 

 

We display in Fig. 2 the time evolution of the CPE exponent α for the five series of experiments 

carried out. An increasing though very noisy pattern seems to be obtained in all cases. 

Interestingly, values close to 1 −double layer behaving as a perfect capacitor− are obtained for 

some rough interfaces. The general trend is clearly revealed in the inset, which shows the result 

of averaging over the five realizations, α . A rapid increase is followed by a slow evolution, 

probably approaching asymptotically the upper bound 1α = . On the contrary, evolution of CPE 

parameter Q displayed in Fig. 3 is very noisy and does not seem to follow any pattern. Only in 

very first stages of the dissolution Q increases in all cases. This fact is confirmed by the time 

evolution of the averaged value Q  displayed in the inset. This behavior supports the idea 

discussed elsewhere
61

 that Q has no physical relevance in itself, being merely a fitting parameter. 

Finally, we show in Fig. 4 the corresponding evolution of the CPE capacitance CPEC  calculated 
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 13

from (1). A growing behavior is clearly observed in all cases as well as in the average value 

displayed in the inset, but contrarily to α  it does not seem to saturate. 

 

Figure 2. Evolution of CPE exponent α with dissolution time for the five set of experiments. 

Inset shows the value of α averaged over the ensemble of experiments. Vertical broken line 

roughly represents the crossover time between the two anomalous scalings.
63 
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Figure 3. Evolution of CPE parameter Q with dissolution time for the five set of experiments 

carried out. Inset shows the value of Q averaged over the ensemble of experiments. Vertical 

broken line roughly represents the crossover time between the two anomalous scalings.
63

 Q has 

been normalized by the geometric surface area 0S .      
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 15

 

Figure 4. Evolution of CPE capacitance CPEC  with dissolution time for the five set of 

experiments carried out. Inset shows the value of CPEC  averaged over the ensemble of 

experiments. Vertical broken line roughly represents the crossover time between the two 

anomalous scalings.
63

 CPEC  has been normalized by the geometric surface area 0S .  

 

SURFACE  ANALYSIS  AND  DISCUSSION 

In this section we present a description of the surface structure obtained in our experiments and 

discuss how it is reflected in the CPE behavior shown above. We start by displaying in Fig. 5 a 
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sequence of cross section profiles taken at different dissolution times with objective 50×. Profiler 

images display a complex pattern consisting of a plateau-like surface upon which peaked valley 

structures of several tens of microns depth are superimposed. Both the plateau roughness and the 

number and depth of the spiky valleys increase with dissolution charge. These mostly single-

point sharp surface features have no physicochemical meaning so they must be ascribed to 

optical artifacts. In fact, as with any other imaging technique, there is the possibility of image 

artifacts and several problems have been reported related to the optical nature of SWLI.
69-71

 Most 

of them are associated with large surface gradients, such as the batwing effect, which is an 

unavoidable measurement error typically observed around a deep step discontinuity of the 

surface. These SWLI limitations can yield measurement artifacts in the 3D images (from which 

the cross section profiles depicted in Fig. 5 have been extracted), mainly in the form of spikes 

and pits at surface points with large local slopes
65

 as it seems to be in our case. Indeed, as we 

reported elsewhere,
63

 surface local slope fluctuations of our system display a non-trivial 

dynamics that is reflected in an intrinsic anomalous scaling of roughness. As discussed below, 

the origin of this behavior is the non-local growth caused by the underlying crystallography, 

which results in a power-law increase of the average local slope with time (see inset of Fig. 3 in 

Ref. 63). As a consequence, deep stepped features develop on the surface acting as singularities 

which account for the presence, as well as for the increase in their number and intensity, of these 

optical artifacts in our images as displayed in Fig. 5.   
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 17

 

Figure 5. Representative sequence of surface cross section profiles taken at different dissolution 

times with objective 50×. Profiles mean heights have been arbitrarily displaced for the 

comparison. 

 

These artifacts must obviously be disregarded in the characterization of the actual surface 

topography. To do this, we take advantage of the fact that in the present case, the combination of 

these two textures (plateau + valleys) results in a topography that resembles that of plateau honed 

surfaces.
72

 We shall thus employ standardized procedures frequently used for the description of 

these types of surfaces,
 
and which enable characterization of surface textures independently of 
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one another.
73

 In particular, we shall consider the material probability plot and the bearing ratio 

curve ‒also known as the Abbott-Firestone curve (AFC) or the material ratio curve.  

The evolution of surface roughness, defined as the rms surface height fluctuations, can be 

addressed by means of the material probability plot,
73

 which is based on the hypotheses that 

plateau-honed like surfaces result from the combination of two random processes resulting in 

two random textures with normal distributions: the valley making process and the plateau 

process, thus implying a multi-Gaussian probability distribution of surface topography. 

According to this model, a normal probability plot of the actual amplitude density function will 

then be composed of two line segments representing the plateau and valley distributions. The 

slopes of these segments are defined as the probability parameters Rpq and Rvq, which are 

recognized to represent plateau and valley rms roughness respectively, i.e. the standard deviation 

of the corresponding height distribution. This procedure allows the plateau and the physically 

meaningless deep valley artifacts distribution to be unambiguously separated and the second to 

be hence neglected. Thus, for our purpose Rpq will then represent the roughness of the real ‒i.e. 

without artifacts‒ surface. The segments intersect at the plateau-to-valley transition point, at 

which the material ratio parameter Rmq (expressed as a percentage) is defined. In Figure 6 we 

display the material probability plot of representative surfaces obtained at different dissolution 

times, together with an illustration of the definition of the probability parameters family. It can 

be seen that results can be well described by the two-random-textures model, although the part 

corresponding to the valley region was not exactly a straight segment. The line segment at the 

left upper part of the plot represents a third random texture that corresponds to another surface 

feature also observed in the images with the form of spiky peaks. These spikes have similar 

dimensions to valleys −reaching heights of several tens of microns (see for instance the one at 
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120 µm in the 100 minutes cross section profile in Fig. 5)− and persisted after having removed 

from measurement data surface spikes with height larger than 1.0 times the rms height of the 

surrounding neighborhood (this filter is used to remove microscope artifacts). Despite of that, 

they will also be considered as optical artifacts. Nevertheless, since they are really scarce their 

contribution is negligible. 

 

Figure 6. Material probability plot of surface electrode obtained from images acquired with 

objective 50× at different dissolution times. Vertical axis represents the depth from the highest 

surface peak. Horizontal variable stands for the quantile function of the normal distribution‒

relative to the median µ  and expressed in units of standard deviation σ‒ applied to the actual 
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 20

height distribution, i.e. ( , )x y  points are related through 

( )( ) ( )1 1( ) 2erf 2 ( ) 1
N

x F F y F yµ σ− −= − = −  , where F is the cumulative function of depth 

distribution obtained from surface images and NF  is the normal distribution function. In this 

form graph always crosses the point ( )0,µ . For a Gaussian distribution of depths this plot takes 

the form of a straight line with slope ‒σ. Definition of the 
qR  family of parameters 

{ }pq vq mq
, ,R R R  has been illustrated in the figure. 

 

We observe that the slope of the plateau segment, Rpq, increases with dissolution time, which 

means that the rms roughness of the actual surface electrode also does. This is confirmed in 

Figure 7, where the time evolution of the average over the ensemble of images has been 

displayed. The fitting of the evolution of Rpq to the power law pq
R ~ tβ , shown in the inset, gave 

a growth exponent 0.75 0.06β = ±  for objective 5× and 0.75 0.05β = ±  for objective 50×, 

which are in excellent agreement with the so-called growth exponent 0.78 0.03β = ±  obtained 

from the scaling of the saturated local width sat ( )w t  with the dissolution charge reported 

elsewhere.
63

 Notice that in that study we focused on the local roughness of small windows 

(minimum 0.04 0.04 mµ× , maximum 30 30 mµ× ) obtained from AFM images. Since the local 

width is defined by the rms surface height fluctuations in the examination window, this result 

supports the idea that Rpq indeed represents the rms roughness of the real surface. It is worth 

noticing that in Ref. 63, the surface topology was followed by AFM measurements while the 

results presented in this paper come from SWLI. The very good agreement between these results 

indicate that, at least for our experimental conditions, SWLI effectively yields the same 
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information as AFM with the advantage of not being limited by the mechanical excursion of the 

tip cantilever down to highly different scales profiles. 

 

Figure 7. Evolution of averaged Rpq parameter with dissolution time for the two objectives 

employed in our measures. The inset displays the fitting to the power law pq
R ~ tβ . Regressions 

for objectives 5× (solid points) and 50× (open points) have been indicated with continuous (slope 

0.75 0.06β = ± ) and dashed (slope 0.75 0.05β = ± )  lines respectively. 

 

CPE  EXPONENT  DISCUSSION 
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The monotonic increase of surface roughness displayed in Fig. 7 and the evolution of the CPE 

exponent towards the ideal capacitive behavior shown in Fig. 2 clearly refute the existence of a 

direct relationship between CPE exponent behavior and surface topography. However, as seen in 

what follows, this is true from the geometrical point of view, but not from the energetic one. In 

Figure 8 we show two profiles displaying a surface topography that emerges after ca 80 min 

dissolution. A faceted pattern develops with surface correlations spreading in the vertical and 

horizontal directions over several tens of microns. As mentioned before, notice that such huge 

features could not be monitored with higher resolution microscopies such as AFM or STM. 

These profiles were selected for the sake of illustration but do not represent quantitatively the 

average surface topography, which is much closer to the pattern displayed in Fig. 5 for 100 min 

dissolution (same lateral dimension). A very similar faceted structuring can also be observed 

there, but correlation lengths are significantly smaller. Anyhow, these images support the idea 

that underlying crystallography has a key role in the surface dynamics. 

To go deeper into this arguing we have performed Laue diffraction measurements of the initial 

polished surface and the results are presented in Table 1. From these measures it is direct to 

calculate the angles between the surface mean plane and the densest atomic packing planes, 

which are expected to be chemically most stables and thus more resistive to dissolution. At room 

temperature pure iron presents a body-centered cubic (BCC) crystal structure so densest packing 

planes belong to the family {110}.
 
The results of the geometry analysis are summarized in Table 

2.  
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Figure 8. Surface cross section profiles obtained at 100 mint =  with objective 50×. Angles 

between the surface mean plane and the compact planes (110) and (110) , 23.9º and 66.1º 

respectively, have been indicated. 
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Table 1. Laue diffraction analysis: angles between the incident X-ray beam (normal to the 

electrode surface) and the [hkl] directions. 

 

 

 

Table 2. Angles between the {110} family of planes and the electrode surface. 

 

 

 

We observe that the slope of compact plane (110) is in good agreement with the offset observed 

in the profiler images. As illustrated in Fig. 8, electrode surface seems to be made up of 

alternating planes (110) and (110)  which give the profiles the aspect of a sawtooth function 

(intersected by local roughness fluctuations that triggered image artifacts). We did not observe 

any other angle so clearly. These planes are orthogonal since directions [110] and [110]  are 

nearly coplanar with the normal vector to the surface.  

These results provide a physical explanation of the anomalous kinetic roughening observed 

during the electrodissolution of a polycrystalline pure iron electrode.
63

 There we analyzed 

surface roughness from AFM images in the framework of the dynamic scaling theory. The 

scaling analysis revealed a complex dynamics with a transition between two consecutive 

direction [001]  [100] [010] 

angle 91.0° 158.9° 111.1° 

plane (110) (110)  (101) (101)  (011) (011)  

angle 23.9º 66.1º 50.0º 47.8º 76.0º 74.5º 
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anomalous growth regimes: an initial intrinsic anomalous scaling evolving in the thick film limit 

toward a faceted anomalous scaling. Initial intrinsic anomalous scaling is a consequence of the 

non-local surface growth caused by anisotropic crystallographic dissolution. It is non-local 

because dissolving sites are correlated by the underlying crystallography and anisotropic because 

the different crystallographic directions give different dissolution rates. Dissolution is thus 

favored along crystal directions less packed whereas close packed crystalline planes more 

resistive to dissolution are exposed. In fact, grain orientation-dependent dissolution rates were 

observed for anodic dissolution of polycrystalline iron.
74

 Later on, the coarsening dynamics of 

the small initial facets makes the surface topography evolve towards the faceted pattern 

displayed in Fig. 8, characterized by the faceted anomalous scaling reported there. The transition 

was found to be at about 4.5 C at constant current 2.5 mAI = , which is in agreement with a 

charge of 4.8 C obtained here after 80 min of dissolution at 1 mAI = . This crossover time, 

which must be taking as approximate since it may be potential or current dependent, has been 

indicated in Figs. 2 to 4 with vertical broken lines. 

From the results displayed here and those in Ref. 63 we conclude the following. Initial state 

corresponding to the polished surface has a residual roughness at the atomic scale in the form of 

kinks, steps, dislocations, and a very small microscopic roughness due to corrugations, scratches, 

pits or grooves caused by the mechanical treatment. This yields a capacitance distribution that 

induces energetic inhomogeneities in the EDL,
12,13,21,75,76

 resulting in the largest deviation of the 

CPE exponent with respect to the ideal capacitive behavior (Fig. 2). The first stage of the surface 

roughening (points to the left of the crossover time in Fig. 2) displays an intrinsic anomalous 

scaling with a time increasing roughness both in the local ( 0.01 mµ≥ , with local roughness 

behaving as 
loc

( )w t ~ tκ  with 0κ > ),
63 

and global scales ( 1 mm≤ , with saturated roughness 
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behaving as sat pq
( )w t R≡ ~ tβ  with 0β >  as shown here as well as in Ref. 63). Surface thus 

becomes more disordered at the microscopic and macroscopic scales, whereas it becomes more 

ordered at the atomic scale. In fact, crystallographic non-local growth acts progressively cleaning 

the surface from atomic irregularities as it evolves towards a faceted pattern that reveals 

underlying densest compact planes with smoother walls. This results in an increasingly energetic 

homogenization of the surface at all scales with a narrowing of the time-constant distribution. 

The surface structure evolution is reflected in the rapid and monotonic increase of the averaged 

CPE exponent observed in left part of Fig. 2. Then small facets thus formed start merging into 

larger ones and their coarsening dynamics leads to a second regime (points to the right of the 

crossover time in Fig. 2) with a different scaling behavior, the so-called anomalous faceted 

scaling, characterized in this case by a decrease of the local roughness with time ( 0κ < ) while 

global roughness continues increasing 0β > .
63

 The increase of the lateral mound size
63

 

contributes again to the energetic ordering of the surface but at a much lower rate, a fact that is 

reflected by the slow asymptotic approach of the CPE exponent towards the ideal capacitive 

behavior ( 1α = ). 

 

CPE  CAPACITANCE  DISCUSSION 

Another important hypothesis addressed here related to CPE behavior concerns the relationship 

between the CPE capacitance given in (1) and the effective double layer capacitance. Although 

CPEC  has been extensively considered as a measure of the EDL capacitance and used to estimate 

the active surface area from EIS data, direct evidences of its reliability are really scarce (see 

discussion in the introduction section). Our purpose now is to study the relationship between the 
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behavior of CPEC , displayed in Fig. 4, and the evolution of the electrode surface area. If we 

assume that changes in the double layer capacitance of our evolving interface are mainly due to 

changes in the active surface area, the ratio of CPEC  for a rough surface to that obtained from an 

ideally smooth electrode of the same nature should provide an estimate of the surface roughness 

factor R, defined from the ratio between the real active area ( )S t  and the Euclidean –or 

geometric- one 0S : 0( ) ( )R t S t S≡ . This is not exactly the case for rough electrodes since 

specific double-layer capacitance is actually distributed as a consequence of the different 

crystallographic orientations exposed in the different surface features,
75,76

 so we can expect a 

time varying distribution as surface evolves far from equilibrium. However, it is a reasonable 

assumption whenever variations of the active surface area are sufficiently larger than variations 

in the specific capacitance distribution.
77-79

 

Again, for a reliable measure of the electrode surface area we have to remove the contribution 

from image artifacts (peaks and valleys), which becomes dominating for large dissolution times. 

Whereas the probability plot employed above is recommended to characterize the rms height 

fluctuations of the different textures, a particularly suitable tool for splitting the height profile 

into different height domains in a standardized way is the bearing ratio curve.
73

 The bearing ratio 

−or material ratio− is the ratio (expressed in percentage) between the intersecting area of a plane 

parallel to the surface mean plane passing through the surface at a given height, and the total 

horizontal area of the evaluation surface. The plot of the bearing ratio values on the horizontal 

axis against depth from the highest peak on the vertical axis gives the bearing ratio curve. It then 

represents the cumulative distribution of the planar surface area with depth. In mechanical 

engineering, for instance, this plot is used to evaluate surface finishing procedures ‒like plateau 
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honing‒ and wear phenomena because it determines the amount of bearing area remaining after a 

certain depth of material is removed from the surface. We have displayed in Fig. 9 the bearing 

ratio curves obtained from the same set of images used in Fig. 6. First of all we should notice the 

negligible contribution of the surface peaks (artifacts) mentioned above. The bearing ratio does 

not vary when we move in the highest parts of the surface regardless dissolution time. In the 

plateau region of the bearing ratio curve we observe an increasing slope with the dissolution 

time, which means that the height range in which material concentrates −the real roughness 

profile− widens with dissolution, in agreement with the roughness increasing deduced from the 

material probability plot. Finally, there is time increasing contribution of valleys (artifacts) on 

the material distribution. The transition to the valley region appears at smaller percentages as a 

consequence of the increase in the valley number.  
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Figure 9. Bearing ratio plot of surface at different dissolution times obtained from the same set 

of images used in Fig. 6 (objective 50×). Vertical axis represents depth from the highest surface 

peak.  

 

In Figure 10 we have illustrated the standardized procedure applied to the bearing ratio curve and 

intended to characterize quantitatively the three components of the surface (peaks, core/kernel 

and valleys). It allows the description of the plot trough line segments (thick lines in the figure), 

leading to the kR  family of parameters { }pk k vk
, ,R R R , which provides an alternative to the 
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conventional ANSI standards for surface roughness characterization. 
pkR  is the reduced peak 

height, a measure of the height range of the peak region above the core roughness; kR  is the core 

roughness depth, a measure of the “core” width (peak-to-valley) of the surface with the 

predominant peaks and valleys removed; finally, vkR  is the reduced valley depth, a measure of 

the valley depth below the core roughness. The material ratio at which kR  and vkR  meet defines 

another parameter, Mr2, which is the material component relative to valleys. The absolute surface 

height at which it occurs, the vk -thresholdR , represents the lower limit of the core roughness 

profile. The same applies to the peak region giving to Mr1, the material component relative to 

peaks, and the
pk -thresholdR , the upper limit of the core roughness. In this form, the real surface 

profile ‒free of artifacts‒ is comprised between these two limits: the 
pk -thresholdR  and 

vk -thresholdR , illustrated in the figure with the grey region.  
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Figure 10. Standard procedure for the characterization of the different surface textures from the 

bearing ratio plot. Definition of parameters is given in the text. Bearing plot corresponds to case 

100 min in Fig 9. 

 

The bearing ratio analysis has been carried out for each SWLI image and the surface points lying 

outside this height interval have been removed from data set. Then active area ( )S t  has been 

calculated by surface triangulation and normalized by the corresponding projection onto the 

horizontal plane, 0S , to give the roughness factor estimate SWLI ( )R t . Finally, values have been 

Page 31 of 48

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 32

averaged over the ensemble of images taken at the same dissolution time with the same 

objective. Results thus obtained have been plotted in Fig. 11 versus the corresponding rescaled 

CPE capacitance ( ) ( )CPE CPE 0C t C t =  obtained from impedance spectroscopy and denoted by 

CPE ( )R t . Dissolution time is the implicit parameter.  

 

Figure 11. Roughness factor estimate obtained from the analysis of surface SWLI images versus 

the estimate obtained from the CPE behavior of the electrode impedance response. Points 

correspond to different dissolution times. Solid and open points stand for objectives 50× and 5× 

respectively. Relationship 1:1 has been indicated with the dotted line. The inbox displays the 

results for objective 50× when missing data due to removed image artifacts have been filled by 

surface interpolation. 
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We observe in the figure several promising evidences that point to 
CPE

C  being a measure of the 

interfacial capacitance. Despite the large standard deviations obtained in some cases, we first 

notice a good correlation between both approximates: SWLI ( )R t  increases as CPE ( )R t  does in a 

rather monotonic way. We also observe that values approach to the one-to-one relationship 

(broken line) as the lateral precision of the measure increases. Lateral resolution increases ‒pixel 

size decreases‒ with the objective, so it is reasonable to obtain normalized larger areas at higher 

resolution inspections. This is consistent with the fact that SWLI ( )R t  approaches to CPE ( )R t  from 

below. Differences between both estimates could owe to the intrinsic roughness associated to the 

pixel resolution, but it is also true that image artifacts mainly appeared at surface derivative 

discontinuities with large surface gradients thus having large local roughness factors, so their 

removal from image data may represent a significant negative effect on the estimate of the real 

area. In an attempt to make up for this loss of effective area we have performed a cylindrical 

interpolation of the surface at these removed points (the procedure and final result have been 

illustrated in Fig. 12). The new roughness factor thus obtained has been represented in the inset 

of Fig. 11 for the 50× objective. It can be seen that SWLI ( )R t  increases and significantly 

approaches to CPE ( )R t , and that for large dissolution times points lay around the line. A plausible 

explanation for this behavior is that at those large dissolution times faceted surface takes the 

form of smooth compact crystallographic planes, so at the scales of the image resolution intrinsic 

roughness can be considered negligible (it is worth noticing again that the faceted anomalous 

scaling is characterized by a time decrease of the local roughness: 
loc

( )w t ~ tκ  with 0κ < ).
63

 That 

is not the case of the earlier stages of the dissolution, described by an intrinsic anomalous 
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scaling. Local roughness at length scales smaller than lateral resolution ( 0.219 mµ  for this 

objective) increase with time ( 0κ > ),
63

 which results in a non-negligible intrinsic roughness. 

 

Figure 12. Illustration of the procedure employed to remove image artifacts. Initial profile (thin 

line) corresponds to a cross section of the image employed in Fig. 10. Points outside the height 

interval limited by the 
pk

-thresholdR  and the vk -thresholdR  are removed from surface data and 

then filled by cylindrical interpolation, resulting in the final profile displayed by the thick line. In 

cylindrical interpolation local surface is fitted to a second degree polynomial of the space 

variables. 

 

CONCLUSIONS 
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In this work we have related the CPE behavior displayed by the EIS response of a well-

controlled electrochemical reaction (Fe
3+ 

reduction on a metallic surface) to the electrode surface 

structure. Whereas the experimental conditions for the reactive process were kept constant 

(electrolyte composition, electrode potential, convection, temperature), metallic surface structure 

was progressively modified by submitting the electrode to different electrodissolution times. 

Impedance measurements were taken at different surface conditions and CPE behavior was 

carefully characterized following two independent procedures: equivalent electric circuit fitting 

and analysis of the high frequency behavior of the imaginary part of the impedance.  

The interesting evolution of surface structure enabled us to test some hypotheses on the 

physicochemical origin of this ubiquitous behavior, investigated for decades yet its remains a 

matter of controversy. Anisotropic non-local growth due to underlying crystallography led to a 

progressive roughening of the surface over a wide range of length scales (from ca 0.01 mµ  to 1 

mm). At the same time, however, it also led to a progressive ordering in terms of surface energy 

distribution since dissolution acted exposing close packed crystalline planes, a process that also 

cleaned surface from atomic disorder leading to a coarsening faceted surface. This topographic 

disordering in the microscopic and macroscopic scales, on the one hand, in conjunction with the 

energetic ordering on the other, was reflected in a monotonic and rapid increase of the averaged 

CPE exponent which was  followed by an asymptotic approach towards the ideal capacitive 

behavior as long as facets coarsens. This behavior clearly refutes the hypothesis of a direct 

relationship between frequency dispersion and surface roughness, while it clearly supports the 

idea proposed by Pajkossy and collaborators on the relationship between CPE behavior and 

surface energetic heterogeneity. As a matter of fact, the lowest values of the CPE exponent were 

obtained in all cases from the initial polished surface in which a large energetic heterogeneity 
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due to surface disorder on the atomic and nanoscopic scale is expected. A similar qualitative 

behavior, i.e. increase of CPE exponent with roughness, though in a significantly less 

quantitative extent, has been recently observed and explained
23

 in terms of adsorption/diffusion 

of species from solution ‒kinetic Frumkin and Melik-Gaykazyan model.
20,54

  Although this 

question will possibly remain open to discussion, we are persuaded that surface heterogeneity is 

the cause of the CPE behavior addressed here because CPE-like behavior caused by kinetic 

dispersion is mostly related to mid and low frequencies and usually displays very large values of 

the CPE exponent (close to 1). In our case, CPE behavior is revealed in the high frequency 

domain and its exponent shows a much larger range of variation. Additionally, kinetics of the 

evolution of the CPE exponent is consistent with the kinetics of surface roughening, which as we 

have shown progressively leads to a surface structuring and energetic homogenization. 

We have also checked the reliability of the CPE capacitance, obtained from impedance response 

and postulated as an estimate of the EDL capacitance, by direct comparison with surface area 

measurements under the assumption that normalized 
CPE

C  should behave as the roughness factor. 

Such a measure has always to deal with imaging technique limitations (lateral and vertical 

resolution, field of view, vertical scan range, artifacts, …). In the present work we have opted for 

the scanning white-light interferometry because of the very large vertical scan ranges ‒with 

nanometric resolution‒ and the larger fields of view, which allows the survey of surface features 

of different length scales. Being an optical technique, its main drawback is the appearance of 

image artifacts at surface discontinuities. To overcome this difficulty we have employed 

standardized procedures that enable the characterization of the different surface textures 

independently. The results obtained are really promising. A direct correlation between the 

estimates from impedance and from microscope images were obtained, and a quite satisfactory 
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quantitative agreement was observed for large dissolution times, where a negligible local 

roughness is expected (faceted anomalous scaling) so the influence of the intrinsic roughness due 

to the lateral resolution of the measure can be disregarded. 
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