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ABSTRACT

Electrochemical impedance spectroscopy (EIS) is a powerful technique that can detect and
provide information about different phenomena that occur on the corroding surface using
alternating currentsignals. Several electrochemical reactions and associated phenomena, such
as mass transfer and chemical reactions happening at and near the metal surface, occur
simultaneously. Therefore, the EIS data conducted at a specific DC potential often contain mixed
information aboutseveral of those reactions, while at other potentialsthe EIS data are dominated
by a single electrochemical reaction. To be able to focus on a single electrochemical reaction
and its associated phenomena, itis important to identify the DC potential at which the EIS data
provide the most relevant information about this reaction, otherwise, the analysis of the
impedance data becomes very difficult. This work aims to show an example of how to select the
DC potential range at which the hydrogen evolution reaction is dominant. Following this step,
the EIS data can be used to determine the diffusion coefficient of hydrogen ion in a strong acid
aqueous solution.

INTRODUCTION

EIS is a powerful tool, yet a challenging technique for studying of a corrosion electrochemical
system. It can provide a broad range of information by decoupling the phenomenathatoccur at
or near the metal surface 1-°. In the study of corrosion of mild steel in a strong acid solution, the
main electrochemical reactions are anodic dissolution of iron and the cathodic reduction of
hydrogen ions and water (at lower potentials). In EIS studies of these electrochemical reactions,
choosingthe appropriate DC potentialis of great importance. For example, to study the hydrogen
reduction reaction, which is often controlled by the mass transfer of hydrogen ions, a DC
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potential must be chosen at which the EIS response provides mostly information about the
hydrogen reduction reaction and the influence of other reactions on measured impedance is
minimized. It is well known that at potentials below the open circuit potential (OCP), the
measured currentis dominated by hydrogen ion reduction. We are compelled to conclude that
the impedance at these same potentials below the OCP is also dominated by the hydrogen
reduction reaction? But, is this always the case?

In thiswork, a DC potentialrange in which theimpedance associated with the hydrogen evolution
reaction is dominantwill be determined by building a model to determine the resistance of the
key electrochemical reactions involved in the corrosion process: iron oxidation, hydrogen
reduction and water reduction. Next, the EIS data, obtained at the determined DC potential, will
be analyzed using a method explained in the literatures 1.6 to determine the diffusion coefficient
of the hydrogen ion in a strong acid solution.

Theory Behind Calculation of Diffusion Coefficients

For an electrochemical reaction that depends both on potential and metal surface concentration
of electroactive species, the faradic impedance is related to it is a faradic resistance in series
with a diffusion impedance as shown in Figure 1 1.

~
Metal Surface

Figure 1. The schematic of the Randles circuit representing the surface phenomena and faradic
reactions depending on potential and concentration of species at the metal surface.

As shown in Figure 1, the faradic impedance (Zr) is a summation of faradic resistance (Rt) and
diffusionimpedance (Zp) as shown in Equation (1) where Zpis defined in Equation (2) 1.

Zp =R, + 7, (1)

Z, =R 1> 2
D_D<_m ()
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In Equation (2), R, is a diffusion resistance, 6;(0) is defined as a dimensionless concentration
(Equations (3)) and 6,(0) is its first derivative with respect to distance from the surface
(Equations (4)) L.

To analyze the derivative of concentration with respect to time and position, a convective-
diffusion equation will be used as shown in Equation (5). Moreover, any complex value such as
concentration can be defined by Equation (6) having a steady state and transient part. By
substituting the first derivative of Equation (6) with respect to time and distance into Equation
(5), and also considering the axial velocity profile near the surface of a rotating disk electrode
(Equation (7)), the dimensionless form of the convective-diffusion equation can be obtained as
shown in Equation (8). The dimensionless parameters in Equation (8) are defined in Equations
(9)-(11) *°.

ac; N ac; D 0%c; G
ac Yoy  Tigyr T

¢;(y) = ¢;(y) + Re{é;e/**}

(6)
3
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L — = - _Z(= 2 2t _ ik = 8
dé2 +<3S‘Z (a4> SC,-1/3 6<a> SC,-2/3 T JjK;6;, =0 (8)
_Y ©)
E—6i
K = 3.2576pSc/3 (10)
= 11
P=7 (11)
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Considering the boundary conditions shown below, Equation (8) can be solved by Newman, et
al.” method. Therefore the second term in the diffusion impedance (Zp) was determined as
shown in Equation (12) 1.

0, >0 asé—> o

,>1até=0

1

NToRd (g) [1+02985c 3+ 0.1455c 75 + (psc'/s) a+j (psc'/3)B]  (12)

According to Tribollet et al., the slope of the plot shown in Figure 2 is a function of the Schmidt
numberas shown in Equations (13) and (14). Once the Schmidtnumberis obtainedthe diffusion
coefficientcan be calculated using Equation (15) 16,

1
dRe —=
lim { Hi(f)} = ASc'/3 (13)

p=0 dplm {— m}

A= 12261+ 0.845c¢1/3 +0.635c2/3 (14)

(15)

S| <
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Figure 2. Determining the Schmidt number from the complex value of (—m :

METHODOLOGY

The first part of the experimental method is related to determining the DC potential at which the
impedance is dominated by the hydrogen reduction reaction. The test conditions are shown in
Table 1. A 3-electrode glass cell system with a rotating disk electrode is used for electrochemical
experiments. The reference electrode is saturated KCI, Ag/AgCl. The counter and working
electrodes are graphite and APl 5L X65 mild steel respectively. Initially, the test solution is
sparged with 1 bar N2 for one hour to remove the oxygen content. The pH of the solution is
adjusted using a dilute HCI solution. The metal sample is polished up to 1200 grit silicon carbide
paper. Following polishing, the sample was mirror finished using a 0.25 diamond suspension
liquidto avoid the generation of bubbles on the metal surface duringthe experiment. The sample
was cleaned in an isopropanol liquid using ultrasonic for 2-3 minutes and then dried using N2
stream.
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Table 1. Experimental Conditions

Parameters Values
Test apparatus Rotating disk electrode
Three-electrode glass cell
Sparged gas pN2 =1 bar
Temperature 30+0.5°C
pH 3.00£0.01
Supporting electrolyte 0.1 M NacCl
Rotation rate 1000, 2000, 3000 rpm
Electrode material API 5L X65
Parameters of the EIS scans
Freqguency 10000 to 0.001 Hz
AC potential 10 mV rms.
Rotation DC potential
speed
1000 rpm -250 mV vs.
: OCP
DC potential 290 MV Vs
2000 rpm OCP
-290 mV vs.
3000 rpm OCP

After the insertion of the sample in the glass cell, the open circuit potential (OCP) was monitored
for 20 minutes to obtain a constant value (DOCP < +/- 0.1 mV/min), and then cathodic
potentiodynamic polarization measurement was performed. In the next step, the sample was
taken out of the glass cell to polish and mirror finish it again. Then after the insertion of the
sample in the solution, OCP was monitored for 20 minutes and then anodic potentiodynamic
polarization was performed.

The analysis method of the potentiodynamic sweeps for determination of DC potential for EIS
measurementis described in the resultand discussion andthe valuesare shownin Table 1. EIS
experiments were performed in a fresh solution following the solution and sample preparation
procedure described above and in Table 1. After insertion of the sample in the solution and
obtaining a constantvalue of OCP, the EIS experiments were performed at -250 mV vs. OCP at
1000 rotation speed of working electrode and at -290 mV vs. OCP at 2000 and 3000 rotation
speeds.

RESULT AND DISCUSSION
Determining of the DC potential for EIS measurement

The measured potentiodynamic sweeps at three differentrotation speeds are shown in Figure
3. In the next step, the measured sweeps were fitted to a mechanistically modeled
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potentiodynamic sweep. An example of a measured sweep fitted to the model potentiodynamic
sweep, deconvoluted to show the underlying electrochemical reactions, is shown in Figure 4.
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Figure 3. Steady-state polarization sweep curves, 30°C, pH 3.0, 0.1 M NacCl, sparged with nitrogen.
The dotted line represents the repeated experiment.
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Figure 4. The fit of the experimental data to the modeled potentiodynamic data.

The model data was then used to estimate the polarization resistances of each of the
electrochemical reaction for the process at various potentials. For each reaction (cathodic and
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anodic), the resistance was calculated using Equation (16) at different potentials. Using the
parallel resistor assumption for the electrochemical reactions, the overall resistanceis calculated
using Equation (17) which shows thatthe overall resistance is dominated by the smallest of the
three resistances.

AV
R= — 16
A7 (16)
1 1 1 1
=—+_—+ (17)

R Rpe  Ry+ RH2 0

overall
By inspection of the data presented in Figure 5, the range of potentials where the netresistance
is dominated by the H* reduction reaction resistance, is in the range between -60 mV and -450
mV vs OCP as shown by the blue box. In other words, in this range of potentials, the contribution
of the impedance of the iron oxidation and water reduction to the overall impedanceis very small
and therefore the measured impedance can be considered as the response of the hydrogen
reduction reaction, as shown in Figure 7.

The same range of potentials is shown on the plot of potentiodynamic data presented in Figure
6. This analysisshowsthat notthe whole cathodic potential range (more negative than the OCP)
Is suitable for EIS measurement in order to determine the impedance related to the hydrogen
ion reduction reaction. At the potential range from OCP to -60 mV below the OCP the currentis
dominated by the H* reduction being under charge transfer control; however, the impedance is
dominated by the anodic reaction having the smallest resistance value of the resistance of all
three electrochemical reactions. Moreover, at potential -450 mV below OCP, the impedance is
dominated by the water reduction although the currentis still dominated by the H* reduction and
being controlled by mass transfer of H* ion.

The same analysiswas performed for the experimental data at rotation speeds of 1000 and 3000
rpm. For the EIS measurement, the potential of -250 mV vs. OCP was chosen for 1000 rpm and
-290 mV vs. OCP was chosen for 2000 and 3000 rpm.
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Figure 5. The calculated polarization resistance as a function of potential for experimental data at 1 bar
Nz, pH 3, T= 30°C, 0.1 M NaCl, and 2000 rpm.
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Figure 6. Potentiodynamic sweep for the experiments at 1 bar N2z, pH 3, T=30°C, 0.1 M NaCl, and
2000 rpm. The blue box represents the potential range at which the impedance of the cathodic reaction,
H* reduction, is dominant for EIS measurements.
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Figure 7. The schematic of the Randles circuit. The figure on the left side is the overall impedance. The
figure on the right side is the overall impedance at the potential range dominated by the H* reduction

Determining the Schmidt Number from the Data in the Low Frequency Range

Figure 8 shows the impedance data for experimental data at rotation speeds of 1000, 2000, and
3000 rpm. Each Nyquistplot represents two-time constants. The high-frequency loop (near the
origin) corresponds to a capacitive loop while the low-frequency loopis related to the diffusion
impedance. The data shown in Figure 8, were normalized with respect to the corrected real part
of the impedance data accordingto Tribollet et al. Method *¢, as shown in Figure 9.

According to Tribollet et al. the p value was calculated using Equation (18) 16. Based on the

analysis discussed, the slope of the low frequency data shown in Figure 10 yields information
about the Schmidt numberusing Equations (13) and (14). The linear portion of the plot on the
left hand side of Figure 10 yields a slope of -6.21+0.4, which corresponds to a Schmidt number

of 97+19. Finally, by using Equation (15), the diffusion coefficientof hydrogen ions in water is

-5
calculatedto be 8.6 x 10 + 1.6 X 10> cm?/s.

_w _ 60xf 18
P=0 = o) (18)
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Figure 8. Impedance data at different rotation speeds from the experiments at 1 bar N2, pH 3, T= 30°C,

0.1 M NacCl.
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Figure 9. Normalized impedance data from Figure 8.
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Figure 10. lllustration of the method developed by Tribollet et al. to determine the Schmidt number 6
from the normalized data in Figure 9.

Determining the diffusion coefficient using potentiodynamic sweeps (DC technique)

The diffusion coefficient of the hydrogen ion in water was initially determined using
potentiodynamic sweeps in order to compare with the value obtained by the EIS technique. The
pure mass transfer controlled limiting currenton a rotating disk electrode can be calculated using
the Levich equation shown as Equation (19) 8. Therefore, the rate of change in limiting current
with respect to square root of rotation speed carries information aboutthe diffusion coefficient of
the electroactive species, being H* ion in this study.

1
iim = 0.62nFD*/3v76 Cow'/2 - (19)

The value of limiting current obtained in the potentiodynamic experiments shown in Figure 3 is
plotted versus the square root of the rotation speed, which,accordingto Equation (19), itappears
thatit needs to pass through the origin; meaningthatat zero rotation speed (stagnantcondition),
the limiting current must be equal to zero. Actually, at a stagnant condition there is still mass
transfer due to molecular diffusion of the hydrogen ion and therefore, the limiting current must
be a small with value close to zero. Based on Equation (19), the slope of the line shown in Figure

1
3, tan (@), is equivalentto the term 0.62nFD*/3v7s C,. Solving for the diffusion coefficient, D,
provides Equation (20). Accordingto Equation (20), the diffusion coefficientof hydrogen ion in
water is 9.3 x 107°+ 0.3 x 10~7cm?/s.

| W

1
_ |tan (a)ve (20)
~ |o0.62nFc,
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Figure 11. Using the limiting current density values, shown in Figure 3, to determine the diffusion
coefficient of hydrogen ion using Equation (19).

Comparison of the Diffusion Coefficients Obtained by EIS and Potentiodynamic Sweeps

The diffusion coefficient for the hydrogen ion in water obtained by EIS and potentiodynamic

sweeps are 8.6 x 10 Si 1.6 X 107% and 9.3 x 1075+ 0.3 x 10~ respectively. The calculated
error and difference between the two values is 18 + 8 %. The error might correspond to the
impact of impedance related to other electrochemical reactions happening simultaneously on
the metal surface. As discussed, at the chosen potential, the measured impedances are
dominated by the H* ion reduction; however, there are still small contributions from the iron
dissolution reaction and water reduction reaction to the measured impedance which might be
responsible for the calculated error. The two values obtained for diffusion coefficientof hydrogen
ion in water can also be compared to 12 x 107> (cm?/s), which isthe value reported in literature
910, The difference and error between the measured valuesandthe onereported in the literature
are shown in Table 2.

Table 2. Comparison of the Measured Diffusion Coefficients with the Literature Value

Error between the
measured Dg+ and the

Measurement technique | Measured Dy+ (cm?/s) value reported in the
literature:

12 x 107° (cm?/s) 910
EIS 8.6x10 +1.6x 1075 29+ 14%

Potentiodynamic sweep 9.3x 1075+ 0.3x 1077 22.5%
13
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CONCLUSIONS

» DC potential range at which the impedance of hydrogen evolution reaction is dominant
was determined using potentiodynamic polarization sweeps data. At the selected DC
potential, the EIS experiments were performed to determine the diffusion coefficient of
the hydrogen ions.

» The diffusion coefficient values obtained from the EIS method were close to the value
obtained by the DC technique with 18 + 8 % of error and similar to the reported literature
value with 29 + 14 % of error.
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