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The corrosion performance of metals is closely related to their durability. Available studies on metal
corrosion have seldom focused on the interfacial reaction behaviour influenced by a conductive medium
under different temperatures. In this work, a laboratory corrosion simulation environment has been
designed for EIS measurements to investigate the electrochemical behaviour of copper immersed in
distilled water in different temperature environments. The relationship between the mathematical model
of impedance response and the equivalent circuit model is determined based on electrochemical
kinetics theory. The complex process of the dielectric properties of distilled water affected by
temperature is analysed, and a simple method for calculating the kinetic parameters is presented. The
experimental and model results have a good fit, and the analysis results indicate that the semicircle in
the high-frequency region of the complex impedance curve represents the charge transfer process of
the conductive medium. The decrease in temperature is the major factor that inhibits the rate of
dissolution and passivation, resulting in the change rate of surface coverage slowing down, until the
attenuation of the mass transfer process of the conductive medium dominates the full range of AC
frequencies. This model provides an improved approach for determining physical parameters based on
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1. Introduction

Buried pipelines have a wide range of industrial and technical
applications in transportation. However, a large amount of
buried metal is used in construction and other applications,
which forms an electrochemical system with the soil that reacts
to cause corrosive damage, which will affect the production and
health of the population.”” In fact, the corrosion reaction is
a complex charge transfer process that occurs at the interface
between the metal and the electrolyte. In the entire corrosion
process, soil plays a key role in the speed of corrosion as
a complex and nonuniform three-phase conductive medium;?
water as an electrolyte in the soil is the most important factor
that directly affects the charge transfer between the interior of
the soil and the metal interface.® In the past several decades,
extensive studies have been conducted on the electrochemical
behaviour of metal in acidic solutions, neutral sodium chloride
solutions and alkaline solutions.>*® The research shows that the
corrosion mechanism and charge transfer law of the metal
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electrochemical impedance spectroscopy to characterize the electrochemical properties of materials.

interface in different electrolytic environments exhibit diversity
(hydrogen evolution corrosion, oxygen absorption corrosion)
and complexity (impedance of the film formation process, ion
diffusion pathway). According to various studies, temperature,
water content, salt content and so on are the main factors that
directly affect the internal electrical and chemical properties of
the soil system and the solution dielectric,"*** and indirectly
affect the reaction rate of the metal or alloy surface.'®> Although
researchers have studied the law of charge transfer in high-
resistivity media, factors such as the basic solute that dissolves
carrier-distilled water, the electrochemical kinetics, and the
electrochemical thermodynamics law of the metal surface before
and after the phase transition of the conductive medium are still
not fully understood under the effect of temperature. Service
durability of metallic facilities is a technical problem faced by
the construction engineering sector. In this study, theoretical
and applied studies on the electrochemical characteristics and
corrosion mechanism of metals in a basic medium were con-
ducted, contributing to the deepening of the electrochemical
theory of microscopic corrosion interfaces and guiding metal
structure design, material selection, construction and other
engineering applications. This is significant in promoting
regional economic development and economic transformation.

Electrochemical impedance spectroscopy (EIS) is a powerful
method for characterizing the dynamics of bound or mobile
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charges in the bulk or interfacial regions of any kind of solid or
liquid material and their interfaces with electronically con-
ducting electrodes."® However, an accurate mathematical model
is usually developed to satisfy the impedance data obtained
from the experiment to disentangle the contributions from the
electrical response of the various processes to the impedance.
The current general approach is to try to fit the impedance data
to the equivalent circuit model. The impedance response rep-
resented in a different range of frequencies may be related to
many complex material variables, from mass transport, rates of
chemical reactions, corrosion, and dielectric properties to the
microstructure and compositional influences on the conduc-
tance of solids. Therefore, the ideal distribution of elements in
the equivalent circuit used to fit the corresponding value at the
specific frequency to interpret the physical process is somewhat
elusive.'®

This study aims to provide a research method to study the
mechanism of charge transfer in water and the mathematical
model in this study has been determined by describing the
basic reaction process of the electrode system response from
electrochemical kinetic theory to solve the uncertainty of the
traditional equivalent circuit method in the interpretation of
impedance data, which will provide a research foundation for
future research on the law of metal-water interface charge
transfer. The model should clearly include the key features of
the electrochemical reactions at the electrode surface under the
effect of distilled water in different temperature environments.
In order to verify this model, an electrochemical impedance
spectroscopy test system is used in the laboratory experiments.
Copper electrodes are used as the experimental metal. Although
the corrosion process of copper is very fast, it is still the material
of choice for engineering applications due to its easy availability
and economic applicability.”” Distilled water is used as the
electrolyte. Then, the impedance spectrogram is obtained, and
the least-squares method is used to verify the fit of the model.
The parameters obtained from the model fitting are interpreted
by this approach according to the kinetics of rate control and
the transport process. The present EIS results show that based
on the charge balance, the electrochemical reaction on the
surface of the copper electrode is effectively suppressed because
the distilled water (capacitance medium) is influenced by
different temperatures and undergoes physical and chemical
changes (phase changes) that cause the attenuation of the mass
transfer process. Continuous exploration of the mechanism and
law of metal corrosion is a basic requirement for the electro-
chemical application of materials. Charge transfer and chem-
ical reactions in a solution-electrode system are complex
electrochemical processes. By breaking through the basic
scientific problems of electrochemical theory, the results can
further broaden the traditional electrical testing methods and
provide a new method for evaluating the corrosion law and
adaptability of metal materials.

2. Experiments

This experiment involved a three-electrode system. The working
electrode was a copper bar with =99.99% purity, and the
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working area was sealed to 1 cm?® with polyvinyl chloride insu-
lating tape and epoxy resin. The reference electrode was
a saturated calomel electrode (SCE). The counter electrode was
a platinum electrode. Before each operation, the electrode
surface was treated as follows: the working surface was polished
with silicon carbide sandpaper (grade 2000), then washed with
alcohol, degreased with acetone, rinsed with deionized water,
and finally immersed in the solution. The electrochemical
experiment was carried out in a rubber mold (immersed in the
refrigerating fluid) with a capacity of 350 mL, and distilled water
was the conductive medium; the top of the mold was covered
with a waterproof film. The experiment was continuously cooled
using thermostatic equipment, and the temperature was
controlled at 20, 10, 5, 0, —5, —10, and —20 °C. The experi-
mental apparatus is shown in Fig. 1. Electrochemical imped-
ance spectroscopy was carried out on a CS 350 electrochemical
workstation and measurements were collected after the elec-
trode surface reached a steady-state at each temperature. The
testing range of frequency was 100 kHz to 0.01 Hz, and linear
sinusoidal perturbation was used for a total time of 12 h.

3. Modeling for impedance response
3.1 Electrochemical model for the reaction mechanisms

The generalized process of metal corrosion consists of the
following steps:

(1) Metal-ion formation by anodic corrosion, which may
either be a direct electrochemical dissolution or a multistep
electrochemical chemical process resulting in precipitation.

(2) Metal-ion migration through the electrolyte under the
electric field towards the cathode.

(3) Electrochemical metal deposition at the cathode, forming
metallic deposits.

The above reaction scheme was characterized by Wilhelm's
cyclic voltammetry continuous scan.'® The cathode reaction
represents a series of reduction reactions of oxides and
hydroxides of Cu(i) and Cu(u) to Cu.

3.1.1 Anodic reaction. The impedance response of a metal
in the corrosion process is controlled by the dissolution reac-
tion and passivation reaction of the metal-electrolyte interface.

Thermostatic

Measure TEMP

Equipment
™
W
!ﬂ-.m,: CE RE WE [
1 ZV 3 - -
D i Electrochemical Workstation
- - s e’ s i
L f 1-Working electrode D
Refrigerating fuid | (« opper rod) 1
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| (SCE) |
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~

Fig. 1 Electrochemical testing apparatus.
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For simplicity, we consider that the dissolution reaction
produces Cu(u) and the passivation reaction produces Cu(i),
while the above two oxidation states may be produced by either
reaction.

Cu = Cugyace?t + 2¢” (1)

After reaction (1) occurs, Cu®" migrates from the anode
surface to the bulk solution through the oxide film, and the
reactive particles OH  migrate from the bulk solution to the
anode surface and react with Cu(i) to form the main passivation
product Cu,0; a series of complex oxidation reactions will still
occur afterwards.'

2+ 2+
Cusurface - Cubulk (2)

OHbulk_ - OHsurface_ (3)

Cu + OH_ g %CUZO =+ %Hzo

+e7, (series of oxidation reactions) (4)

3.1.2 Cathodic reaction. The cathode process mainly
occurs as an oxygen depolarization reaction, where O, dissolved
in distilled water migrates from the bulk solution through the
oxide film to the surface of the cathode and produces a reduc-
tion to generate OH .

02bu1k - OZsurface (5)
Ossurface + 2H20 +4e™ — 40H™ (6)

Meanwhile, Cu®* migrates from the bulk solution to the
cathode surface, and Cu®*' associates with OH™ to form the
oxidation product Cu(OH),. In fact, the oxidation product still
undergoes a series of complex reduction reactions afterwards.

Cubulk2+ - Cusurface2+ (7)
Cu®* + 20H™ — Cu(OH),, (series of reduction reactions) (8)

Although there are many complex chemical reactions on the
surface of the cathode accompanied by charge transfer, the
accumulation of oxidation products on the surface of the
cathode does not have a significant impact on the reduction
current as time increases. The cathode reaction is mainly
controlled by the charge transfer process.

3.1.3 Mass transfer process. Under the action of a pertur-
bation electric field, distilled water acts as an ion conductor,
Cu*" generated by the oxidation reaction of the electrode
migrates to the cathode, and OH™ generated by the reduction
reaction migrates to the anode (Fig. 2). In any case, the
following dynamic equilibrium reactions occur in liquid water,
simultaneously,

2H,O = H30+ + OH™ (9)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cathode
(solid)

Fig. 2 Schematic diagram of the copper electrode interface reaction
and mass transfer process.

Self-dissociated ions (H;0", OH ") of H,O molecules migrate
to the cathode and anode under the action of an electric field.
Certainly, when distilled water changes to solid ice as the
temperature decreases, the conduction mechanism is
completely different. Ice is a crystal structure formed by the
arrangement of H,0 molecules through hydrogen bonding. The
H,0 molecules are fixed and immovable. The conduction
process of ice is mainly the dissociation of H" ions from the H,0
molecules, resulting in a weak current of transferring protons.*®

However, the above conductive process is weak, and the
insulation of distilled water is still obvious. The end faces of the
two test electrodes in distilled water can be used as alternating
current parallel plate capacitors, with distilled water as the
capacitor medium.>*?*

3.2 Mathematical model of the metal interface

The faradaic current density and the non-faradaic current
density of the electrode interface constitute the total current
density I, through each interface of the electrode system
(Fig. 3). Two independent current densities have no influence
on each other, and their addition constitutes the total current
density.*>?

Lot = I + Ir = Is (10)

One part of the current density develops from the charging
and discharging current caused by the change of the charge
density on both sides of the electric double-layer when the
potential changes.

________________________________ 1
1
1 | 1Cs | 1Cu H
! 1 | F i
1
1
1
1
Ta ™ He Tttt
1
I R, 7 :
1 | — | | p— | 1
: | S | S| 1
Mass transfer process Electrode reaction

Fig. 3 Schematic diagram of the total current density through each
interface of the electrode system.
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Iy = == _—
dl ot dla[

(11)
where Cy; is the double-layer capacitance.

3.2.1 Anodic dissolution and passivation reaction: the
transfer function of the faradaic current to the electrode
potential and passivation process. The rate expression of the
anodic dissolution and passivation process is established
depending on the conditions of the irreversible electrode and
the Butler-Volmer equation. This study is a small potential
disturbance test under steady-state conditions. E represents the
potential relative to the reference electrode, E = Eg, + AE, where
E is the potential at steady-state and AE is the perturbation
potential. Corrosion reactions are generally unbalanced, and
the reverse reactions of dissolution and passivation can be
ignored. The oxidation reaction is dominant. Thus, according to
the Butler-Volmer equation:

I=1 {exp(;—;AE) — exp(— %AE)}

oF . . .
and I, = Fk exp (EESS) The current density of the oxidation
reaction is

(12)

I =Fk exp{ d (13)

% (E + AE)]

The passivation product on the electrode surface interdicts
the anode dissolution and passivation reaction. § represents the
surface coverage of the passivation product. Reactions (1) and
(4) still occur in the areas not covered by the oxide film before
the electrode surface is completely covered.

I, = 2Fk (1 — )exp (ZOI‘QIT:E

> =2Fki(1—0)exp(riE) (14)

I = FK)Cop (1 — 0)exp <“;’;E> = Fly(1 — O)exp(rE)  (15)
I, represents the current density of the metal anode active
dissolution reaction shown in reaction (1). I, represents the
current density of the passivation reaction shown in reaction
(4). Con- represents the anion concentration at the surface.
Reactions (14) and (15) occur under weak potential perturba-
tion. The concentration of OH™ in the electrode system did not
change significantly; thus, the concentration of OH™ at the
electrode surface Cop- is equal to the bulk concentration
Comn bulk- Con- can be incorporated into the parameter k, under
the condition of constant value. k;, k,, r, and r, are all kinetic
parameters, and E is the potential relative to the reference
electrode. The nomenclature is summarized in the list of
symbols in the Abbreviations section.

In general, the formation of an oxide film proceeds by
a series of reactions. Thus, various reactions involved in the
formation of the oxide film are simplified as one representative
reaction in reaction (4). However, no matter how many electrons
are transferred by each kind of passivation reaction, the metal
electrode surface can carry out both dissolution and passivation
reactions simultaneously. The final faradaic current through
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the electrode is equal to I; + I,. Finally, the total current density
Liorar (Fig. 3) is expressed as the sum of the anode dissolution
current density, the passivation current density and the capac-
itor charge and discharge current densities.

Lo = 1a + Ir

= Cdl(l—f + 2Fk; (1 — 0)exp(r E) + Fiky (1 — 0)exp(rE) (16)

Generally, the faradaic current density Ir = flE, X, C) is
a function of the electrode potential E, the system variable X on
the electrode surface, and the ion concentration C on the elec-
trode surface.* Two time-constants appear in the range of the
middle and low frequencies (Fig. 6) in the experimental results
of this study (20 °C, 10 °C, 5 °C). After clarifying the capacitive
reactance arc generated by the electric double-layer (C4;) and the
charge transfer resistance R; at the electrode interface,” the
influence of the passivation process on the electrode control
step is first determined. Therefore, under the perturbation of
the small amplitude sine wave potential signal AE =
|AE| exp(jwt), the function Iy produces a variation Al according
to the causality condition. The expansion of the multivariate
functions I as a Taylor series simply leads to equal signs on the
left and right-hand-side of the equation.

oy ol
Al = (2E) aE+ (SE) ax
r <aE)SS * (aX)SS

According to the definition of faradaic admittance Yy = Al/
AE,
N oI\ AX 1 A\ AX
-5 (), ). £ ()5
AE  \0E)y  \0X)AE R, \3X ) AE
X is a system variable on the electrode surface that affects the
reaction rate of the electrode surface and is also affected by the
electrode potential E. In a simplified case, the state variable X
that influences Ir is the coverage of the anodic oxide film ¢
except for the electrode potential E. Under the perturbation of
the sine wave signal, the change rate of the passivation film
coverage f in this study is a function of all system variables,
including electrode potential. According to the linear condition
of electrochemical impedance spectroscopy, this experimental
condition was tested after the system reached a steady-state.
The change value of the fractional surface coverage Af corre-
sponds to the sine wave disturbance response and presents the
sine wave disturbance response at the same frequency as Af =
|A8| exp(jwt + @). Thus, df/dt = dAG/dt = jw|Ad| exp(jwt + ¢) =
JjwAd. In a physical sense, the conversion coefficient K is
expressed as the relationship between the electric quantity
passed on the electrode and the weight of the reaction product
of the electrode, which is based on Faraday's electrolysis law.
The necessary condition for the formation of a completely
precipitated film on the metal surface is that the dissolution
rate of the formed film is very slow; otherwise, it is difficult to
form a complete film. Generally, when there is no erosion effect
of anions such as Cl™ on the oxide film, the dissolution rate of
the oxide film is very low and can be effectively ignored.

(17)

(18)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Therefore, the change rate of the fractional surface coverage
can be simply expressed as a proportional relationship of the
passivation reaction current § = KI,. Expansion of the multi-
variate function # as a Taylor series affords

dAg a0 a0
oA =|—] AE+ =] A6=KL (19
dt jw <6E> SS + (60) SS ’ ( )

where K is a conversion coefficient, a detailed explanation of
which will be discussed in Section 5.2. Then, transforming eqn
(19) in terms of AG/AE, we get

). /().

Unifying eqn (16), (18) and (20), and further transforming
the form to obtain the faradaic impedance Zg, we get

~ dé
= — =
dt

AG

N (20)

R?|B| ) 1
1/Ye=Ze =R +——/1 _—
[Ye=Ze =Rt =g/ VT2 —rp
R
=R +—F 21
t+1+ij,DCp (21)

The above faradaic impedance expression is equivalent to
the impedance expression of the equivalent circuit R(RC).?

1 R
Z:R+1/E+ij:R+ : (22)

1+jwC

Thus, the explicit expressions of R, and C;, are obtained:
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RZ|B|
R, = 23
P a— R[|B| ( )
¢ = —i (24)
p R;2|B|

(cc)

According to eqn (16) and (19), the expression of each
parameter is

1 (ol
E = (ﬁ)ss = }"111 +r212 (25)
(98 KDL
a= _<aa> = 1-¢ (26)
SS
oI\ [0 KrL(I + )
B=(—) =] =——= 27
18] (aa)ss(aE>ss 1-0 (27)

Therefore, the relationship between the equivalent circuit
model of the impedance spectrum and the mathematical model
of copper in a conductive medium at different temperatures is
established by integrating the above reaction processes (Fig. 4).
R and C represent the bulk resistance and bulk capacitance of
the dielectric medium, respectively, Cq, is the double-layer
capacitance, R; is the charge transfer resistance, and R, and

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Corrosion
product layer

Distilled water

Fig.4 Schematic diagram of the relationship between the impedance
expression of the electrode system and the equivalent circuit. (a)
20 °C, 10 °C, and 5 °C environments. (b) 0 °C, —5 °C, —10 °C, and
—20 °C environments.

Cp represent the resistive and capacitive behaviour of the
passive film, respectively.””**

4. Results

4.1 Open circuit potential curves

Thermodynamic stability information of the metal electrode
surface at different temperatures can be reflected by the OCP
value, as shown in Fig. 5. The OCP monitoring results indicate
that each corrosion system is in an aerobic state and the OCP
value gradually becomes stable over time. Obviously, the OCP
value increases with a drop in temperature. The increase in OCP
value indicates the enhancement of the corrosion resistance of
the metal to some extent.

4.2 Experimental results of electrochemical impedance
spectroscopy

Nyquist plots of the copper electrode in the conductive medium
at different temperatures are shown in Fig. 6. Obviously, the
Nyquist plots of the same experimental system in different
temperature environments exhibit two different performances
with 0 °C as the boundary. The complex impedance curves at 20,
10, and 5 °C are composed of three capacitive reactance arcs.
The semicircle in the high-frequency region is controlled by the

-0.44 |-

-0.48 -

Potential(V)

-0.60 L 1 L 1 L
0 400 300 1200 1600 2000

Time(s)

2400

Fig. 5 Open circuit potential-time curves of copper electrodes in the
conductive medium at different temperatures.
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mass transfer process of distilled water.” The dissolution
reaction and passivation reaction on the surface of the electrode
occupy the control step of the speed response in the range of the
middle and low frequencies. The intercept of the high-
frequency semicircle and the real axis Z' gradually shifts to
the right as the temperature gradually decreases; the increase in
the radius of the high-frequency semicircle also indicates that
the impedance of the conductive medium increases with the
decline in temperature. The same law is also reflected in the
range of the middle and low frequencies,* where the rate of the
dissolution reaction and passivation reaction decays as the
temperature decreases, which is the focus of this study to
analyse the kinetics parameters of the electrode interface.
However, the development of a high-frequency semicircle is
remarkable at 0 °C, where the electrochemical impedance
spectroscopy in the environment of =0 °C is completely
composed of the bulk resistance R and the bulk capacitance Cs.
The capacitive reactance arc occupies the main control process
in the whole range of frequencies. This shows that the high-
impedance solid ice blocks the charge transfer on the elec-
trode surface, and Cu®*" and OH™ can hardly penetrate the
crystal structure to complete the charge transfer.

The modulus and phase Bode impedance plots of the copper
electrodes in a conductive medium at different temperatures
are shown in Fig. 7(a) and (b), respectively. Several time-
constant characteristics of impedance spectroscopy at

4x10*

3x10*
“~—
£
$ 2x10'

X.
G
=
N
h

1x10*

0 { 1
0 1x10* 2x10* 3x10* N 4x10* 5x10* 6x10*
Z'(Qecm”)
C (b) v 0°C msd

4x107 X

3x107
-
&
£
<@
o
g"‘,mo’
N
b

1x107 P

It ; i ; x
0 2x107 4x107 5 6x107 8x107 1x10*
Z'(Qecm?)

Fig. 6 Nyquist complex plane impedance plots of copper electrodes
in a conductive medium at different temperatures. Scattered points
represent the experimental spectra and continuous curves represent
the model fitting. (a) 20 °C, 10 °C, and 5 °C environments. (b) 0 °C,
—-5°C, —10 °C, and —20 °C environments.
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Modulus(Qecm?)

Phase(degree)

10' 10°
Frequency(Hz)

Fig. 7 Bode impedance plots of copper electrodes in a conductive
medium at different temperatures. Scattered points represent the
experimental spectra and continuous curves represent the model
fitting. (a) Impedance modulus vs. frequency plot. (b) Impedance phase
vs. frequency plot.

different temperatures can be clearly distinguished from the
peaks in the phase plot.** The phase angle curves in the envi-
ronments of 20, 10 and 5 °C are similar, the phase angle peaks
generated by the relaxation of distilled water (capacitive
medium) are all located at 10* to 10° Hz, and the relaxivity
generated by the dissolution reaction and the passivation
reaction at the electrode interface peaks at around 10° to 10" Hz
and 10> Hz, respectively. The characteristic frequency values
corresponding to the above three time constants shift slightly to
the left as the temperature drops, and the extension of the
relaxation time of each control process can be judged according
to 1 = 1/w*** where 7t is the time constant and w* is the char-
acteristic frequency. The time constant t can usually be
understood as the time course for the state variable to return to
the steady-state after being disturbed, which indirectly indi-
cates that the reaction rate of the state variable slows down as
the temperature decreases.*® The relaxivity caused by the phase
change to ice (=0 °C) of distilled water only shows one peak in
the phase plot, and the range of their frequencies is 3 orders of
magnitude lower than the frequency response of liquid media.

Fig. 7(a) shows that the total impedance moduli of the elec-
trochemical system increase significantly while the temperature
and frequency are attenuated. The contribution of impedance is
mainly composed of the dissolution and passivation reactions in
the environments of 20, 10 and 5 °C. Below 0 °C, the impedance
modulus increases linearly with the decrease in the frequency,
and the impedance in the medium and low-frequency regions is
3 ~ 4 orders of magnitude higher than that in the liquid water
environment, which is enough to confirm that the solid ice
hinders the charge transfer at the metal interface.

4.3 Application of the model to experimental impedance
spectra

The models (RC)(C(R(RC))) and (RC) were fitted to the experi-
mental impedance spectra (Fig. 6) by a least-squares fitting

© 2022 The Author(s). Published by the Royal Society of Chemistry
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routine (ZSimdemo software) to obtain each circuit component
parameter (Fig. 8) of the copper electrode in a conductive
medium at different temperatures, and the fitting errors are all
less than 10%.

The intercept between the high-frequency semicircle and the
real axis Z' represents the bulk resistance R, of the capacitive
medium; the R, value increases as the temperature decreases,
indicating that the radius of the high-frequency capacitive
reactance gradually expands, which confirms the phenomenon
observed in Fig. 6. As the water phase changes to ice at 0 °C, the
bulk resistance R of =0 °C is 4 orders of magnitude higher than
the Ry at 20 °C, which is enough to confirm that the develop-
ment of the high-frequency semicircle represents the overall
electrical performance of the capacitive medium at different
temperatures. The C, value increased significantly at 0 °C with
the decrease in temperature, and as the temperature continues
to slightly increase, the ion polarization of the medium may
cause a change in the capacitance content at both ends of the
electrode plate, which is the focus of this study on the dielectric
properties of the capacitive medium.

At the same time, the value of the charge transfer resistance
R, gradually increases with the decrease in temperature, and the
value of the electric double-layer capacitance Cgq; at the electrode
interface continuously decreases. Furthermore, the resistance
R, of the oxide film increases and the capacitance C,, decreases.
The above laws confirm a decrease in the dissolution and
passivation reaction rates on the electrode surface.

5. Discussion

5.1 Impedance and dielectric properties of distilled water
and ice at different temperatures

When the impedance characteristics of electrolytes are analyzed
by the equivalent circuit model, as mentioned in Section 4.2, the
law expressed from Ry and Cs is followed. Electrochemical
impedance spectroscopy has been used to study the conduc-
tivity of different dielectric materials such as ceramics, crystals
and liquids as a method of electrical relaxation. Impedance Z(w)
is a complex quantity involving macroscopic relaxation data.**3¢
Therefore, some other impedance-related quantities can be
derived, which usually play an important role in evaluating the
dielectric properties of the material. The structure of water in
different environmental conditions can be proved by an effec-
tive method: calculating the dielectric constant.

The impedance spectra can be transformed into the dielec-
tric spectra with the use of the relationship &(w) = 1/jwCoZ(w),
which leads to the following equations for the real (¢/) and
imaginary (¢”) parts of the complex permittivity e(w) = ¢ — je:

& = Z7"wCyZ* (28)

"= Z'lwCoZ? (29)
where Z' and Z” are the real and imaginary parts of the module
of the impedance Z measured at a frequency w; Co = &,4/lis the
capacitance of the bulk with the electrode area A and electrode
separation length ; wherein [ = 3 cm, 4 = 1 em” (4/] = 0.333
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cm); and the quantity ¢, is the dielectric permittivity of free
space, whose value is 8.854 x 10" Fm™ ",

Fig. 9 shows the frequency-dependent spectra of the real and
imaginary parts of the complex dielectric function ¢ of distilled
water at different temperatures. Obviously, the microscopic
mechanism of distilled water before and after the phase tran-
sition is different. As shown in Fig. 9(a), the dielectric constant
of distilled water is higher in the low-frequency region and
decreases rapidly as the frequency increases to 10 Hz until it
stabilizes, which also shows that high frequency has little effect
on the conductive media. Under the influence of a low-
frequency electric field, the self-dissociated ions (hydrogen
ions H;0" and hydroxide ions OH™) inside the distilled water
undergo shift polarization and move to the electrode interface,
forming an electric double layer capacitance at the interface.
Meanwhile, the polar H,O molecules show turning polarization.
These two changes show macroscopically that bound charges
appear at the metal interface,®” and the rise in temperature
promotes the thermal movement of H,O molecules and self-
dissociated ions in the direction of the electric field, thus
contributing to a high apparent dielectric constant as the
temperature rises.

After the distilled water changes into ice, the dielectric
constant of ice also decreases as the frequency increases to
1000 Hz until it stabilizes. Ice is a crystal composed of polar
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Fig. 9 Real (a) and imaginary (b) parts of the dielectric spectra of the
conductive medium at different temperatures.
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molecules. After solidification, the hydroxyl group (O-H) in the
polar molecules of H,O still has a degree of freedom of rotation,
the turning polarization mainly contributes to the dielectric
constant of the polar crystal, and the decrease in temperature
also restricts the turning movement of H,O molecules to
a certain extent; therefore, as the temperature decreases, the
developed dielectric constant becomes lower than that of liquid
water. The dielectric constant of the media in the two physical
states decreases as the frequency increases. As the frequency
increases, the polarization response time of the self-dissociated
ions and H,0 molecules in the medium is not enough to cope
with the oscillation of the AC electric field, which leads to
a decrease in the dielectric constant.

The dielectric loss of liquid water and solid ice decreases
with frequency over the entire frequency range and increases
with the increase in temperature, as shown in Fig. 10. The
reason for this phenomenon is that the self-dissociated ions
and H,O molecules in the medium cannot establish a relaxed
polarization in the high-frequency environment of the AC
electric field, and the polarization of the medium is mainly
contributed by the displacement polarization; thus, the result-
ing relaxation loss is little. Meanwhile, the increase in temper-
ature strengthens the thermal movement of molecules in the
medium, which results in increased collisions and friction
between molecules, showing an increase in dielectric loss.

From the above analysis, we can try to explain the sharp
increase in the capacitance content of the metal electrode plate
before and after the phase transition of the conductive medium,
as shown in Fig. 8(b). Some studies have shown that the surface
properties of any solid differ from its bulk properties. This is the
reason for the formation of a liquid-like layer at the interface, at
temperatures below the bulk melting point. The formation of
this layer is often called premelting.*® This phenomenon also
occurs at the interface between the metal and the solid ice,
where a tiny amount of unfrozen liquid water exists between the
metal and the ice.

Before and after the phase transition, H,O molecules exhibit
turning polarization inside the medium to balance the electric
field. Obviously, the decrease in temperature will make the

30 | ——10°C

20

tand

10° 107 10" 10° 10' 10 10° 10* 10° 10°
Frequency(Hz)

Fig. 10 Plot of tan ¢ against log f for the conductive medium at
different temperatures.
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turning motion of the H,O molecules more difficult. In order to
compensate for the electric field balance, the liquid water at the
interface between the metal and the solid ice needs to have
more dissociated ions (H;0", OH™) displaced on the electrode
surface. Therefore, as the temperature decreases, the capaci-
tance value Cy rises observably before and after the phase
change. In the process of going from distilled water to ice, the
self-dissociation of H,O molecules and the recombination of
H;0"-OH" ion pairs always occur (reaction (9)). The decrease in
temperature slows down the diffusion of the self-dissociated
ions H;0" and OH ™ to the electrode surface, thereby changing
the balance to increase the life of the separated charges, and
increasing the ion concentration on the electrode surface. The
capacitance Cq value increases as the temperature decreases, as
shown in Fig. 8(c).*

Fig. 10 shows the frequency-dependent spectra of tand (=¢/
¢') at different temperatures. The tan 6 spectra have a peak value
corresponding to the relaxation frequency w,, which is used to
evaluate the electrode polarization relaxation time t (=wgy, ).
The relaxation peaks of distilled water at 20, 10 and 5 °C appear
at 10” to 10° Hz. When distilled water undergoes a phase change
to ice, the frequency of the relaxation peak drops to 10~ " to
10 ? Hz.

Values of the relaxation frequency w,, and relaxation time ¢
of distilled water at different temperatures are presented in
Table 1. The relaxation of the medium occurs in a certain range
of frequency and temperature. As the temperature decreases,
the molecular thermal motion becomes weak, preventing the
orientation of H,O in the direction of the electric field, and the
frequency of the system response slows down, so the relaxation
time 1 (=wy, ') is too long to orient with the applied alternating
electric field. At this time, only electron displacement polari-
zation occurs, and the dielectric loss and tan 6 are stable with
temperature. As the temperature decreases, the relaxation time
continues to increase, further verifying that the rate of ion
migration and molecular steering movement in a conductive
medium slows down, and the charge transfer rate of the elec-
trode system is inhibited.

5.2 Passivation reaction and the site fraction occupied by
Cu,,O

It can be seen from Fig. 8(c) and (d) that the element parameters
obtained from the equivalent circuit model fitting

Table 1 Values of relaxation frequency w,, and relaxation time t for
the conductive medium at different temperatures

Temperature

(°C) tan 6 wm (Hz) 7 (s)
20 13.54 469.57 0.0021
10 18.19 372.41 0.0027
5 20.80 232.26 0.0043
0 9.34 0.08 12.5
-5 11.12 0.05 20
-10 14.32 0.02 50
—-20 31.91 0.01 100

© 2022 The Author(s). Published by the Royal Society of Chemistry
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macroscopically confirm the increase of the charge transfer
resistance in the dissolution and passivation reactions on the
metal surface. Previous studies have derived the base current
density formula to fit potentiodynamic current-potential curves
to obtain various kinetics parameters.** Aiming to establish the
relationship between the equivalent circuit model and electro-
chemical kinetic theory, this study proposes an easy method to
calculate kinetic parameters only by the circuit element
parameters obtained by electrochemical impedance spectros-
copy fitting.

First, eqn (25)-(27) are further simplified to form a system of
algebraic equations.

1

rily +rl = E

5 (30)
rnl +rlh = u

a

We then substitute the parameters Ry, Ry, and C,, (Fig. 8) of
the fitting results at 20, 10 and 5 °C into eqn (23) and (24) to
obtain a and |B| (Table 2). r; = 204 F/RT and r, = a,F/RT. In order
to simplify the calculation process, we approximately consider
that «; = a, = 0.5;* the parameters required for the calcula-
tion for r, and r, are shown in Table 3.

The constants required at different temperatures in eqn (30)
are shown in Table 2. The current density of the dissolution
reaction I; and the passivation reaction I, are obtained by
solving eqn (30).

As previously mentioned, K is the coverage-electricity
conversion coefficient.** According to Faraday's second law of
electrolysis.*

K = MlFn (31)
K is the electrochemical equivalent of Cu,O, M is the relative
molecular mass of the Cu,O molecule, 7 is the absolute value of
the total number of the positive and negative valences of Cu,O,
and F is the faradaic constant. Therefore, the mass of Cu,O

Table 2 Parameters @ and |B| at 20 °C, 10 °C, and 5 °C

T (°C) a(s™ B (@ " em s rn(cJyh rnCJh
20 0.5168 4.935 x 10°° 39.58 19.79
10 0.4876 2,745 x 10°° 40.99 20.49
5 0.4669 2.063 x 10> 41.72 20.86

Table 3 Various parameters involved in the dissolution reaction and
passivation reaction

Parameters Value

o 0.5

oy 0.5

F 96 485 C mol *

R 8.314 J (mol K)™*

T 293.15 K, 283.15 K, 278.15 K
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produced per unit of electricity is 3.71 x 10™* g, from eqn (29).
According to previous studies, the film thickness / of the elec-
trode surface in distilled water does not exceed 1 A (=10*° cm)
within 12 hours.* For simplicity, we consider that the oxide film
thickness & is 1 A (=10~ cm) during the experiment. The Cu,O
density is p. Finally, the formation area of the oxide film per unit
of electricity is obtained using 3.71 x 10™* g/2ph = 3089.43 cm>
C™', which is the equivalent coefficient K mentioned in eqn (19).
I, and I, solved by these equations are substituted into eqn (26)
0 = a — Kl,/a to obtain the coverage of the oxide film 6. The
parameters required for the calculation of the conversion
coefficient are shown in Table 4.

The physical parameters 6, I, and I, of the anode surface of
the copper electrode at 20, 10 and 5 °C are shown in Fig. 11. The
relationships between the physical parameters 6, I;, and I, and
temperature are studied and summarized in Table 5. A good
correlation between temperature and corrosion rate was ob-
tained. The increased viscosity of distilled water causes the ion
transfer speed to slow down with the decrease in temperature,
that is, the thermal movement of ions in the capacitor medium
attenuates, and the current density of the dissolution reaction
and the passivation reaction decreases based on the charge

Table 4 Various parameters involved in the coverage-electricity
conversion coefficient K

Parameters Value
M 143.08
n 4
p 6.0 g cm
h 1A (10" m)
35E-06 F  3.41E-6 99.017 99.0
A
3.0E-06 | 98.87 {988
—— II
25806 [ L, 4 986
E ) 9
% 2.0E-06 - 1.894E-6 H984 F
= ®.
N89E-6
1.56-06  1.414E-6 ° - 982
1.0E-06 | R 8.541E-7 - 98.0
97.97 I\MZE_7
5.0E-07 1 L 1 1 L 1 L L 97.8
22 20 18 16 14 12 10 8 6 4

Temperature(°C)

Fig. 11 Temperature-dependence of the estimated kinetic parame-
ters I; and I, and the physical parameter 6 from EIS.
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balance. However, the gradual slowing down of the reaction rate
directly affects the coverage rate of the oxide film on the elec-
trode surface. As shown in Fig. 11, the increasing slope of the
passivation film coverage rate slows down, which further
confirms that the calculation approach proposed in this study
can provide a reference for the kinetics response of the elec-
trode interface to a certain extent. As the temperature decreases,
the current density of the dissolution and passivation reactions
gradually decreases. The transfer rate of oxygen in the electro-
lyte is the determining factor that limits the dissolution and
passivation reactions because of the viscosity of the electrolyte.
The impedance of the metal during the corrosion process is
controlled by the response of the metal-electrolyte interface
connected by the dissolution reaction and passivation reaction,
which is exhibited by two capacity reactance arcs in the middle
and low-frequency regions in the Nyquist plot. Meanwhile, after
the water phase transformation into ice, oxygen is bound in the
ice crystal and moves slowly, which directly influences the rate
and the relaxation frequency of the dissolution reaction and
passivation reaction. No interface impedance response was
detected when the test frequency was lower than 102 Hz.
Impedance responses at different temperatures also confirm
that the anodic reaction is limited by the cathodic process.

6. Interpretation of the mechanism

When the metal contacts the electrolyte, the metal interface
begins to undergo a complex and special corrosion process,
which is shown in Fig. 12. Anodic reactions during corrosion
indicate metal dissolution or the formation of metal oxides.
When the anode dissolves to form Cu* and Cu®", a concentra-
tion gradient difference is generated and gradually diffuses into
the electrolyte with great internal heterogeneity. As a result,
most of the copper ions continue to react to form oxides or
hydroxides (CuO, Cu,0) attached to the electrode surface, with
a small portion migrating to the cathode with the action of the
electric field. It is worth noting that the cathode is controlled by
the reduction reaction of oxygen, and the migration process of
dissolved oxygen near the cathode affects the formation process
and the proportion of the dissolution reaction and corrosion
products. In the aerobic condition, the effective reduction
substance O, in the electrolyte plays an important role in
controlling the corrosion process. When the temperature
decreases, it becomes difficult for O, to migrate to the cathode,
resulting in the decreased efficiency of the dissolution reaction
and passivation reaction.

When the distilled water phase transitions into ice, the
internal electron/ion conduction is blocked, and oxygen is fixed
and dispersed in the ice crystal, making it difficult for it to

Table 5 Relationships between the kinetic parameters and temperature of distilled water

Relation Relative equation Function Trend Correlation
T-9 6 = —0.051 exp(0.1567) + 99.121 Exponential Increasing R* = 0.99
1 I, = 4.086 x 1077 exp(0.0577) + 1.277 x 1077 Exponential Decreasing R® = 0.99
T-I, I, = 5.054 x 107 exp(0.0847) + 7.215 x 10’ Exponential Decreasing R®=0.99
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Fig. 12 The mechanism of charge transfer at the interface of the
medium and the substrate.

migrate to the cathode. In this case, the conductivity inside the
ice mainly originates from the weak ion current of H'. The H"
reduction reaction generates H. However, the combination of
atomic H to produce H, requires high activation energy and the
formation of the H adsorption film on the cathode surface
hinders the cathode reaction. Thus, the dissolution and
passivation reactions are weak and cannot be detected in the
low-frequency region in the Nyquist plots. As the temperature
decreases and the distance between the molecules shrinks,
H;0" and OH™ find it more difficult to migrate to the electrodes
on both sides, which inhibits the charge from crossing the
electrical barrier at the electrode-liquid film boundary. The
capacitance value C; increases significantly before and after the
phase transition.

Before and after the phase transition, H,O molecules shift
towards polarization inside the medium to balance the electric
field. Obviously, decreasing the temperature makes it more
difficult for the H,O molecule to rotate. To compensate for the
electric field balance, liquid water at the interface between
copper and solid ice needs to displace more ions (H;0", OH™)
onto the electrode surface. In the transition from distilled water
to ice, the decreasing temperature slows down the diffusion of
H;0" and OH™ to the electrode surface, changing the equilib-
rium to increase the lifetime of the separated charge and
increasing the ion concentration on the electrode surface. Thus,
the capacitance Cy; increases significantly.

7. Conclusions

In this work, a mathematical model was established for the
impedance response of copper in distilled water at different
temperatures. This model can be used to investigate the kinetic
parameters, structural parameters, and macro-dielectric prop-
erties of an electrochemical system on electrode performance.

(1) The mathematical model considers the kinetics response
of the electrode interface I; and I,, and the degree of oxide film
coverage 6 on the electrode surface. The experimental results
and model results in a well-fitting wide frequency range.

(2) Based on the real and imaginary parts of the complex
permittivity converted from the test results, it is characterized
that decreasing the temperature effectively inhibits the ion
transfer rate and molecular polarization redirection. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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relaxation process of the conductive medium controls the whole
frequency region after the temperature is lower than 0 °C.

(3) A simple method is proposed to calculate the rates of the
dissolution reaction and passivation reactions I; and I,
respectively, and the fractional coverage of the oxide film ¢
through further derivation. As the temperature decreases, the
rate of the dissolution and passivation reactions slows down,
which also indicates the attenuation of oxide film growth.

(4) In this work, we aim to study the applicability of the
mathematical model under a single condition, and provide
a research basis for the subsequent study of the corrosion
model in coupled environments. Future research will focus on
electrochemical corrosion with the coupling of multiple
environments.

Abbreviations

T Charge transfer coefficient of the reaction i, C J*
Cou- Anion concentration, mol cm?
Con-buix  Anion concentration in bulk solution, mol cm 3
F Faraday's constant, C mol "

J Square root of —1

k; Rate constant of the reaction i

o Charge transfer coefficient

R Ideal gas constant, J (mol K) "

T Absolute temperature, K

K A conversion coefficient, cm* C™*

E Electrode potential, V

X System variable

Liotal Total current density, A cm >

Iq Non-faradaic current density, A cm™>
Iy Faradaic current density, A cm ™2

I Faradaic current density of reaction i, A cm 2
Q Quantity of electric charge, C

Cal Electric double-layer capacitance, F

t Time, s

0 Oxide film coverage, %

Ye Faradaic admittance, Q! cm ™2

Zp Faradaic impedance, Q cm?®

) Angular frequency, Hz

w* Characteristic frequency, Hz

T Time constant, s

Subscripts

dl Double-layer

F Faradaic current

SS Steady-state

1 Dissolution reaction

2 Passivation reaction
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