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Electrochemical Impedance Spectroscopy (EIS) is frequently used for the study of electrochemical reactions and associated mechanisms and phenomena. To study a specific reaction, it is important to choose the DC potential at which the measured impedance data carries information mostly related to that specific reaction. One of the first questions asked was: at different potentials, which reaction contributes most to the recorded impedance spectra, cathodic or anodic? For example, at the corrosion potential where the cathodic current density is equal to the anodic current density, does the impedance data carry information about the two reactions equally? The following study is the development of a methodology that is essential as the first step for analysis of the impedance data related to an electrochemical reaction. This methodology consists of a new model that predicts which reaction is dominant to the measured impedance at any specific potential. The experimental results provided confirm the validity of the model.

Introduction

EIS is an electrochemical technique that can be applied to study electrochemical mechanisms of reactions underlying corrosion, evaluate coating performance, characterize battery and fuel cell performance, etc. [START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF][START_REF] Lasia | Electrochemical Impedance Spectroscopy and its Applications[END_REF][START_REF] Keddam | Reaction Model for Iron Dissolution Studied by Electrode Impedance: I . Experimental Results and Reaction Model[END_REF][START_REF] Keddam | Reaction Model for Iron Dissolution Studied by Electrode Impedance: II . Determination of the Reaction Model[END_REF][START_REF] Das Chagas Almeida | New insights on the role of CO 2 in the mechanism of carbon steel corrosion[END_REF][START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Amand | Constant-phaseelement behavior caused by inhomogeneous water uptake in anti-corrosion coatings[END_REF][START_REF] Musiani | Determination of resistivity profiles in anti-corrosion coatings from constant-phase-element parameters[END_REF][START_REF] Gordon | Electrochemical Impedance Spectroscopy response study of a commercial graphite-based negative electrode for Li-ion batteries as function of the cell state of charge and ageing[END_REF][START_REF] He | Exploring the use of electrochemical impedance spectroscopy ( EIS ) in microbial fuel cell studies[END_REF][START_REF] Roy | Interpretation of Low-Frequency Inductive Loops in PEM Fuel Cells[END_REF][START_REF] Zhang | EIS study on the formation of solid electrolyte interface in Liion battery[END_REF]. EIS can provide a wealth of information about the electrochemical reactions and surface phenomena occurring, based on analysis of the impedance response of the system. The term impedance is defined as "the effective resistance of an electric circuit or component to alternating current, arising from the combined effects of ohmic resistance and reactance" [START_REF]IMPEDANCE | Definition of IMPEDANCE by Oxford Dictionary on Lexico.com[END_REF]. In other words, impedance measurements include the estimation of both the ohmic resistance to a flow of current and resistance to a change in current, called reactance that arises from the effect of inductance and/or capacitance [START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF]. In EIS measurements, a small amplitude, alternating signal (current or potential) is applied at different frequencies to probe the impedance characteristics of a system being studied, in our case corrosion.

In the field of corrosion, it has been common practice to use the so called direct current (DC) techniques to study the mechanisms of the electrochemical corrosion reactions; for some recent examples from aqueous CO 2 corrosion of mild steel, see Kahyarian et al. [START_REF] Kahyarian | A New Narrative for CO 2 Corrosion of Mild Steel[END_REF]. Usually, the DC techniques involve a rather slow change in potential and monitoring of the resulting steady state current response, such as done for example in potentiodynamic polarization methods. As an example, Figure 1a shows the results of two separate potentiodynamic polarization sweeps (cathodic and anodic) conducted on mild steel in an aqueous CO 2 solution. Both potential sweeps were initiated at the open circuit potential (OCP), and then the potential was swept at the low rate of 0.125 mV s -1 in the cathodic and then anodic direction. At more positive potentials than the OCP, the measured steady state current density originates predominantly from the anodic reactionin this case oxidation of iron-and therefore carries information mainly about the rate of this reaction. Similarly, at potentials more negative than the OCP, the measured steady state current density carries information mostly about the rate of cathodic reactions in this case evolution of hydrogen via reduction of H + ions and water molecules.

But does that also mean that the analysis of the impedance obtained by EIS should follow the same logic, that is: at potentials more positive than OCP, the impedance of the anodic reaction is dominating, while at more negative potentials it is the impedance of the cathodic reaction that dominates. If so, at the OCP, where the rates of the anodic and cathodic reactions are equal, do the EIS measurements detect an even contribution of both reactions to the measured impedance (see the example in Figure 1b)? The answer to this question is the main objective of the present paper. Restated more generally: before conducting EIS measurements, it is important to estimate what fraction of the impedance recorded at any given potential is contributed by one reaction or the other. In the present paper, a methodology is introduced to estimate the dominant electrochemical reaction contributing to the measured impedance at any given potential. It is the hope that the described method will help researchers better select experimental conditions, so that the collected impedance spectra carry sufficient information about the electrochemical reactions of interest. In order to demonstrate the new methodology, an experimental study was first presented, where potentiodynamic sweep were collected followed by EIS measurements conducted at different DC potentials.

Experimental

Experiments were performed in a standard 1 L, three-electrode glass cell consisting of a rotating disk working electrode (RDE), a graphite rod counter electrode and an external saturated Ag/AgCl reference electrode, connected to the solution via a salt bridge and a Luggin capillary.

The experimental apparatus is shown in Figure 2. The test solution was continuously sparged with CO 2 gas during and two hours before the initiation of the experiments, to saturate the solution and remove the dissolved O 2 (concentration levels below 10 ppb are readily achieved).

The pH of the test solution was adjusted to pH 4.0 using a dilute NaOH solution. The working electrode was made from API 1 5 L X65 mild steel (composition provided in Table 1) in the shape of a 5 mm diameter disk, which was polished by using silicon carbide papers (up to 1000 grit) and finally mirror finished using diamond suspension liquids (down to 0.25 µm). Mirror finishing was done to minimize formation of gas bubbles on the surface of the RDE during polarization and improve reproducibility of measurements. Following the surface preparation, the sample was cleaned with isopropyl alcohol in an ultrasonic bath and then dried with a N 2 gas stream. Before each polarization sweep and EIS measurements, OCP was monitored for 20-30 minutes to achieve a stable value (drift in the OCP < +/-0.1 mV min -1 ). After obtaining a stable OCP, the cathodic polarization sweep was conducted by polarizing the RDE from OCP to OCP -350 mV using a scan rate of 0.125 mV s -1 . Following the cathodic polarization sweep, EIS measurements were performed in succession at different DC potentials, starting from OCP and stepping the DC potential by -50 mV, down to -300 mV more negative than OCP. For the measurements done at potentials more positive than OCP, an EIS measurement was performed only at OCP + 50 mV and finally, a full anodic polarization sweep was conducted from OCP to OCP + 100 mV. The summary of the test conditions for the experiments is shown in Table 2.

Results and discussion

Potentiodynamic sweep and the model

In corrosion of mild steel in acidic aqueous solutions, it is known that the main anodic reaction is the oxidation of iron (Reaction (1)) and the main cathodic reaction is the reduction of hydrogen ions (Reaction (2)). At the very negative potentials, reduction of water (Reaction (3)) occurs as well.

Dissolution of iron

(1)

Reduction of hydrogen ion

Reduction of water

Reaction [START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF] shows the general reaction for the iron dissolution which involves 3 consecutive steps shown in (Reactions ( 4)-( 6)) [START_REF] Bockris | The electrode kinetics of the deposition and dissolution of iron[END_REF].

(4)

→ + (5) (6) 
The measured potentiodynamic sweep are shown in Figure 3. In order to deconvolute the data shown there and extract those pertaining to individual electrochemical reactions, shown above, a simple mechanistic model was constructed using the kinetic equations of each electrochemical reactions (Equations ( 7)-( 13)) with the calculated results shown in Figure 4 [START_REF] Bockris | The electrode kinetics of the deposition and dissolution of iron[END_REF][START_REF] Nesic | An Electrochemical Model for Prediction of Corrosion of Mild Steel in Aqueous Carbon Dioxide Solutions[END_REF][START_REF] Kahyarian | Mathematical modeling of uniform CO 2 corrosion[END_REF][START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF][START_REF] Levich | Physicochemical Hydrodynamics[END_REF]. In the model, it was assumed that the iron dissolution is under pure charge transfer control and Equations [START_REF] Amand | Constant-phaseelement behavior caused by inhomogeneous water uptake in anti-corrosion coatings[END_REF] was use for modeling of this reaction which is approximately valid on a limited potential range close to OCP. Moreover, it was assumed that the water reduction is under pure charge transfer control (Equation ( 13)) while the reduction of hydrogen ion is under charge transfer control at more positive potentials and under mass transfer and chemical reactions control at more negative potentials (Equations ( 8)-( 12)).

Iron dissolution -charge transfer current density:

( ) (7) 
[ [START_REF] Bockris | The electrode kinetics of the deposition and dissolution of iron[END_REF][START_REF] Nesic | An Electrochemical Model for Prediction of Corrosion of Mild Steel in Aqueous Carbon Dioxide Solutions[END_REF][START_REF] Kahyarian | Mathematical modeling of uniform CO 2 corrosion[END_REF] Hydrogen ion reduction -charge transfer controlled current density: [START_REF] Nesic | An Electrochemical Model for Prediction of Corrosion of Mild Steel in Aqueous Carbon Dioxide Solutions[END_REF][START_REF] Kahyarian | Mathematical modeling of uniform CO 2 corrosion[END_REF] Hydrogen ion reduction -mass transfer and chemical reaction limiting current density: [START_REF] Kahyarian | Mathematical modeling of uniform CO 2 corrosion[END_REF][START_REF] Levich | Physicochemical Hydrodynamics[END_REF] Diffusion layer thickness:
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Reaction layer thickness:
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Hydrogen ion reduction -total current density:

(12) [START_REF] Nesic | An Electrochemical Model for Prediction of Corrosion of Mild Steel in Aqueous Carbon Dioxide Solutions[END_REF][START_REF] Kahyarian | Mathematical modeling of uniform CO 2 corrosion[END_REF][START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF] Water reduction-charge transfer controlled current density: [START_REF] Nesic | An Electrochemical Model for Prediction of Corrosion of Mild Steel in Aqueous Carbon Dioxide Solutions[END_REF][START_REF] Kahyarian | Mathematical modeling of uniform CO 2 corrosion[END_REF] Summing the current densities for the three reactions gives us the overall potentiodynamic sweep, shown in Figure 4. The good fit between the experimental results and the modeled potentiodynamic sweep is shown in Figure 4. The outcome of this exercise showed that at OCP, the cathodic reaction is dominated by hydrogen ion reduction, which is under mixed charge transfer, mass transfer and chemical reactions control, as shown in Figure 4. Therefore, the corrosion current density (5.1 A m -2 ), is close in magnitude to the limiting current density (6.7 A m -2 ).

( ) (13) 

Identifying the dominant electrochemical reaction

Figure 4 shows the individual electrochemical reactions. Using Equation ( 14), we can calculate the percent contributions of individual electrochemical reaction to the total current density obtained at different potentials what is shown as a bar graph (Figure 5). At OCP + 50 mV, 88.8%. of the measured current density was related to the oxidation of iron. Conversely, at OCP -50 mV, 86.8% of the measured current density was associated with the H + reduction. As the potential becomes more negative than OCP, the contribution of the current density originating from H + reduction to the total current density increases, and at the same time the water reduction contribution grows. As indicated in Figure 4, at very negative potentials the cathodic reaction is dominated by the water reduction reaction (not shown in Figure 5).

ntr t n c rrent en t react n (14)

The deconvoluted data shown in Figure 4, can also be used to estimate the contribution of the individual reactions to the overall impedance that would be measured at different DC potentials.

Given that the value of impedance includes both the ohmic resistance and the reactance, only the ohmic resistance (real part of the impedance) can be calculated from the steady state data shown in Figure 4. As the mass transfer and chemical reactions (that give rise to the imaginary part of the overall impedance) and the charge transfer reactions (manifested as the real part of the overall impedance) are linked in an electrochemical process such as corrosion, we can argue that estimating the real part of the impedance gives us a reasonable estimate of the relative magnitude of the overall impedance [START_REF] Ayagou | Electrochemical impedance spectroscopy of iron corrosion in H 2 S solutions[END_REF].

We can now use the potentiodynamic sweep data, in order to estimate the real part of the impedance at any potential (which we will call here the polarization resistance, ), by calculating the first derivative of the current density-potential curve by using Equation ( 15), for each individual electrochemical reaction, shown in Figure 4.
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The results are plotted in Figure 6.

The line representing the anodic reaction in Figure 6 shows an increase in as potential becomes more negative, while for the cathodic reactions the polarization resistance decreases.

However, as the limiting current density range for the H + reduction reaction is approached, the for this reaction reverses course and starts to increase, as shown in Figure 6. This is because it becomes harder to change the rate of this reaction by polarization as it gets closer to the limiting current density which is controlled by slow mass transfer and homogenous chemical reaction rates. The keeps getting smaller at more negative potential across the whole range of potentials.

Using an electrical circuit analog model of this electrochemical process, where resistances arranged in parallel represent individual electrochemical reactions, the overall polarization resistance can be calculated by using Equation [START_REF] Nesic | An Electrochemical Model for Prediction of Corrosion of Mild Steel in Aqueous Carbon Dioxide Solutions[END_REF]. It shows that the overall polarization resistance is dominated by the smallest of the individual polarization resistances. In other words, the reaction/process with the smallest polarization resistance will be the dominant one. The overall polarization resistance for the 3 reactions is shown as the thick black line in Figure 6.

(

) 16 
It is shown in Figure 6 that at more positive potentials the overall polarization resistance is dominated by the anodic reaction, given that the Fe oxidation reaction has the smallest polarization resistance in this range. In the mid-range of potentials, the contribution of H + reduction (which is under mass transfer control) has the largest influence on the .

Finally, at the more negative range of potentials, the dominates (being the smallest of the three). Even if this behavior is qualitatively similar to the changes seen in the current density, shown in Figure 4, the two do not align entirely.

The same information is represented in Figure 7, where using Equation ( 17) the contributions of the three reactions to the polarization admittance ( ⁄ ) are calculated and explicitly shown at different potentials. Now, the contributions of individual reactions to the measured current density (shown in Figure 5) can be directly compared the contributions to the overall polarization admittance (shown in Figure 7) at the same potentials.

ntr t n a ttance react n

 At OCP + 50 mV, where 88.8% of the measured current density comes from the anodic reaction, the overall polarization resistance is also dominated by the same reaction. At this potential, the is much smaller than it is for the other reactions and represents 96.8% of the overall polarization admittance . Thus, both the measured current density and the measured polarization resistance carry the information about the same reaction: Fe oxidation.

 At the OCP, the anodic and cathodic current densities are balanced (equal) and no current is flowing in the external circuit and the rates of the individual reactions cannot be assessed directly. However, at the OCP, the measured polarization resistance is still dominated by the : polarization resistance for this reaction is about 4 times smaller than that for and orders of magnitude smaller than . Thus, at OCP, the polarization resistance carries information mostly about Fe oxidation: polarization admittance of this reaction is 87.6% of the overall polarization admittance.

 At OCP -50 mV, the contribution of the to the overall polarization resistance is still dominant. The polarization admittance of this reaction is 69.7% of the overall polarization admittance, while at the same time the current density is dominated by the H + reduction reaction (which contributes 86.8% to the measured current density).

Therefore, while at this potential, the current density mostly carries information about the H + reduction, the polarization resistance gives us information mostly about Fe oxidation.

 At OCP -100 mV, the , while the is still orders of magnitude higher. At the same time 97. of the overall polarization admittance.

Comparisons with the experimental EIS data

We will now examine if the conclusions drawn above about the dominant reactions at different potentials, based on estimated polarization resistance is consistent with EIS measurements conducted at those same potentials. In Figure 8, if we first look at the spectra collected at the potential OCP + 50 mV and at the OCP, we see that the diameter of the high frequency loop increases, meaning that the charge transfer resistance value increases, i.e. the rate of that reaction decreases at more negative potentials. This confirms that in this potential range, the impedance of the anodic reaction is dominant and is the one being detected by the model in Figure 6 and Figure 7. Moving on to even more negative potentials, ie. OCP -50 mV, the same trend continues, i.e. the diameter of the high frequency loop i.e. the charge transfer resistance keeps on increasing. This confirms that in this range of potentials, the impedance of the anodic reaction remains dominant, even at OCP -50 mV where 69.7% of the measured impedance is estimated to come from the anodic reaction (Figure 7), while most of the measured current density (84.8%) is related to the cathodic reaction (Figure 5). We can also observe in Figure 8, that the EIS curves collected at the OCP + 50 mV, at the OCP and at the OCP -50 mV look quite similar: a depressed semi-circle with an inductive loop at low frequencies that carry information mostly about the anodic reactionoxidation of iron, which dominates the measured impedance in this potential range, as shown above. It has been argued in some previous studies that the high frequency capacitive loop is related to the double layer capacitance followed by a low frequency inductive loop representing the relaxation of Fe(I) ads FeOH ads as an intermediate species in iron dissolution reaction [START_REF] Keddam | Reaction Model for Iron Dissolution Studied by Electrode Impedance: I . Experimental Results and Reaction Model[END_REF][START_REF] Keddam | Reaction Model for Iron Dissolution Studied by Electrode Impedance: II . Determination of the Reaction Model[END_REF][START_REF] Das Chagas Almeida | New insights on the role of CO 2 in the mechanism of carbon steel corrosion[END_REF][START_REF] Epelboin | Faradaic Impedances: Diffusion Impedance and Reaction Impedance[END_REF] In Figure 9, we had added the spectrum collected at OCP -100 mV which indicates some of the same trend: an increase in the overall impedance with the decreasing potential. This is consistent with the analysis above, where we concluded that about half of the measured impedance at this potential comes from the anodic reaction, even if it is 100 mV more negative than the OCP.

However, the key difference is the absence of the inductive loop, which was associated with the anodic reaction. This is related to the fact that the measured impedance at OCP -100 mV is influenced by the cathodic reactions as much as the anodic reaction, making it difficult to observe the inductive loop at low frequencies.

In Figure 10, the spectrum collected at OCP -150 mV is compared to the one obtained at OCP -100 mV, where we can see a profound change in the shape of the spectra. According to the analysis above, at OCP -150 mV the measured impedance is dominated by the cathodic reaction -H + reduction, being almost entirely under limiting current density control. This is reflected in Figure 10, where this behavior which is consistent with an existence of a so-called Warburg impedance at this potential, indicates the influence of the limiting current density in the low frequency range.

Almost the same behavior is seen at OCP -200 mV and OCP -250 mV (Figure 11) where the overall impedance is predominantly influenced by the same cathodic reactionsreduction of H + and H 2 O, with the former being under limiting current density control and the latter being under charge transfer control. According to Figure 7, as the potential becomes more negative, the impedance associated with the reduction and H 2 O becomes dominant, and being under charge transfer control, we would expect the shape of the spectrum to change. While this is difficult to discern from spectra collected at OCP -200 mV and OCP -250 mV, it becomes clear when comparing with a spectrum collected at OCP -300 mV. There, the measured impedance is significantly smaller, the shape of the curve is quite different with at least two-time constants, all suggesting a new reaction dominating the impedance in this potential range. This is consistent with the analysis presented in Figure 6. It is interesting to note that the H 2 O reduction reaction is not clearly discernable in this potential range by just looking at the potentiodynamic sweeps presented in Figure 4. To identify it clearly, it would take approximately another 100 mV of polarization in the more negative direction, yet it dominates the impedance spectrum at this potential.

The values of the charge transfer resistance and polarization resistance as estimated from the impedance spectra (Figure 8 -Figure 11) are compared to polarization resistance calculated from the model fitted to the potentiodynamic sweep curves (Figure 6) and are presented in Table 3.

The charge transfer resistance and the polarization resistance were determined by a simple visual inspection of the provided Nyquist plots, without resorting to equivalent circuit analysis and fitting algorithms. Charge transfer resistance is the resistance related to pure charge transfer current density. In other words, when the change in current density is only related to the change in potential, as shown in Equation [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF].

( ) (18) 
For H + reduction, the polarization resistance is the combination of charge transfer and mass transfer resistances. For iron oxidation, the polarization resistance is associated with the charge transfer resistance and the adsorption kinetics of FeOH on the metal surface. In the vicinity of the corrosion potential, the overall polarization resistance can be represented mostly by the anodic and cathodic polarization resistances in parallel to each other. Reliable estimation of the polarization resistance was possible only for spectra collected at the most positive potentials and the most negative potentials. The spectra collected in the mid-range of potentials, which are strongly influenced by the H + reduction reaction, which is under limiting current density control,

were not able to provide an accurate estimation of the polarization resistance. Overall, a reasonable agreement is observed which reinforces the validity of the methodology and the interpretations presented above. 

Conclusion

Tables:

Table 1 Chemical Comparison of charge transfer resistance estimated from EIS measurements (Figure 8-Figure 11)

with the polarization resistance calculated from the model fitted to the potentiodynamic sweeps (Figure 6). 



  A new methodology based on modeling potentiodynamic sweeps has been developed to estimate the dominant electrochemical reaction(s) contributing to the impedance measured by EIS at any potential. This model can help to design experiments by selecting DC potentials in EIS measurements which can best elucidate the behavior of reactions of interest.  At various potentials, the relative contributions of different reactions to the measured impedance in EIS measurements are not always analogous to their contributions to the measured current density. For example, in the case presented above related to corrosion of mild steel in a CO 2 solution, at a potential 50 mV more negative than the open circuit potential, the dominant reaction contributing to the measured current density is due to the cathodic reaction (H + reduction) while the dominant reaction contributing to the measured impedance is the anodic reaction (Fe oxidation).
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 3 Figure 3. Steady state polarization sweep curve, measured using a sweep rate of 0.125 mV s -1 , on X65 mild steel RDE at 2000 rpm, corroding in an aqueous solution at pH 4.0, 30 o C, saturated at
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 8 Figure 8. Nyquist plot at OCP + 50 mV, OCP, and OCP -50 mV. Experimental parameters: X65 mild steel RDE, 2000 rpm, pH 4.0, 30 o C, aqueous solution saturated at 1 bar CO 2 , 0.1 M NaCl
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 9 Figure 9. Nyquist plot at different OCP, OCP -50 mV and OCP -100 mV. Experimental parameters: X65 mild steel RDE, 2000 rpm, pH 4.0, 30 o C, aqueous solution saturated at 1 bar
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 10 Figure 10. Nyquist plot at different OCP -100 mV and OCP -150 mV. Experimental parameters: X65 mild steel RDE, 2000 rpm, pH 4.0, 30 o C, aqueous solution saturated at 1 bar
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 11 Figure 11. Nyquist plot at different OCP -200 mV, OCP -250 mV and OCP -300 mV. Experimental parameters: X65 mild steel RDE, 2000 rpm, pH 4.0, 30 o C, aqueous solution

  Modeling and experimental parameters: mild steel RDE at 2000 rpm, pH 4.0, 30 o C, aqueous solution saturated at 1 bar CO 2 , with 0.1 M NaCl supporting electrolyte.

		OCP +50 mV	OCP	OCP -50 mV	OCP -100 mV	OCP -150 mV	OCP -200 mV	OCP -250 mV	OCP -300 mV
	from EIS experiments / Ω	30±1	70±1 223±3	719±6	125±5	113±7	96±2	85±5
	cm 2								
	from EIS experiments / Ω	25±1	57±2 148±5	719±6	cannot be reliably	cannot be reliably	cannot be reliably	520±20
	cm 2					determined	determined	determined	
	from model potentiodynamic	10	51	225	851	2447	3518	2772	883
	sweep / Ω c 2								
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