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Abstract. An impedance model for a metal surface corroding under a thin electrolyte layer is presented. The
model describes the oxygen diffusion in the electrolyte, the cathodic current via the oxygen reduction reaction
(ORR) reaction and the anodic current via metal dissolution reaction (MDR) at the metal/electrolyte interface
under the pseudo-steady approximation. The results for the impedance are obtained in terms of the thickness
of electrolyte, the diffusion coefficient of oxygen, the concentration of dissolved oxygen and the
anodic/cathodic reaction rates. The impedance characteristic are analysed through Bode and Nyquist plots
which unveils six distinctive frequency regimes viz., (i) purely oxygen diffusion controlled regime, (ii)
electrolyte film thickness controlled regime, (iii) activation controlled regime, (iv) mixed diffusion-kinetic
controlled regime, (v) capacitive electric double layer controlled regime and (vi) solution Ohmic controlled
regime. The impedance response shows two asymmetrical depressed arc on the Nyquist plots indicating the
Faradaic charge transfer controlled regime and purely electrolyte thickness diffusion controlled regime with
an intervening straight Warburg line. The arc at low frequencies is strongly dependent on the concentration
and diffusion coefficient of dissolved oxygen indicative of pseudo-steady state behaviour of interface whereas
the high frequency arc represents Faradaic regimes due to MDR and ORR which is indicative of the dynamic
nature of corrosion reaction rates at the interface. At thick electrolyte layer, the interface shows a mass
transport controlled kinetic regime with a finite length Warburg type impedance whereas at thin electrolyte
layer the interface is activation controlled with a finite diffusion Randles type impedance response. A
comparison of the model with the experimental data of corroding metal shows reasonable agreement.

Keywords. Impedance; Oxygen diffusion; Corrosion; Thin films; Finite length Warburg type; Randles type;
Pseudo-steady state.

List of Symbols Zrrw(w)  Finite length Warburg impedance
w Frequency Ro Resistance of electrolyte
wp Characteristic diffusion frequency R Charge transfer resistance
wc Characteristic Faradaic frequency Ca Capacitance of EDL
do,jon-  Transfer coefficient of ORR D Diffusion constant of species
o Transfer coefficient of MDR T Temperature in Kelvin

M/ o . (0] Phase of impedance
AC Deviation of oxygen concentration from steady .

state concentration C E Potential
) * E° . Reduction potential of MDR

F Faraday’s constant MM

*For correspondence

Supplementary Information: The online version contains supplementary material available at https://doi.org/10.1007/s12039-021-
02025-x.

Published online: 22 February 2022


https://orcid.org/0000-0002-1129-285X
https://doi.org/10.1007/s12039-021-02025-x
https://doi.org/10.1007/s12039-021-02025-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s12039-021-02025-x&amp;domain=pdf
https://doi.org/10.1007/s12039-021-02025-x

32 Page 2 of 16

Egz J0H- Reduction potential of ORR

R Universal gas constant

Z'(w) Real component of impedance

7" () Imaginary component of impedance
|Z(w)] Magnitude of impedance

1. Introduction

Corrosion is a complex electrochemical multiscale and
multiphysics process that takes place at metal-elec-
trolyte interface.'™ It depends strongly on the micro-
climatic factors like wet/dry conditions (temperature,
humidity or airing), microstructure of the underlying
metal,”® the thickness and composition of electrolyte
(consisting of dissolved sulphates (Na,;SO,4) and chlo-
rides (NaCl)) in contact with the metal,”"? and pH. 16-18

Under atmospheric conditions a metal may come in
contact with an electrolyte (formed by condensation of
moisture) either as a droplet or thin film and react with
the dissolved oxygen in the presence of salts resulting
in gradual destruction of the material.”* Generally, the
interaction between the metal surface and atmospheric
conditions defines the thickness and the composition
of the electrolyte layer in contact. The component of
the atmosphere which influence the corrosion process
in a thin electrolye are mainly oxygen, water and
atmospheric pollutants like SO, and NO. Also, the
kinetics of corrosion reaction is largely affected by a
combined interaction of electrolyte thickness and the
individual electrode reaction. Since oxygen reduction
reaction (ORR) is a dominating cathodic reaction
during the corrosion process, the dependence of the
corrosion rate on the oxygen is very important to
understanding of the corrosion mechanism. Usually
ORR associated with atmospheric corrosion is con-
trolled by the dissolution rate of oxygen from the air
and the mass-transport of the dissolved oxygen gas
from the electrolyte/air interface towards the electrode
surface. These are the critical factor affecting the rate
of ORR. However the mass-transport in turn depends
greatly on the thickness and size of electrolyte layer
(aerosols) in contact with the metal surface, the elec-
trode geometry and amount of dissolve salts. To
understand the effect of electrolyte layer thickness on
corrosion of metal in contact with the electrolyte,
Tomashov proposed an empirical model describing the
process of atmospheric corrosion in thin electrolytic
film. The process of atmospheric corrosion according
to Tomashov’ may occur in four different situations
depending on the thickness of electrolyte layer L in
contact:
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e Dry atmospheric corrosion (L<10 nm) - corro-
sion proceeds at negligibly small rates

e Moist atmospheric corrosion (10 nm <L <1 um)
- corrosion is anodically controlled inhibited
further by the reduction of thickness with passi-
vation and lack of water molecules for hydration
of dissolved metal ions

o Wet atmospheric corrosion (1 ym <L < 1mm) -
controlled by cathodic process i.e., the diffusion of
oxygen in the electrolyte layer

e Complete immersion (L > 1 mm) - corrosion rate
shows a maximum when transitioning from moist
(anodic control) to wet (cathodic control) condi-
tions.'® This maximum was found to be different
for different physical conditions.

Although the Tomashov’s model is a widely
accepted conceptual empirical model for atmospheric
corrosion which indicate the dependence of corro-
sion rate on the thickness of electrolyte layer, it
lacked the quantitative and the mechanistic
description of the relationship between the electro-
chemical kinetics and the film thickness. However
an interesting feature of the model is the anticipation
of a critical electrolyte film thickness, positing a
transition from a plateau in corrosion rate when a
constant diffusion layer was attained to cathodically
controlled corrosion limited diffusion of the dis-
solved oxygen to the reaction surface.” The corro-
sion rate increases as the film thickness decreases
under the so-called “critical thickness” and further
transition into reduced (anodic controlled) due to
lower solubility of corrosion product in smaller
volume. Finally, for very thin electrolyte thickness,
the corrosion proceeds at very low rates.

There has been experimental studies to understand
the transition from bulk, fully imersion kinetics to
thin film kinetics.'? However, different workers have
reported different values of critical thickness. For
e.g., Nishikata et al.,'*'® reported that the critical
electrolyte film thickness exist in the vicinity of
1 mm. Similarly experimental works by Stratmann
et al,''? and Frankel er al.’® corroborate the
presence of critical electrolyte film thickness
between 500 pum to 1 mm. The exact value of
critical thickness is still not clear. It is suggested
that the critical value denotes the minimum thick-
ness at which boundary layer established by natural
convection dictates mass transport.’" ** A proper
quantification of the corrosion rates with respect to
various factors influencing corrosion under a thin
electrolyte film is required to advance our
understanding.
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In general, corrosion is an electrochemical process
and the process of corrosion may be studied
employing electrochemical techniques. The experi-
mental studies to understand the corrosion under a
droplet or in contact with a thin electrolyte layer of
pure metal (like iron,'*'®** magnesium,** cop-
per,”?%) and alloys (like Al-Mg,*® Al-Zn,>"® etc.)
have been made using Kelvin probe,'®'*** electro-
chemical impedance spectroscopy (EIS),'*'¢2%%
polarization,zi29 electrochemical noise,3 or a com-
bination of methods.’** Studies have been made to
have analyzed corrosion reaction under mixed
transfer-diffusion control for potentiostatic current
transient, and under constant current conditions.>>>*
However, the presence of extremely thin electrolyte
makes it is difficult for conventional electrochemical
techniques employing Luggin probes to obtain a
uniform current and the solution resistance is very
high'**. Thus a severe limitation of the conven-
tional steady-state techniques comes from the elec-
trolyte resistance located between the equipotential
surface defined by the reference electrode and the
working electrode. In such conditions due to an
extremely high ohmic drop and a non-uniform cur-
rent (potential) distribution over a working electrode
produces serious errors in the measurement of the
atmospheric corrosion rate and Faradiac process. It
is difficult to obtain accurate results of the corrosion
processes at large ohmic drop compared with Far-
adaic overvoltage due to reaction. The potentiostatic
modes are affected and the ohmic drop in thin
electrolyte layer can introduce considerable error in
electrochemical polarization measurements and
hence the current (galvanostatic) techniques may be
incorrect in extracting the electrochemical quantities
like polarization resistance and ohmic resistance.
Furthermore, accurate in-situ corrosion rate moni-
toring, i.e. without errors due to inhomogeneous
current distribution, can be done even during the
drying process when only a very thin layer of water
is present on the specimen surface.”> Owing to
complex nature of atmospheric corrosion, studies
focussing on experimentally understanding the
mechanism and the rates of ORR and also oxygen
diffusion as a function of the thickness of electrolyte
film employing a single electrochemical technique is
not encourage. Since each electrochemical technique
has advantages and limitations, often a synergistic
use of various techniques is desirable to obtain a
meaningful result. A combination of experimental
data (obtained through a synergistic correlation of
various experimental techniques) with mathematical
corrosion model should be a solution to understand
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the complex process of (atmospheric) corrosion. To
this end, multiscale modelling approaches,”**® to
integrate various complex processes involved in
atmospheric corrosion is proposed to bridge the gap
between electrochemical quantification and outcome
of corrosion experiments.

There has been theoretical modelling of the corro-
sion of metal under a thin electrolyte,”*™*° for various
situations. The recent developments in the research of
atmospheric corrosion for thin electrolyte films and
droplets have been sumarized in the reviews by
Simillion et al.,* and Koushik et al.*® A recent per-
spective by Sadikhani and Blackwood,*” highlights the
importance of finite element methods for thin film
corrosion modelling and the need for dynamic elec-
trolyte thickness modelling in conjunction with mov-
ing boundary modelling. Also Cole,*® have reviewed
the progress in atmospheric corrosion of galvanised
steel and zinc and emphasised on the need to include
multi-layered structures and compact layer structures
in oxide layer formed, its role in ORR in corrosion
modelling of porous oxide under the thin electrolyte
layer. Further, it was stressed that semi-conducting
nature of the oxide and the defects are important
factors that controls the growth and dissolutions of
oxides.*®

We also have advanced a model for free corrosion
of the metal under a thin electrolyte film under
pseudo-steady state diffusion of oxygen in the
electrolyte layer where the anodic metal dissolution
reaction (MDR) and cathodic oxygen reduction
reaction (ORR) densities balance to provide a zero
net current density at the metal surface.’’™' Our
model presented a non-linear dependence of dis-
solved oxygen concentration at the metal surface
with the corrosion current density and predicted the
corrosion potential by establishing “thin-electrolyte
layer” (mass-transfer) corrections to the mixed-po-
tential theory. Similar models for the corrosion
under a thin electrolyte layer have been developed
employing the numerical multi-ion transport and
reaction models to understand the influence of
electrolyte flim thickness, dissolved salt (NaCl)
concentration and geometry on the oxygen reduction
current.*>** However, to best of our knowledge, no
theoretical model of corrosion under a thin elec-
trolyte layer has been able to explain the Toma-
shov’s empirical model.

Here, in this work, we develop an impedance
based model including both charge transfer and mass
transport effect as an alternative to our current based
model,>’ ™' employing the basic model framework,*
for the impedance of corrosion of metal under a thin
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film. Particularly we are interested in developing an
impedance model, since ESI is non-destructive
electrochemical technique that can be wused to
investigate bulk as well as interface process with
time constants ranging from minutes down to
microseconds. It can be used to investigate the
electrode kinetics of a reaction in electrolyte film in
corrosion studies, and double layer kinetics. In the
case of a corroding interface in which, the nature of
both the metal and the thickness of -electrolyte
solution exerts an influence on the charge transfer
processes occurring there, ESI is particularly
advantageous to probe the interface. This paper is
organized as follows: (i) following our earlier
work,” we describe the problem of corrosion of
metal under a thin electrolyte layer involving a
coupled dissolved oxygen diffusion limited-charge
transfer process. The Faradaic process viz.,, the MDR
current density is described by the Butler-Volmer
expression and ORR current density is given by the
stoichiokinetic equation,37’49 (i1) we summarize the
impedance model and its analytical solutions, (iii)
we analyse the results of the model by comparing
with experiments and finally establishing the con-
clusions of our work.

2. Impedance model for metal corrosion
under a thin electrolyte layer

To develop a theory for the corrosion of metal under a
thin electrolyte layer, we consider a general situation as
shown in Figure 1. Four steps are recognized:'®>" (i)
dissolution of O, from the air into the electrolyte layer,
(i1) diffusion of O, through the electrolyte film, (iii)
charge transfer at the metal/electrolyte interface due to
ORR and MDR and finally (iv) diffusion of reaction

product (OH™ and M"T) from the metal surface. At the
air-electrolyte interface, the concentration of dissolved
oxygen C is assumed to be in equilibrium with the
oxygen in atmosphere C*' (i.e., C = C*") as given by
Henry’s law.”® C* depends on the amount of salt dis-
solved,’! at the given temperature and pressure. The
ORR may take place by either 2e™ or 4e™ or both
pathways depending on the type of metal, pH, concen-
tration of dissolved salts, etc.”' This process occurs
simultaneously with the MDR (inherently faster than
ORR) leading to the formation of OH™. Typically
oxygen diffusion is the rate-determining step in the
corrosion of an active metal under a thin electrolyte film.

The two Faradaic processes viz., MDR and ORR
constitute the corrosion process. MDR is represented
as a single step process:>>
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Figure 1. Schematic illustration of various process of

metallic corrosion under a thin electrolyte layer of thickness
L in presence of dissolved salts (NaCl) under an applied
potential perturbation E = Eye'®. Here the red dotted arrow
line is indicative of the anodic MDR given by equation 1,
the black arrow line is indicative of cathodic ORR given by
equation 2 and the corresponding current densities for MDR
and ORR are iM/M”T and ip,/on- respectively. The black
dotted arrow line indicates the phenomenological diffusion

length (1/D/w) characteristic of the oxygen diffusion in the
electrolyte layer. The electrolyte layer is assumed to be

saturated with dissolved oxygen whose concentration is
CSBI.

ko _
M(s) ? M l+(aq) +ne (1)

The reduction of oxygen may take place via two or
more different pathways.”® However since the func-
tional form of ORR kinetics derived using the stoi-
chiokinetic equation approach remains unchanged,’”*’
we use a single representative reaction

0,(aq) + 2H,0(l) + 4~ — 40H (aq) (2)

to describe the reduction of oxygen in the thin (neutral
or basic) electrolyte layer. We have developed an
impedance model for initial corrosion of metals under
a thin electrolyte layer in presence of electric double
layer (the details of mathematical derivations are
provided in supplementary information).

The total impedance density Z(w), may be written
as

Z(w) = !

(3)

1 ny FCyfy,

Ly
Ra (l+tanh(\/1w/wL)/(\/lw/wi)

+ l(UCdl

where R, is the charge transfer resistance and Cgy is
the EDL capacitance. The quantity
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. 2
5 Igt 1
o1 =fa/D = <n2cht> D “)
is the characteristic frequency related to the steady
state current and denotes the competition of Faradaic
process to that of diffusion process in the thin elec-
trolyte film. Here, f;; has a dimension of m/s and
defines the rate of charge transfer due to corrosion.
Further the quantity

o, = D/I? (5)

is the characteristic frequency associated with diffu-
sion and characterizes the finite thickness of elec-
trolyte layer in the system. The second term in the
denominator in r.h.s of equation 3 may be further
simplified  substituting the value of f =
(ist%0,/01-)/(RTCy) (see supplimentary information
for more details) for steady state assuming that the
perturbation in potential have small effect of exchange
current density to obtained a more recognisable
impedance expression as’*>>

L1 1
Z((,U) RCt

+ 1wCy
Rp 1+tanh(\/lw/wL) (6)
(v 10/ i)

where Rp = RT/(naF o, on-is) is the resistance
associated with mass transport of oxygen which
depends on steady state current density of ORR. Now
accounting the Ohmic resistance of the electrolyte, the
total impedance of thin electrolyte layer given by
equation 6 may be written explicitly as

1
Z(w) =Rg + (7)
R%t + RD+IZFLW + la)cdl
where
Zp tanh(L\/100/D)
Zpw = (8)

\1w/D

is the finite length Warburg (FLW),”*>> impedance
which shows the relationship between the coefficient
and the thickness of the electrolyte film with impe-
dance co-efficient

B RT Ry o)
n%FZOC(b/OH— CSID |k2_1 |

Zp

Since |k !| has a dimension of length and character-
ized the effective thickness of steady state layer where
the concentration is varied, thus Zp may be physically
interpreted as diffusion resistance Rp per unit length in
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the finite electrolyte layer. The finiteness of the elec-
trolyte is associated with the impedance Zgpw given by
equation 8. The effect of electrolyte layer thickness on
ZpLw 1s show in the supporting information Figure S1,
Supplementary Information.

2.1 Limiting cases

The limiting impedance for thin and thick electrolyte
layer may be obtained from equation 7 as follows:
Case (a): For very thin electrolyte layers L — 0
(corresponding to dry to moist atmospheric corrosion),
the effect of mass transport is negligible and the

interfacial response is kinetic controlled with
impedance

1
Z(w) = Rq + (10)

1 41
RS + Ro + 10Cy

The impedance expression suggest a combination of
two parallel impedance viz, the charge transfer
impedance (R,,) and diffusion layer (Rp) impedance in
series with EDL capacitance and Ohmic impedance.
This limit corresponds to Randles situation of Faradiac
charge transfer,”®™" in presence of finite length dif-
fusion. The impedance response of such situation may
be identified in the Nyquist plot as a combination of an
arc at high frequency and straight Warburg line at low
frequency.

Case (b): For thick electrolyte layer with L — oo
(corresponding to wet to complete immersion) we
have the semi-infinite diffusion limit whose impe-
dance is given by

1

W S—
“ Rp(l+y/oi/or)
This limit corresponds to a situation where the FLW
impedance,”*> results in Warburg impedance,®'
and can be identified in the Nyquist plots as two arcs
with an intervening Warburg line which forms a part
of the (usually) larger arc at low frequency. The arc at
high frequency is characterized by wq and at low
frequency is characterized by wp. The features that
arise due to the competition between the Faradaic
processes and electrolyte layer thickness dependent
diffusion of oxygen are characterized by two fre-
quencies w; and @y .

Case (c): For electrolyte thickness comparable to
diffusion length L~ Lp (corresponding to moist-wet
conditions), at a characteristic critical diffusion fre-
quency wp, the FLW impedance is described by

Z(w) = Rq + (11)

+ l(DCdl

=
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Zp tanh(v/1A)
V1w/D

where A is a finite dimensionless length equal to
square of the ratio of the system’s finite length L to the
diffusion length of the system Lp i.e A = (L/Lp)” and
Zp is given by equation 9. The overall impedance in
such cases is

ZFLW == ( 12)

1

1
s Rp+(Zp tanh(vV/iA))/+/100/D

Z(co) = Rq +

+1wCq
(13)

The limiting cases (a), (b) and (c) in a corroding
system arises due to the combination of MDR and
diffusion limited ORR in varied finite thick electrolyte
layer under various atmospheric conditions. Unlike the
response of pure diffusion controlled single step redox
reaction, i.e., O +ne- = R (Randles situation,57_59)
and the diffusion in finite thick electrolyte layer (finite
length Warburg type impedance,’*”) the combination
of MDR and diffusion limited ORR reaction in finite
electrolyte layer in contact with metal surface give rise
to a variety of coupled features (see results and dis-
cussion) not observed in earlier models.>334:62

=

3. Results and Discussions

In this section we first discuss the various impedance
characteristic frequencies pertaining to our impedance
model equation 7. We also compare various limiting
cases to provide physical significance of the associated
situation in corrosion of metal under a thin electrolyte
layer. Further we discuss the dependence of electro-
chemical impedance on electrolyte thickness, diffu-
sivity of oxygen and change in anodic/cathodic rates.
Finally, we compare the prediction of our theoretical
impedance model with the experimental corrosion
data.

3.1 Impedance characteristics
and phenomenological frequencies

An important quantity that may be obtained from ESI
is the time scale of impedance response which char-
acterized the associated electrochemical phenomena.
Figure 2 show the graphical illustration of qualitative
impedance characteristic (six regimes) and the possi-
ble five phenomenological characteristic frequencies
associated with our impedance model equation 7 per-
taining to the corrosion of metal under a thin
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Figure 2. Schematic illustration of impedance character-
istics indicating the various phenomenological frequencies
and their associated regimes in Bode plot representation.
The upper panel shows the log (limpedancel) vs. log
(frequency) plot and the lower panel shows the phase vs log
(frequency) plot.

electrolyte. The six regimes (see Figure 2) are identi-
fied as (i) purely diffusion resistance controlled regime
(D), electrolyte layer thickness regime (II), activation
controlled regime (III), mixed diffusion-kinetic con-
trolled regime (IV), capacitive EDL controlled regime
(V) and Ohmic controlled regime (VI). The associated
characteristic frequencies associated with these six
regimes are viz., (i) diffusion layer frequency
wp = D/Lz, which characterizes the diffusion time
scales, (ii) finite electrolyte layer frequency
wp, = D/L2, which characterizes the diffusion of dis-
solved oxygen in the finite thickness electrolyte layer
L, (iii) charge transfer relaxation frequency
Wet = (Rcthl)_l, which characterizes the time of
relaxation of coupling of the MDR and the EDL
capacitance, (iv) frequency depending on corrosion

NG
current w; = <mlTlc‘) % which describes the relaxation
o S|

time of ORR current flowing in the diffusion layer at
steady state and (v) the electrolyte layer bulk relax-
ation frequency wq = (RQCd])il also called the
Ohmic relaxation frequency which describes the time
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scale of relaxation of the bulk couple with the EDL
capacitance.

The impedance characteristic of the six regimes are
as follows :

(1) At very low frequencies w <wp, we observe the
purely diffusion resistance controlled regime (I in
Figure 2) where the magnitude of the slope of log
IZI vs log w plot is zero and we have an impedance
plateau with

. -1
R RD(l + a)i/wL)>
(14)

1
Z(w<wp) = Rg + <—+

Correspondingly the phase plots (lower panel) in
Figure 2 shows the phase is less than 45° and tends
to zero in the plateau region of impedance.

(2) At frequencies in the range wp <w <wp, we see
the onset of electrolyte thickness dependent diffu-
sion regimes (II) where the slope log IZ] vs log w is
less than (1/2). Here the phase increase from 0°
towards pure Warburg value of 45° but less than
45°. The phase value satisfy the relation
0° <®<45°.

(3) At frequencies in the range wp, <® <, we have
the activation controlled regime (III) where the
phase value ®(<45°) — 0°. In this regime the
charge transfer kinetics of MDR is the limiting
process that essentially control the corrosion. The
phase value satisfy the relation 45° > ® > 0° and
the slope log IZl vs log o is less than (-1/2).

(4) At frequencies in the range w. < <w;, we have
the mixed diffusion-kinetic controlled regime (IV)
where the slope of log IZ] vs log w increases from
(1/2) to 1 correspondingly the phase value
increases towards 90° indicating the coupled
contribution of charge transfer kinetics, the steady
state diffusion corrosion current and the EDL
capacitance. In this regime, there is a competition
of the MDR and ORR rates.

(5) At frequencies in the range w; < <wq, the phase
rises towards 90°, attains a peak and tends to 0°.
This regime shows the switching from capacitive
(® =90°) electric double layer to electrolyte
Ohmic controlled regime (® = 0°).

(6) At frequencies w > wq, we have the purely Ohmic
controlled regime and the impedance plot shows a
constant straight line with slope of log 1Z] vs log w
equal to O (zero) and the asymptotic value of
impedance is equal to resistance of electrolyte Rq.
In this regime the phase plots shows a value of
D =0°.
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3.2 Comparison of limiting impedances

To gain insight into the impedance behaviour under
various conditions we consider some limiting cases
of the general case given by equation 7. Figure 3
shows the comparison of impedance responses in (a)
log |Z| (b) phase @, and (c) complex impedance Z’
vs Z” as a function of frequency w. The line (red) A
represent the impedance response of a metal corro-
sion under an electrolyte layer given by equation 7.
The line (blue) B represents the case of constant
MDR current density corresponding to a highly
active metal surface when the double layer capaci-
tance is ignored or negligible and the system is fully
supported. Here R — 0, Cqyy — 0 and Rqo — 0. The
line (black) C represents the finite length Warburg
impedance given by equation 8. The line (green) D
represents the impedance of the corroding
metal/electrolyte interface where the electrolyte is
well supported, i.e., Ro = 0. The line (red dashed) E
represents the pure classical Warburg impedance
obtained from equation 8§ when the electrolyte layer
thickness is very large i.e., L — oc.

The red line in in Nyquist plot in Figure 3(c)
shows two arcs with an intervening straight line
representing a finite length Warburg type impedance.
The low frequency arc corresponds to the diffusion
of oxygen in the electrolyte layer film whereas the
high frequency arc corresponds to the Faradaic
process at the interface. At lower frequency o<y,
the impedance response merges with the impedance
plot (blue line) of corresponding a constant metal
dissolution current where both the charge transfer
resistance (R, — 0) and double layer capacitance
(Caqt — 0) are negligible and the system is fully
supported i.e., Rg — 0. At very low frequencies
where w<wp, the impedance arc closes itself
asymptotically with the real axis which indicates
that the interface is not entirely diffusion controlled
or capacitive but a coupled regime of both. The plot
is a reminiscent of Cole-Davidson-type leminis-
cates,®® and may be seen as a “pseudo depressed”
arc which arises due to heterogeneous charge
transfer reaction, but without inclusion of constant
phase element (CPE).

The value of the intercept of the Nyquist curve on
the real axis at very low frequency gives the effective
resistance of interface and can be analytically derived
from equation 13 and is given by equation 14. The
intercept in the Nyquist (solid red) curve at high fre-
quency region gives the magnitude of solution resis-
tance of electrolyte Rq relative to Z(w — 0) and is
Z(w — 00) ~Rg.
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«Figure 3. Different limiting impedance characteristic as
predicted by equation 13 in terms of (a) magnitude of
impedance, (b) phase, and (c) complex impedance plots as
function of frequency w (radians per second). Here A (red
line)- impedance (Z) given by equation 7; B(blue line)-
Z(Ry — 0,Cq — 0,Rq — 0); C(black line)- finite length
Warburg (Zpw); D(green line)- impedance of corroding
system in presence of supporting electrolytes, Z(Rq — 0);
E(dotted red line)- pure classical Warburg impedance. The
physical parameters are : n, = 4, F = 96500 C mol™!, T =
293 K, R=8.314JK ' mol™!, Cy =0.24 mol m~3, iy, =9.6
Am2, D=22x10"° m?2 s !, L=1.5 mm.

3.3 Effect of electrolyte layer thickness

Figure 4 shows the effect of L on (a) magnitude (b)
phase and (c) complex impedance in some limiting
cases given by equation 13. At low frequency @ < wp,
as L increases the corrosion becomes diffusion con-
trolled and phase ® — 45° (blue line in Figure 4(b)).
A thin layer shows more kinetic resistance controlled
with ® — O (red line in Figure 4(b)). A transition from
diffusion controlled to kinetic resistance controlled
can be identified with the hump shape in the phase plot
in low frequency (black line in Figure 4(b), L = 10
um). These are typical of electrolyte layer thickness in
experiments where maximum corrosion rate is
observed, e.g. in iron L~ 10 um'® and for copper
(covered with an acidic solution containing sulphate
ions) L~30—40 um'.

In the Nyquist plot Figure 4 (c) (red line) we
observe that in thinner electrolyte layer the impedance
shows only one arc typical of an RC-equivalent circuit
response. The second arc at low frequency shrinks as
we reduce the thickness of electrolyte. This suggest
that corrosion in very thin electrolyte is more kinetic
(Faradaic) controlled.

3.4 Effect of Diffusion Coefficient of Oxygen

The value of diffusion coefficient of dissolved oxygen
D, dissolved in electrolyte depends on concentration of
salts like NaCl or Na;SOs and the temperature of
solution. For example the order of oxygen diffusivities
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Figure 4. Comparison of various electrolyte thickness
dependent limiting impedance of the model in (a) magni-
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solution resistance is calculated using Ro = p(L/A) where
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of electrolyte and A is the contact area of electrolyte with
metal surface. Here p = 10 mQ m~! and A = 1 mm.
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are 2.9 x107,3.5x 1072,4.4 x 107 cm?s~! for
platinum electrode in 0.2, 0.1 and 0.05 kmol m?
Na,S04," respectively. In Figure 5 we observe that
change of diffusion coefficient has effect only when
o <wj. The log IZ] vs log  plot shows that for fre-
quencies @ <wp the value of IZ] decreases as we
increase D. The phase plot in (b) shows a shift in
phase-peak towards higher frequencies and simulta-
neous decrease in phase value indicating that increase
in diffusion coefficient speeds up the transition from
diffusion to kinetic Faradaic controlled regime. Thus
change in D is found to affect both the finite elec-
trolyte layer thickness and Faradaic regime at
op <o <m; and results in shrinking of the frequency
regime as we increase D.

Figure 5(c) shows that increasing D decreases the
size of arc at low frequency because the frequency of
onset of diffusion controlled cathodic reduction is
shifted to higher value (wp o< D) with a simultaneous
decrease in the effective resistance since Zg w o 1/D.
However there is no appreciable effect on the size of
high frequency arc.

3.5 Effect of steady state ORR current density

Figure 6 shows the effect of steady state ORR current
density iy on (a) magnitude (b) phase and (c) complex
impedance plots given by equation 3. We observed
that iy has a huge effect on the mixed kinetic-diffu-
sion, finite electrolyte thickness and purely diffusion
controlled regimes. The electric double layer and the
solution Ohmic regimes at frequencies ® > w; are
least affected.

The magnitude of impedance plot (a) show that as
we increase iy, both the activation controlled
(o, <w<wy) and the mixed kinetic-diffusion con-
trolled regions ¢ < < w; is mitigated. For large i,
the frequencies the regimes viz., diffusion control
finite electrolyte layer regime, the activation con-
trolled regime and mixed kinetic-diffusion regimes
merge resulting in disappearance of intermediated
impedance plateau (black line).

The phase (b) plots show that at low i the phase has
a hump like feature with phase peak ®<45°. This
feature changes to a step like feature with @ — 45°.
The step or hump like phase behavior vanishes at
higher values of i.

The Nyquist plot (c), at low iy (blue line) shows two
arcs. The arc in high frequency corresponding to
Faradaic process is relatively larger in size than the
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low frequency one which corresponds to diffusion
controlled regime. At higher i (red line) the diffusion
controlled arc in low frequencies becomes larger in
size than the Faradiac controlled arc with a small
Warburg regime in between the two arcs. However, at
very high iy (black line) the two arcs merge indistin-
guishably into one large slightly skewed arc.

3.6 Effect of MDR Currents

Figure 7 shows the effect of anodic (MDR) rates on
the impedance response of corroding metal. The
change in MDR affects the Faradaic region where
frequencies m < ;. For a large metal dissolution cur-
rent density where R <Rp (red line), at w <y, the
corrosion is diffusion controlled as exemplified by the
the magnitude of slope of impedance plot approaching
(1/2). The phase plot (b) shows an extended Warburg
region towards low frequency with ® — 45° with a
broad mixed controlled region in wp <w<w;. In the
Nyquist plot we observe a leminiscate shaped response
reminiscent of Cole-Davidson response.®*®*
However at low metal dissolution current density
where R, > Rp the impedance (blue line) show a
small diffusion controlled regime at frequency w < ..
The small hump in phase plot with phase peak value
much less than 45° shows that the impedance is not
purely Warburg controlled but is influence by the
Faradiac process. The Nyquist plot (c) (blue line) show
a combinations of two arcs. A regular arc is observed
at frequency @ > w; due to coupling of the charge
transfer resistance and the electric double layer
capacitance and a skewed arc resulting due to the
competition between Faradaic charge transfer and the
diffusion of oxygen at low frequencies. Similar
impedance responses are also observed in supported/
unsupported conditions in electrochemical system
consisting electrodes with finite separation.”*

3.7 Comparison with experiments

Figure 8 shows the comparison of theoretical impe-
dance to the experimental data of copper,'* covered
with a 1 M Na,SO, solution of different electrolyte
layer thickness. The data was taken at pH 3 where the
corrosion is oxygen diffusion limited (rate determin-
ing) coupled with ORR.' The parameters used to
generate the theoretical plots with corresponding
electrolyte layer thickness are listed in Table 1. The
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«Figure 8. Comparison of theory to the experimental
data'* of copper covered with a 1 M Na,SOy4 solution of
pH 3 at different electrolyte layer thickness for a cell
dimension length = 1 cm and breadth = 0.01 cm. Here v is
the frequency and v = w/2n. The plots were generated
using the following parameters: F= 96485 C mol~!'*!°
D=23x10" m? s7!, C4 =0.25uF cm™2, n =2 with
steady state current iz show in Figure 9. In (a) and (b): navy
blue line (L = 740 um), green line (L = 420 um) and dotted
black line (L =200um). In (c) and (d): black line
(L=40pm), red line (L=20um and blue line
(L =10 pm).

Table 1. Physical parameters for impedance spectra in
Figure 8.

Figure L Tgt R;l
(um) (Am?) Q 'm?)
8(a) & (b) 740 1 10
420 1 20
200 3 25
8(c) & (d) 40 5 35
20 7 10
10 15 5

data are for (i) thick electrolyte layer where L(um) =
740, 420, 200 and (ii) thin electrolyte layer with
thickness L(um) = 40, 20, 10, respectively. The
impedance shows reasonable agreement but deviation
from theoretical model predictions are seen. The
deviation is larger for thick (Figure 8(a) and (b))
electrolyte layer than for thin electrolyte layer (Fig-
ure 8(c) and (d)). The phase plots show more sensi-
tivity to the change in electrolyte layer thickness. The
data in agreement with theoretical prediction shows at
high frequencies (w; <w<wmgq) there is phase peak
which results from the competition between Ohmic
resistance of the solution and the electric double layer
capacitance. However the theoretical phase plots
overestimates the magnitude of phase. This is may be
due to non inclusion of surface heterogeneity or
roughness,®>® pH effects and oxide formation in the
process of corrosion. It must be noted that the elec-
trodes prepared in Ref.'* are heterogeneous in nature
due to polishing with 2000 grit SiC paper. It is known
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that heterogeneity,®” and polishing of the electrode
surface affect the shape of EIS spectra.’'~*% Here,
our model is for a homogeneous surface under uniform
corrosion and hence due to non-inclusion of surface
heterogeneity the deviations of theoretical curves from
the experimental data are seen.

Figure 9 shows plot of corrosion rate and steady
state current (obtained from fitting) as a function of
thickness of electrolyte i is estimated form
employing the Stern-Geary equation,' %’

icorr = k/Rct (15)

with k = 10 mV and R obtained from fitting. The
steady state current iy (indicated by blue line) show an
exponential fall in current behavior with increase in
thickness of electrolyte. The corrosion current (indi-
cated by red line) show a maximum corrosion rate for
40 um thick electrolyte layer. This is in agreement
with earlier experimental studies of diffusion limited
current density and electrolyte film thickness (see
Figure 7 and 8 in Ref.'?) where the observation of
maximum corrosion rate so called “critical thickness”
for copper was found to be approximately 40 pum.
Further comparison of experimental impedance data of
Pt electrode was made and reasonable agreement was
also found (see Figure S2, Supplementary
Information).

4. Conclusions

In summary a model for the impedance of atmospheric
corrosion of metal in contact with a thin electrolyte
layer under pseudo-steady state has been developed. A
detailed analysis of influence of thickness of
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electrolyte layer, diffusion of oxygen and cathodic and
anodic rates has been carried out. The impedance
spectra and its frequency response corroding metal in
contact with a thin electrolyte layer show the follow-
ing six regimes: (i) diffusional resistance controlled
regime, (ii) electrolyte film thickness controlled, (iii)
activation controlled, (iv) mixed diffusion and kinetic
controlled, (v) electric double layer regime and (vi)
purely Ohmic solution regime. These regimes are
characterized by five characteristic frequencies viz.,
wp, WL, W, ®; and wgq. The impedance phase char-
acteristics shows the following values associated with
the above six regimes: (i) ® = 0°, (ii) 0°<® — 45°,
(i) 45°>0—0° (Gv) 0°<®—90°, (v)
90° > ® — 0°, and (vi) ® = 0°. The model presented
here establishes the following points for corrosion of
metal in contact with a thin electrolyte layer:

e The initial process of metal corrosion in contact
with a thin electrolyte layer is a coupled hetero-
geneous charge transfer-diffusion system due to
competition of the two processes viz., MDR and
ORR.

e When the electrolyte film thickness is larger than
the diffusion layer thickness, the rate of corrosion
is the diffusion-limited. This observation is in
agreement with Tomashov model of atmospheric
corrosion of metal” whereas for thin electrolyte
layer film the rate of corrosion is charge transfer
limited.

e Impedance analysis can easily distinguish the
onset and the transition from charge transfer to
diffusion limited regimes and their identifies the
characteristic frequencies.

e The comparison of theory with copper corrosion
of data'® suggest that maximum corrosion can
takes place at a critical thickness which induce a
change from diffusion controlled to Faradaic
control and physically corresponds to moist-wet
transition. However, the possible role of the
surface morphology of the metal surface cannot
be ignored in interpretation of the rates of
corrosion.

Finally, the novelty of the model presented lies in the
fact that unlike experimental studies employing weight
loss methods or Tafel polarization methods, it can help
study the initial stages of corrosion in presence of
mass transfer effects and determine the rate of corro-
sion. Also, electrochemical impedance spectroscopy,
being a non-invasive experimental technique, it may
be used to study corrosion without loss of material.
Furthermore experimental studies employing equiva-
lent circuit model without any physical basis, may be
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replaced with the theoretical description provided here
for corrosion of metal in contact with thin electrolyte
layer. The analytical results are derived rigorously
solving the pertinent governing equation and the
boundary conditions and it provides a clear physical
picture of all the process taking place in atmospheric
corrosion of metal in contact with a thin electrolyte.
The model also identify the multi-regime aspect of
corrosion using impedance technique in one study.
Furthermore various electrochemical components viz.,
charge transfer resistance, diffusional resistance,
ohmic resistance, EDL capacitance related to physical
mechanism, dimensions and conditions pertaining to
corroding system can be obtained from the model.
However, since atmospheric corrosion of metal under
a thin electrolyte film is a complex multi-scale and
multi-physics phenomena involving natural convec-
tion*'*? in the thin electrolyte film, change in pH and
surface morphology>'#¢¢%%9 coupled with a com-
plex multi-step ORR reaction pathway the study of
corrosion is far from complete. A proper theoretical
study that may account these effects is still lacking.
The study of these problems is beyond the scope of
present paper and will be presented elsewhere.
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Supplementary Information is available at www.ia-
s.ac.in/chemsci.
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