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Abstract

Steady-state polarization curves, X-ray photoelectron spectroscopy, and impedance
spectroscopy were used to explore the electrochemical properties for carbon steel in alkaline
electrolytes. The complex-capacitance representation allowed determination of a capacitance
value at high frequency, from which the oxide film thickness could be estimated. These results
are in good agreement with values obtained using the power-law model, providing a single
mathematical model that is shown to apply in both the anodic and cathodic domains for the

characterization of an oxide layer.
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1. Introduction

Carbon steel is widely used as a reinforcement for concrete. Within the high alkaline
environment of concrete (pH > 12.5), the steel surface is covered by a dense, adherent, and
passive oxide layer of thickness on the order of several nm [1], giving rise to a natural protection
against corrosion. Both carbonation and penetration of chlorides induce the local breakdown of
this oxide film and the initiation of pitting corrosion. To analyze the overall corrosion
mechanism, it is thus necessary to characterize the oxide layer and to determine the rates of the
anodic and cathodic reactions that take place at a passivated surface mainly composed of iron
oxides. While the behaviour of the passive film on iron in the anodic range [2-6] is well
documented, the electrochemical reduction of oxygen on iron and steel has been poorly
investigated, and only few authors have characterized in detail the cathodic reactions on passive

iron oxide layer in alkaline solutions [7-10].

The oxygen-reduction reaction (ORR) usually takes place at porous oxidized surfaces (surface
oxides and rust layers) that are complex both in composition and morphology [11]. This
reaction depends strongly on the state of the electrode surface and can be influenced by many
factors such as temperature or impurities, confounding the understanding of this mechanism.

Different authors have shown that in alkaline solutions the ORR at the passive oxide layer takes
place at electrode potentials where partial reduction of oxide layers can also occur. Taking into
account the solubility of oxygen in aqueous electrolytes (about 2 10*% mol/L at room
temperature), oxygen reduction is the major cathodic reaction, as compared to the hydrogen
evolution reaction (HER) for pH values > 12 [12]. Oxygen recycling results from a high
peroxide decomposition turnover, and, as a consequence, the apparent number of electrons
exchanged per oxygen molecule is strongly dependent on mass transport. This result may be
particularly important for porous surfaces like rust layers associated with atmospheric corrosion

and corrosion of reinforcement in concrete. Indeed, Vago et al. [13] showed that the ORR has



to be seen as a 2-electron mechanism (thus a partial reduction of oxygen) when the oxidized
surface consisted of iron hydroxides (FeOOH); whereas, for an oxidized surface composed of
magnetite, the 4-electron mechanism is predominant. Moreover, Stratmann et al. [12]
concluded that oxygen is reduced into the oxide layer and not at the metal surface. In addition,
the ORR on steel is complex since it depends on the state of the oxide film including the
Fe?*/Fe*" ratio. The ORR has been shown to be mediated by Fe(Il) sites formed by reduction
of the passive layer [14].

The objective of this work is to show that electrochemical impedance spectroscopy (EIS) can
provide further insights into the mechanism of cathodic reaction at an oxide layer. Such a study
is of interest since the cathodic behaviour of steel may govern the kinetics of rebar degradation.
In previous works, EIS has been shown to be a powerful method for separating different
electrochemical contributions to the overall reaction and also to provide quantitative estimation
of the properties of an oxide layer using numerical simulation [15-18]. This method is used in
the present case for the anodic range in the passive domain and for different cathodic potentials
at which ORR is assumed to be the main cathodic reaction. This is a new approach combining
the power-law model and the complex capacitance representation that allows in-situ
characterization of oxide films. This development is important because ex-situ analyses are
confounded by changes in the oxide film after polarization is removed. A single model is used

here to apply for the entire potential range, in both the anodic and the cathodic domains.

2. Experimental

The C15 mild steel used for the reinforcement of building concrete was selected as sample
material for this work. Its nominal composition was in agreement with EN 10277-2 standards.
The electrochemical cell used was a classic three-electrode cell. The working electrode (WE)

consisted of a C15 mild steel rotating disk electrode (RDE) with an exposure area of about 0.5



cm?, corresponding to the cross section of an 8 mm diameter steel rebar. In order to protect the
lateral wall of the WE, the rebar was covered with an insulating cataphoretic paint before being
embedded in an epoxy resin. Before each electrochemical measurement, the WE was
mechanically polished with SiC papers down to grade 1200, then degreased in an ultrasonic
bath for 1 minute, first in ethanol then in distilled water, and finally dried under an inert gas
flow. A platinum grid with a large surface area was used as a counter electrode, and a saturated
(K2S04) mercury sulphate electrode (MSE — E° = 0.64 V/SHE) was used as a reference
electrode. The electrochemical cell was filled with a 0.1 M NaOH air saturated solution at pH
= 13. Electrochemical measurements were performed at room temperature with a Reference
600 potentiostat/galvanostat from GAMRY Instruments. The behaviour of steel in 0.1 M NaOH
solution was studied by steady-state electrochemical measurements (polarization curves and

EIS).

3. Mathematical Development

When the electrochemical impedance of an oxide film can be described by a constant-phase
element (CPE), at least in the high frequency range, it has been shown that the power-law model
(PLM) [15-19] is a good candidate for describing the thin film properties. This model is based
on a variation of the resistivity along the direction normal to the electrode according to a

modified power law, i.e.,

p<x>=p{&+[1-&J(ij J (1)
Po Py \O

where po is the resistivity at the metal/oxide interface and ps is the resistivity at the
oxide/electrolyte interface. This description also accounts for bounded values of the resistivity

at both the metal/oxide and oxide/solution interfaces.



Under assumption of a uniform permittivity along the film thickness, the expression of the
impedance can be obtained by integration along the film thickness from the position x = 0,
corresponding to the coordinate at the metal/oxide interface, to the x = 3, corresponding to the

coordinate at the oxide/solution interface. According to Hirschhorn et al. [15], for a frequency
lower than fs = (271,05&90 )7l , an analytic expression of the impedance of the film can be written

as

5 l-a
Zr =@ Pe

Pyt jweg, )’1

(2)
where =21 and g(a)=1+2.88(1-a)™".
e

This impedance shows a CPE behaviour in the high-frequency range (f < fs5) with « and Q as

parameters and

Q=—(§8°2: 3)
80ps

l-a

Equation (3) shows that only the product dp;“ can be determined from the characterization of

the oxide film with known dielectric constant in a limited frequency domain. Consequently,
additional methods are required to measure independently the thickness o of the oxide layer.
Surface analyses have often been used by the past [18-21], but recently it has been shown that
the extrapolation of the complex-capacitance diagram at infinite frequency can be a reliable
way to determine the thickness of the layer [22, 23]. The complex capacitance is calculated
using the impedance data corrected for the electrolyte resistance, i.e.,

1

Clo) =~
Jjo(Z(®)=R,)

“4)

Because the power-law model was shown to be equivalent, from an electrical point of view, to

a set of Voigt elements in series, two limiting cases can be predicted. In the low-frequency



domain, the current tends towards the dc value and a pure resistive behaviour is expected.
Conversely, for very high frequency, all resistances are negligible with respect to the impedance
corresponding to the capacitance, and the overall impedance is a pure capacitance equal to the
sum of all capacitances of the Voigt elements in series. The physical meaning of this
capacitance is linked with the dielectric properties of the electrochemical interface, and it thus

provides an estimate of the oxide film capacitance in the high frequency domain. From this
: . EE :
value, and using the usual formula for a parallel plate capacitor C, = 70, an estimate of the

thickness of the layer could be obtained. In a last step, this thickness can be used in Equation
(3) and from the values of the CPE parameters, Q and ¢, the resistivity at the oxide-electrolyte

interface ps can be deduced [23].

4. Results and Discussion

The experimental results include polarization curves and impedance diagrams.

4.1. Current-Potential Curves

The current-potential curves in anodic and cathodic domains were evaluated separately.
4.1.1. Anodic Domain

Preliminary measurements showed that a steady-state behaviour was reached only after 60
hours of immersion, resulting from slow evolution in composition, structure and thickness of
the passive film when the sample is immersed into a 0.1 M NaOH solution. The protocol for
measuring polarization curves on a point by point basis was to hold the system at open-circuit
for 60 hours and then to apply set potentials, recording the steady-state current that could be
measured after an elapsed time of 18 hours. Two different curves are plotted in Figure 1,
showing the good reproducibility of the measurements. The second set of experiments was

performed in a more limited potential range than for the first set to avoid the transpassive region.



From the steady-state polarization curves, the passive and corrosion current densities were

estimated to be c.a. 50 nA/cm?.
4.1.2. Cathodic Domain

Since the ORR is strongly dependent on mass transport, the cathodic polarization curves were
obtained using a rotating disk electrode (RDE) in order to control hydrodynamic conditions

and, thus, the thickness of the diffusion layer (Figure 2).

The steady-state cathodic polarization curve was obtained at a rotation rate £2= 150 rpm by
performing measurements from -1.70 V/MSE to a potential close to Ecorr by successive 50 mV
steps, using the same protocol as was used for the anodic curves to reach the steady-state
condition. The increase of the cathodic current with increasing cathodic potential was followed

by a diffusion-limited plateau, between -1.2 and -1.5 V/MSE, mainly attributed to the ORR.

For larger cathodic overpotentials (£ < -1.5 V/MSE), the observed increase of the current was
attributed to the water reduction reaction. Following reference [14], since the reduction of the
oxide film contributes to the overall cathodic current in the potential domains where the ORR

takes place, EIS was used to characterize the oxide layer as a function of the applied potential.

4.2. Electrochemical Impedance Spectroscopy
Impedance measurements were performed at the corrosion potential and in both anodic and
cathodic domains. Interpretation of the impedance measurements at the corrosion potential was

augmented by use of X-ray photoelectron spectroscopy (XPS) analysis to extract film thickness.
4.2.1. Anodic Domain

EIS analyses were first performed in the passive domain, in which the cathodic faradaic reaction
1s not expected to contribute to the impedance response and the system can be described as a
dielectric oxide layer in series with the double layer capacitance. Because the double layer

capacitance is usually much larger than that of a thin oxide film, it can be neglected in a first



approximation. According to Figure 1, at an anodic potential between Ecorr and about 0.2
V/MSE, the anodic current corresponds to the passive current, and the impedance is the
impedance of the oxide film given by Equation (2). For example, the impedance diagram

obtained at -0.6 V/MSE is presented in Figure 3.

The corresponding oxide film thickness was obtained from XPS measurements to be 2.4 nm,
yielding, for an assumed dielectric constant equal to 12, a capacitance of 4.5 uF/cm? [25]. In
the case of dielectric systems, the complex capacitance representation (Cole-Cole format) has
been shown to be well suited for the determination of the capacitance of the film, after
correcting the data for the electrolyte resistance [24]. An example is given in Figure 4 for a

potential of -0.6 V/MSE.

The thickness value obtained by use of XPS provides a capacitance value reported on Figure 4
under the assumption that € =12. This value corresponds well to an extrapolation of the complex
capacitance to the real axis; thus, the complex capacitance plots were used to extract values of

capacitance for potentials away from the corrosion potential.

The capacitance and thickness values resulting from this analysis are presented in Table 1.
Application of the power-law model allowed identification of ps as a function of applied
potential. The uncertainty of this value is large. A propagation of error analysis using assumed
standard deviations for regressed parameters suggested that, with the exception of the value
obtained at a potential £ = -1 V/MSE, the variation of ps is not statistically significant. The
corresponding characteristic frequencies fs = 1/(2zssops) are larger than the experimentally

measured frequencies.

The impedance under anodic potentials was assumed to be that of the oxide layer represented

by the impedance of the power law model (Equation (2)). The experimental data corresponding



to Figure 3 and associated regression results are presented in Figure 5 in Bode and electrolyte-

resistance-corrected Bode formats [16].

In ordinary Bode plots (Figures 5a and 5b) the regression seems very good in the entire
frequency range, but, as mentioned in reference [16], the electrolyte resistance obscures the
impedance behaviour in the high-frequency range. The electrolyte-resistance-corrected Bode
plots (Figures 5c¢ and 5d) show a disagreement between the regressed curve and the
experimental data in the high frequency domain. As described in reference [16], the discrepancy
between simulation and experimental data at high frequency can be attributed to the geometric
effect of the electrode resulting from current and potential distributions at the electrode surface.

The geometric effect has an effect on the impedance value for a frequency larger than

f.= 8R1C in the case of a disk electrode embedded in an insulator [16]. The geometric effect

was not taken into account in Equation (2), leading to a discrepancy between experimental and
simulated values. For this reason, the impedance data were regressed in a narrow frequency
domain (f' < 200 Hz), and, above this frequency, the data were simulated using parameters
determined by the fitting. The results of the regression are given in Table 1. The resistivity at
the metal/oxide interface (pv) was in the range expected for an insulator. Since the thickness of
the layer was obtained with an estimated accuracy of 10% and the exponent of ps in Equation
(2) 1s small, the resistivity at the oxide/electrolyte interface was determined with a poor
accuracy. Nevertheless, the variation of the resistivity inside the oxide layer can be plotted as
shown in Figure 6. In the present model, the double-layer capacitance, which is at the interface
between the oxide layer and the electrolyte and which should appear in series with the
impedance of the oxide, was not taken into account. Assumption of a usual value of 50 pF/cm?
for the double layer capacitance yields an error estimate of 5 to 10 % with respect to the value

of the oxide capacitance reported in Table 1.



4.2.2. Cathodic Domain

At high cathodic overpotentials, the oxide layer was assumed to be progressively reduced.
However, no special feature could be seen on the current-potential curve (Figure 2) that could
be attributed to the oxide layer evolution. Using the approach described previously for the
analysis of the EIS diagrams obtained in the anodic range, an analysis based on the complex-
capacitance plot was used to indicate whether the oxide layer is still present at the surface of

the electrode.

The complex-capacitance plots (not shown) were found to be very similar to the plot obtained
at the corrosion potential, shown in Figure 4, indicating the presence of an oxide layer over a
wide cathodic potential range. From these data, the thickness of the oxide layer was estimated
and is reported in Table 1 and in Figure 7. For a potential lower than -0.8 V/MSE, the oxide
thickness decreased significantly with potential, and extrapolation suggests that the layer

vanished completely for potentials more negative than -1.1 V/MSE.

As an example, the impedance measured at £ =-0.9 V/MSE is given in Figure 8. In this Nyquist
diagram, the impedance appears as a single depressed semicircle. The polarization resistance
has a value of 11 kQ.cm? and corresponds to the faradaic impedance of the oxygen reduction
in series with the electrolyte resistance and the electronic resistance of the oxide layer (see

below). The impedance of the oxide layer at zero frequency is given by

Z,(0) = g(a)3pL“ pt (5)

Its value was evaluated to be larger than 8.6x10° and thus played no role in the polarization

resistance value.
4.2.3. Model of the Interface
At the corrosion potential, the overall impedance is composed of two independent branches

(Figure 9), one corresponding to the anodic reaction and the other corresponding to the cathodic
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reaction [24]. The two branches are connected to the metal on one side and to the electrolyte
resistance on the other side. The anodic branch corresponds to the circuit used to analyze the
experimental data in the anodic potential range. The anodic branch is consistent with oxidation
of the steel at the steel-oxide interface, contributing to a distribution of charged species, e.g.,
vacancies, within the oxide. The PLM accounts for the associated resistivity distribution. A
second reaction takes place at the oxide-electrolyte interface. As the impedance of the reactions
at the metal-oxide and oxide-electrolyte interfaces are expected to be small as compared to the
dielectric impedance of the oxide, these terms are neglected in Figure 9. The faradaic impedance
of oxygen reduction is very large and this impedance can be neglected because it has a very
small contribution to the overall response of the system. The assumption that the faradaic
impedance of the oxygen reduction could be neglected appeared to apply as well to the

measurements obtained at the corrosion potential.

At potentials more cathodic than the corrosion potential, the electrons generated at the
oxide/electrolyte interface are transferred to the metal through the oxide layer and an electronic
resistance must be introduced. This resistance is different than the resistance used in the PLM
model because the resistors in the PLM model are attributed to the ionic resistance
corresponding to the presence of vacancies and in some cases to inserted ions. As a result, the
transport of charges is performed by ionic carriers for the anodic branch and by electrons for
the cathodic branch (Figure 9). The electronic resistance is added to the cathodic faradaic
impedance, and, in general, only the sum of the charge-transfer resistance and the oxide layer

resistance can be obtained from regression.

In the cathodic range, when the impedance of the cathodic branch is small with respect to Zr(0),

the expression of the PLM model (Equation (2)) is reduced to its CPE part, i.e.,

Z, = gla) P ©)
(] a)ggo)
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Thus, in the potential range (-0.8 V/MSE, -1V/MSE), the oo value could not be determined by

regression (in Table 1 p is indicated as “undefined ).

In the low cathodic potential range (positive to -0.8 V/MSE), oxygen reduction is under pure
kinetic control and the faradaic expression is reduced to a charge-transfer resistance R:. For
lower potential (£ < -0.8 V/MSE), mass transport plays a role and the faradaic expression
corresponds to a charge-transfer resistance in series with a diffusion impedance. With the model
corresponding to the equivalent circuit given in Figure 9 in which the faradaic impedance is
replaced by a charge-transfer resistance, the sum of the charge-transfer resistance R: and the
electronic resistance of the oxide layer Rox may be obtained by regression. These results are
plotted in Figure 10 as a function of the electrode potential. In a semi-logarithmic plot, this sum
varies linearly with the potential as expected for Tafel kinetics. The Tafel coefficient was about
175 mV/decade, which is in agreement with values found in the literature. This behaviour shows
that the electronic film resistance is likely to be negligible in comparison with R:; Under the
assumption that the electronic resistance is independent of potential, it can be concluded that

this resistance is smaller than 1 kQ cm?.

5. Conclusion

A combination of experimental techniques, including steady-state polarization curves, X-ray
photoelectron spectroscopy, and electrochemical impedance spectroscopy, were used to explore
the electrochemical properties for carbon steel in alkaline electrolytes. At the corrosion
potential, the capacitance derived from XPS analyses was shown to conform to the
extrapolation to the high-frequency limit of a complex capacitance in a Cole-Cole
representation. Such extrapolation was used at other applied potentials to obtain the oxide film
thickness. Application of the power-law model allowed identification of ps as a function of

applied potential.
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Under anodic potentials, the impedance response corresponded to that of the oxide. Under
cathodic potentials, the impedance response included the parallel contribution of the oxygen
reduction reaction, treated here as a charge-transfer resistance. The exponential dependence of
the regressed value, which nominally included the series contribution of the electronic
resistance of the oxide, suggested that the contribution of the electronic resistance of the oxide

was small and could be neglected.
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Table 1: Capacitance values determined from the complex-capacitance plots, the
corresponding layer thickness and the resistivity at the interface oxide/electrolyte and at the

interface metal/oxide

VIMSE Cox o . 0 Ps fs 00
(uF/cm?) (nm) (uWF/em?s'™®) | (Qcm) | (MHz) (Q cm)
-0.3 4.2 2.5 | 0.89 38.9 1480 100 4.4 10"
-0.4 4.5 24 | 0.90 38.0 380 390 9.1 10"
-0.5 4 2.5 | 0.90 38.8 210 710 7.7 101
-0.6 5 2.1 | 0.87 69.6 1380 110 4.4 10"
-0.7 5 2.1 | 0.86 86.5 1210 120 4.4 10"
-0.8 5 2.1 | 0.84 115 2390 63 undefined
-0.9 6 1.8 | 0.82 171 5400 28 undefined
-1.0 8 1.3 | 0.77 432 20900 7 undefined
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Figure captions

Figure 1
Anodic steady-state polarization curves of C15 mild steel measured after 60 h of immersion in
0.1 M NaOH solution at Ecor. The black curve was extended to the transpassive range; whereas,

the red curve was stopped in the passive range.

Figure 2
Steady-state cathodic polarization curve of C15 mild steel in 0.1 M NaOH solution obtained
after an initial immersion of 60 h at Ecorr with Q = 150 rpm. Measurements were performed

between -1.7 V/MSE and Ecorr by successive 50 mV steps.

Figure 3
Impedance diagram of C15 mild steel at £ = -0.6 V/MSE after 60 h of immersion in 0.1 M

NaOH solution at Ecor.

Figure 4

Complex-capacitance diagram obtained for C15 mild steel at -0.6 V/MSE. The red circle
corresponds to the capacitance calculated with the thickness obtained from XPS analysis and
compares well with the extrapolation performed on the complex capacitance plot (see text for

details).

Figure 5

Experimental and simulated Bode plots corresponding to the results of Figure 3 (£ = -0.6

V/MSE): (a) and (b) log (IZI) and phase as functions of log (f) without correction for ohmic

18



resistance; (c) and (d) ) log (IZI) and phase as functions of log (f) in electrolyte-resistance-

corrected Bode representation (Re =21.2 Q cm?).

Figure 6
Simulation of the distribution of resistivity in the oxide layer at -0.6 V/MSE according to the

power-law model applied to the experimental results of Figure 3.

Figure 7
Variation of the thickness of oxide layer on C15 mild steel in 0.1 M NaOH solution as a function

of potential.

Figure 8

Nyquist diagram for C15 mild steel in 0.1 M NaOH solution at £ = -0.9 V/MSE.

Figure 9
Equivalent electrical circuit used for the C15 mild steel in 0.1 M NaOH solution in the cathodic

potential range.

Figure 10

Regressed values of the sum (R = R: + Rox) versus the potential in semi-logarithmic coordinates,

according to the equivalent circuit of Figure 9, in which Zr,0 is replaced by R:.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 8
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Figure 10
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