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a  b  s  t  r  a  c  t

Measurements  of oxygen  reduction  current  are  performed  on a  platinum  electrode  submerged  under
NaCl electrolyte  films  of different  thickness.  The  chloride  concentration  is  kept  constant  or increases
due  to  evaporation.  Measurements  are  supported  by  the numerical  Multi-Ion  Transport  and  Reaction
Model  (MITReM).  In  case  of constant  salt  concentration,  oxygen  reduction  current  is proportional  to
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the  reciprocal  of the  electrolyte  film  thicknesses  down  to 50–75  �m;  for lower  thicknesses  deviation
from  the  Fick’s  law  takes  place.  For  evaporating  films,  oxygen  current  is  the  result  of  two  counteracting
phenomena:  reducing  film  thickness  and  increasing  salt  concentration  leading  to  decrease  of oxygen
solubility.

©  2015  Elsevier  Ltd.  All  rights  reserved.

xygen reduction

. Introduction

According to the electrochemical theory of metal corrosion
ntroduced by N.D. Tomashov in 1960s [1], oxygen reduction
etermines the corrosion rate of many metals under electrolyte
lms with a thickness above 1 �m.  Oxygen reduction, in turn,

s controlled by the dissolution rate of oxygen from the air and
ass-transport of the dissolved gas from the electrolyte/air inter-

ace towards the electrode surface. As a consequence, the rate of
his reaction depends substantially on the electrolyte film thick-
ess and on the O2 solubility that is influenced by electrolyte
ature and concentration. This factor becomes especially relevant
uring a corrosion process where an accumulation of metal and
ydroxide ions takes place and leads to substantial changes in the
lectrolyte composition. Moreover, if a corrosion process occurs
n wet/dry conditions, concentration changes due to the evapora-
ion/condensation of liquid can be even more significant. That is
hy knowledge of the influence of the electrolyte films thickness

nd composition on the oxygen reduction rate is very important.

In the literature a number of publications are devoted to

he measurements of corrosion rates of different metals covered
y thin electrolyte films (including films with changing in time
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E-mail addresses: Olga.Dolgikh@vub.ac.be (O. Dolgikh), acbastos@ua.pt
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ohan.Deconinck@vub.ac.be (J. Deconinck).
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thickness) [2–11] or droplets [12]. The measurements cover elec-
trolyte films thicknesses ranging from millimeters down to a few
micrometers and are performed using different techniques: Kelvin
probe [3,4], electrochemical impedance [5–8], linear voltammetry
[9–12]. The lower limit of film thicknesses depends on the applied
measuring technique, as in very thin layers the problem of elec-
trical contact between electrodes arises. Another restriction is the
possibility of creating, measuring and maintaining the continuous
electrolyte film on the electrode surface during the measurements,
especially if the corrosion process involves the formation of pre-
cipitates. When summarizing the published experimental data,
one can conclude that in neutral electrolytes oxygen reduction
current is almost independent on the electrolyte film thickness
ıF when ıF > (0.5–1) mm [2–4,8–10]. With further decrease of the
layer thickness the reduction rate increases proportionally to 1/ıF.
Several authors report the lower limit of such an increase at about
10–30 �m [7,9,11,13]. Below these thicknesses, the oxygen current
density either decreases [3,11], or remains constant depending on
the metal and electrolyte nature [9].

Another way to study the role of different factors in oxygen
reduction is modeling. Despite the number of publications on
corrosion modeling in immersed conditions, only few simulation
examples, to the best of our knowledge, has been performed for
thin electrolyte layers. Venkatraman et al. [14] have presented a

1D mathematical model for the free corrosion of a bare metal sur-
face under electrolyte layers of different thickness using the mixed
potential theory. This model assumed a pseudo-steady state where
the oxygen diffusion was in a stationary regime while metal and
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ydroxyl ions are accumulating. Palani et al. [15] validated a predic-
ive numerical model for galvanic corrosion under thin electrolyte
ayers that is based on the Lapace’s equation and provides current
nd potential distributions along the electrode surface. Thébault
t al. [16] have developed a more elaborated two-dimensional finite
lement model for galvanic corrosion studies solving the Laplace’s
quation for potential together with the second Fick’s law for oxy-
en transport. The outcome of the model was in agreement with
he literature data. However, it provides a stationary potential dis-
ribution for an electrolyte of given conductivity and does not take
nto account possible changes of the electrolyte conductivity and/or
xygen solubility during the corrosion process.

In this article, we present the results of an experimental and
odeling study on the oxygen reduction reaction on a platinum

lectrode covered by NaCl electrolyte layers of different thick-
ess. Measurements are performed for three salt concentrations
5, 50 and 500 mM)  and for electrolyte layers that are kept at
onstant thickness and that change in time due to evaporation.
latinum is chosen because it is stable in chloride electrolytes at
he applied potentials. In addition, it gives the possibility to study
he oxygen reduction process without possible formation of precip-
tating corrosion products. Based on dedicated experimental input,
he time-dependent numerical Multi-Ion Transport and Reaction

odel (MITReM) is developed in order to describe and predict the
xygen reduction currents for the studied conditions.

. Experimental

.1. Measurements of oxygen solubility

The measurements of the oxygen solubility were performed by
n amperometric technique in the bulk of NaCl solutions of vary-
ng concentration, with a 3 mm diameter platinum disk electrode
otating at 100 rpm, polarized at −0.75 V with respect to a low leak-
ge Ag|AgCl|3M KCl reference electrode (DRIREF2, World Precision
nstruments, USA) and using a platinum counter electrode. At this
otential the dissolved oxygen is being reduced under diffusion
ontrol, and the concentration of O2 can be obtained using the

evich equation

O2 = Ilim

0.62nFAD2/3v−1/6ω1/2
, (1)

ig. 1. Schematics of the electrochemical cell used for the measurements and discretizati
eference electrode; ıF, the thickness of the electrolyte layer). All dimensions are given in
nce 102 (2016) 338–347 339

where Ilim is the limiting current of oxygen reduction, n = 4 is the
number of electrons, F is Faradays constant, D = 1.96 × 10−9 m2s−1

is the oxygen diffusion coefficient [17], A is the electrode area, � is
the kinematic viscosity of the solution that varied in the interval
(9.0–14.5) × 10−7 m2s−1 depending on the solution concentration
[18], and ω = 2�f is the angular frequency of rotation with f being
the frequency in Hz.

Air was bubbled through the electrolyte for 10 min prior to the
measurements in order to saturate it with oxygen. The solution
temperature was  24.5 ± 0.5 ◦C during bubbling and measurements.

2.2. Electrochemical cell and measurements of the electrolyte film
thickness

Measurements were performed in the specially designed elec-
trochemical cell schematically shown in Fig. 1. The working
electrode was  a platinum strip (0.95 × 10 mm2) embedded in epoxy
resin. The counter electrode of a large area made of a Pt wire was
placed in a recess next to the working electrode at a distance of
2–3 mm.  The shape and the position of the counter electrode were
chosen in a such way  that the potential distribution in the recess is
uniform (for confirmation see Section 4.2). The reference electrode
was Ag/AgCl wire inside a glass pipette filled with agar-agar gel
made with the same solution as the one used for the measurements.
The potentials of the electrodes containing 5, 50 and 500 mM NaCl
as internal solution were respectively, 110 mV, 63 mV  and 12 mV
with respect to the saturated calomel electrode. The electrode tip
was placed inside the recess in order to avoid drying, prevent loss
of the electrical contact and also to prevent the effect of a solution
meniscus close to the working electrode. The thickness of the elec-
trolyte layer above the working electrode was measured using a
video camera coupled to a lens and a sharp needle in a 3D stepper
motor positioning system with 1 �m accuracy. After touching the
surface of the electrode (zero height) the needle was  moved out of
solution. When approaching back, a meniscus was formed once the
needle touched the liquid surface. This height corresponded to the
thickness of the solution layer.

2.3. Measurements of polarization curves and current transients
Polarization curves were recorded by changing the potential
of the working electrode in cathodic direction with a scan rate of
1 mV  s−1 starting from a potential ∼100 mV  more positive than the

on of the computational domain (WE, working electrode; CE, couter electrode; RE,
 millimeters.



340 O. Dolgikh et al. / Corrosion Scie

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
10

-4

10
-3

10
-2

10
-1

10
0

10
1

|J
|
(A
m
-2
)

E (V /Ag|AgCl)

measured

simulated

F
N

o
i

p
i
d
t

2

f
m
c
t
n
a
(

m
a
e
c
i

3

i
N
M
t
t
a
u
s

3

b

ig. 2. Experimental and simulated polarization curves for Pt electrode in 50 mM
aCl solution (pH 5.5). Electrolyte film thickness 2 mm.

pen circuit potential. A typical polarization curve recorded in the
mmersed conditions (ıF > 2 mm)  is shown in Fig. 2.

To obtain the current transients, the working electrode was
olarized at −0.8/−0.7 V vs. Ag|AgCl|5, 50 or 500 mM NaCl (depend-

ng on the test solution), potentials well inside the region of
iffusion control of the oxygen reduction for each solution and
hickness tested.

.4. Measurements of pH maps

pH maps in the plane perpendicular to the surface were obtained
or the electrolyte thicknesses of 100 and 2000 �m.  The pH

icro-potentiometric electrodes were made in the laboratory and
onsisted of borosilicate glass capillaries of 1.5 mm  outer diameter
hinned to a 2 �m tip on one end, with a Ag|AgCl wire as inter-
al reference, a filling solution of 0.1 M KCl + KH2PO4 0.01 M and

 20–30 �m column of hydrogen I cocktail B ionophore at the tip
Fluka, Ref. 95293).

The microelectrode was inserted in a pre-amplifier, which was
ounted in a 3D positioning system and connected to an IPA2

mplifier (both from Applicable Electronics Inc., USA). The micro-
lectrodes were calibrated before and after measurements with
ommercial pH buffers (Riedel-de Haen), giving a linear response
n the 5–13 pH range. More details can be found in Ref. [19].

. Modeling

In order to describe the phenomena that take place dur-
ng cathodic polarization of platinum electrode in aqueous
aCl electrolytes (pH 5.5), a Multi-Ion Transport and Reaction
odel (MITReM) was developed. The model takes into account

ransport of all relevant species in the electrolyte, their produc-
ion/consumption at the electrode and the air/electrolyte interface
nd homogeneous reactions. The Finite Element Method (FEM) is
sed to solve the balance equations for the concentration of dis-
olved species ck and the electrolyte potential U.

.1. Governing equations

The first set of the MITReM governing equations is the mass

alances of each individual species k:

∂ck

∂t
= − �∇ · �Nk + Rk, (2)
nce 102 (2016) 338–347

where �Nk (mol m−2 s−1) is the molar flux of species k with concen-
tration ck (mol m−3) and

Rk =
R∑

r=1

vrskr (3)

is the production term due to chemical reactions (vr the rate of
chemical reaction r and skr the stoichiometric coefficient of species
k in the reaction r).

The second governing equation required for the calculation of
the solution potential is the electroneutrality condition:

K∑
k=1

zkck = 0. (4)

The molar flux is the sum of contributions of convection, diffu-
sion and migration

�Nk = ck�v − Dk
�∇ck − zkFDkck

RT
�∇U (5)

with �v the solvent velocity (m s−1); Dk (m2s−1) and zk the diffusion
coefficient and charge number of species k respectively; U (V) the
solution potential; T (K) the temperature; F Faraday’s constant and
R universal gas constant.

For stagnant electrolytes, it is often assumed that the solvent
velocity �v = 0. However this assumption leads in simulations to
the unrealistic situation where diffusion and migration extend
throughout the electrolyte layer thickness. In practice always a
small but uncontrolled and unknown flow is created by the local
microscopic motion of species due to the temperature gradi-
ents, evaporation, vibrations etc. (so-called micro-convection). This
motion leads after some time to the establishment of an effective
diffusion boundary layer. Based on the seminal work of Levich [20],
Amatore et al. [21] were the first who  introduced this idea for a
single species problem and showed that the micro-convection con-
tribution can be described by a diffusion-like term −D�conv �∇c. In
a separate paper we extended their ideas for the multi-ion sys-
tems [22] and showed that with use of micro-convection, the flux
of species (Eq. (5)) can be rewritten as:

�Nk = −(Dk + Dref
�conv) �∇ck − zkFDkck

RT
�∇U. (6)

The coefficient Dref
�conv is independent on the nature of the

species k, and depends only on the distance from the wall (elec-
trode) l:

Dref
�conv = 1.5072 · Dref

(
l

�ref

)4

, (7)

where Dref is a constant having units of a diffusion coefficient, and
�ref (m)  is a distance scaling parameter. Eq. (7) shows that for
wall distances l that are larger than �ref, micro convection rapidly
becomes dominant.

3.2. Geometry and discretization

Due to its high aspect ratio, the electrochemical cell used for the
measurements can be approximated by a two-dimensional com-
putational domain (Fig. 1) where the working electrode is placed
on the bottom of the left side and the counter electrode is repre-
sented by the right boundary. The top boundary is inlet permeable
only for oxygen. Other boundaries are considered insulating. For

FEM calculation, this geometry is discretized in 5000–13,500 nodes
(11,000–25,000 triangle elements) depending on the electrolyte
film thickness ıF with the refining around working electrode where
the concentration and potential gradients are the highest (Fig. 1).
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Table 1
Species considered in the model with their charges, diffusivities and bulk
concentrations.

Species zk Dk × 109, m2 s−1 cbulk
k

, mol  m−3

Na+ +1 1.23/1.22/1.00* 5/50/500
Cl− −1 1.82/1.80/1.21* 5/50/500
H+ +1 9.31 [41] 3.16 × 10−3

OH− −1 5.26 [41] 3.16 × 10−6

O2 0 1.96 [17] 0.249/0.245/0.208*
O. Dolgikh et al. / Corrosio

.3. Calculation of the boundary displacement

For simulations of the evaporation process, mesh deformation
alculations were performed in parallel with the MITReM calcu-
ations. The bottom of the geometry remained fixed and the top
oundary (inlet) was moving down with a constant velocity vg , dif-
erent for different concentrations of salt. At each time step �t  the
eometry was  adapted using the level set method [23] and the elas-
ic body analogy [24]. The solution fields were recalculated on each
hanged geometry.

.4. Boundary conditions

At the electrolyte-air interface (inlet) the normal flux of oxygen is
iven by:

∂cO2

∂n
= Fmax

O2

(
1 − cO2

csat
O2

)
(8)

ith cO2 the local oxygen concentration, csat
O2

the oxygen solubility
n NaCl that depends, at constant pressure and temperature, on the
hloride concentration, and Fmax

O2
= (2.6–4.5) × 10−5 mol  m−2 s−1

he maximum dissolution rate of oxygen at 25 ◦C [25]. Variation
f Fmax

O2
in the mentioned range would result in the correspond-

ng change of simulated current densities. Since no indication was
ound whether this parameter depends on the electrolyte thickness
r chloride concentration, an average value of Fmax

O2
= 3.5 × 10−5

ol  m−2s−1 was used for all simulations.
At the counter electrode, all species bulk concentrations and a

xed electrolyte potential are imposed making it a virtual elec-
rode:

k = cbulk
k , U = 0. (9)

At the working electrode, the fluxes normal to the electrode sur-
ace are given by the rates of the electrochemical reactions:

�
k · �1n = −

E∑
e=1

veske, (10)

here ve is the rate of an electrode reaction e and ske is the stoi-
hiometric coefficient of species k in this reaction. In this work,
lectrode reactions are considered as irreversible and their rates
re given by the Tafel equation:

e = −kred exp
[
−nF˛red

RT
(V − U)

]
cOx (11)

ith n number of electrons involved in the electrochemical reac-
ion, kred and ˛red rate constants and charge transfer coefficients
espectively, V (V), the electrode potential and cOx the local con-
entration of oxidants. The total current density is the sum of all
artial currents of the individual electrochemical reactions taking
lace at the working electrode

tot =
E∑

e=1

Je = F

E∑
e=1

neve. (12)

At the insulating walls, normal flux of species and potential gra-
ients are set to zero:

�
k · �1n = 0,

∂U

∂n
= 0. (13)
.5. Electrolyte species, electrode and chemical reactions

The species considered in the model are the electrolyte ions
Na+, Cl−, H+ and OH−) and the dissolved molecular oxygen O2.
* Different values of a parameter correspond to the different concentrations of
NaCl.

Initial (bulk) concentrations of the species together with their
charge numbers and diffusion coefficients are listed in Table 1.

Remark that the diffusion coefficients for Na+ and Cl− were
adjusted for each NaCl concentration in order to match the
measured electrolyte conductivity (5.8 × 10−2, 5.75 × 10−1 and
4.2 S m−1 for 5, 50 and 500 mM NaCl solutions respectively).

It is widely accepted in the literature (see e.g. [26–29]) that on
platinum, oxygen reduction to water can follow two parallel paths:
direct four-electron transfer and two consecutive two-electron
transfers with H2O2 as an intermediate. The amount of H2O2
formed is greater in alkaline media but even there a contribution of
two-electron reaction to the total current does not exceed 20% [27].
In the present model, only four-electron reaction (Eq. (14)) is taken
into account. The second electrochemical reaction considered here
is the hydrogen evolution from water molecules (Eq. (15)). Both
reactions are assumed to be irreversible:

O2 + 2H2O + 4e− → 4OH−, (14)

2H2O + 2e− → H2 + 2OH−. (15)

The kinetic parameters of these reactions (kred and ˛red) are first
estimated by fitting in the classical way the experimental polariza-
tion curve (Fig. 2) to the Tafel equations (11). Final tuning of the
kinetic parameters together with the value of the parameter �ref is
done by performing full MITReM simulations and comparing thus
obtained polarization curve with the measured one.

For practical reasons oxygen is chosen as a reference species for
the micro-convection term such that Dref

�conv = 2.0 × 10−9 m2 s−1. It
was found that the parameters of the measured polarization curves
are independent on chloride concentration. The best agreement
with the measurements gives the following set of parame-
ters: k(O2) = 2.5 × 10−6 s−1, ˛(O2) = 0.15; k(H2O) = 1.0 × 10−11 s−1,
˛(H2O) = 0.175, �ref = 1.2 × 10−3 m.  These parameters, though
obtained for immersed conditions, are used for simulations at all
investigated electrolyte thicknesses.

The only chemical reaction considered in the model is the water
dissociation (H2O = H+ + OH−) that is necessary to maintain the cor-
rect balance between H+ and OH− ions. The kinetic parameters
for this reaction are taken from literature: kf = 2.7 × 10−5 s−1 and
kb = 2.5 × 108 m3 mol−1 s−1 [30,31].

4. Results and discussion

4.1. Oxygen solubility as a function of chloride concentration

The oxygen solubility in different electrolyte solutions has been
a subject of numerous studies due to the great interest for geo-
chemists, oceanographers and limnologists. Experimental data on
oxygen solubility in NaCl electrolytes presented in literature are

usually obtained using the Winkler method [32–35]. Analysis of
the literature data shows that the linear Setschenow relationship
that defines the oxygen solubility in an electrolyte cel

O2
depending
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easured O2 solubilities are approximated by Eq. (17). For comparison, data of
illero et al. [34] and Sherwood et al. [36] obtained by Winlker method are also

resented.

n its concentration cel and the oxygen solubility in distilled water
w
O2

n

(
cw

O2

cO2
el

)
= K · cel, (16)

s valid only up to a salinity 20–30‰ [32]. Sherwood et al. [33]
erived an empirical polynomial equation in order to describe
he available experimental data on oxygen solubility in NaCl solu-
ions up to 260‰.  Later, more elaborated thermodynamic models,
ased on the interaction of oxygen with electrolyte ions, were
sed to describe the oxygen solubility in pure water and differ-
nt electrolytes in a wide ranges of concentrations, temperatures
nd pressures [34,35].

Also in corrosion applications it is very important to know the
oncentration of dissolved oxygen as its reduction rate often deter-
ines the rate of the corrosion process. In cyclic wet-dry conditions,

he salt concentration can vary in a wide range due to evapora-
ion/condensation of the electrolyte film. We  dedicated to perform
or the given laboratory conditions own oxygen solubility measure-

ents using an amperometric technique described in Section 2.1.
he results are presented in Fig. 3 and are in good agreement with
he data of Millero et al. [34] and Sherwood et al. [36].

The experimentally measured dependency of oxygen solubil-
ty on chloride concentration was approximated by the following
xponential function (all concentrations are in mol  m−3)

sat
O2

= 0.250 · exp(−3.03 × 10−4 · cCl− ). (17)

This expression is used in the boundary condition (8) for all
imulations.

.2. Potential distribution in the electrochemical cell

Potential distribution is very important for electrochemical
easurements, especially in thin electrolyte layers. For that reason,

he electrochemical cell used in this work was carefully designed in
 way that the electrolyte potential would be distributed uniformly
bove the working electrode and in the area where the reference

lectrode is placed.

The MITReM allows calculation of the potential field in the
lectrochemical cell for a given electrolyte film thickness and
alt concentration. Simulations were performed for three different
nce 102 (2016) 338–347

concentrations of NaCl: 5, 50 and 500 mol  m−3 (5, 50 and 500 mM)
that are used for all measurements. In Fig. 4 the result of such cal-
culation is presented for the most diluted 5 mM NaCl electrolyte. In
addition, the electrolyte potential profiles extracted on the level of
the working electrode surface for different electrolyte film thick-
nesses and salt concentrations are also shown. One can see that
the maximal potential drop takes place in the thin electrolyte layer
above the insulator while above the working electrode and in the
vicinity of the counter electrode electrolyte potential is distributed
uniformly. The simulations show that for thick layers (ıF > 500 �m)
of 5 mM NaCl potential drop in the electrolyte does not exceed
10 mV.  For the most extreme case of 10 �m layer of 5 mM NaCl
solution electrolyte potential is about 0.21 V. Remark, however, that
even with such a large ohmic drop, the imposed in simulations elec-
trode potential (V − U) is still well inside the oxygen limiting current
region.

4.3. Oxygen reduction under electrolyte films with constant
thickness

In order to investigate the influence of the electrolyte thickness
on the oxygen reduction, current transients were recorded on the
Pt electrode covered by the NaCl electrolyte films of three different
concentrations (5, 50 and 500 mM).  Electrolyte film thickness ıF
was different, but constant in time.

Examples of the experimental current transients are shown in
Fig. 5 for 50 mM NaCl electrolyte. The transients have a shape
that is typical for a diffusion-controlled processes: the current
density drops very fast from its initial value and then reaches a
constant value indicating the establishment of stationary oxygen
diffusion. For thick films (ıF > 1 �m)  the steady state is reached
within 1–2 min  while for the thinner films it takes only about 10 s.

In order to validate the numerical MITRe model described in Sec-
tion 3, time-dependent simulations were performed for the same
conditions. The simulated current transients are compared in Fig. 5
with those obtained experimentally for the 50 mM NaCl solution. It
can be seen that the simulated current evolution agrees well with
the measured one for electrolyte films thicknesses ıF ≥ 100 �m;  at
lower thicknesses, the model overestimates the oxygen reduction
current.

The steady state oxygen reduction current densities obtained
for all three NaCl concentrations both in measurements and sim-
ulations are plotted in Fig. 6 versus the electrolyte film thickness.
It can be seen that down to the thickness of ∼500 �m,  the oxygen
reduction current is almost constant. With further decrease of the
electrolyte film thickness the current rapidly increases. A similar
behavior was  observed e.g. by Zhang and Lyon for iron, copper and
zinc in water [2], by Nishikata for platinum in NaCl [9], by Frankel
[4] and Yamashita [11] for steel in NaCl and Na2SO4 respectively. It
is related to the diffusion control of the oxygen reduction reaction
and the increased oxygen access to the electrode surface.

Fig. 7 gives more detailed comparison of the simulated and mea-
sured steady state oxygen current densities as it is expressed in
J − 1/ıF coordinates. One can see that down to the film thickness
100–75 �m,  both experimental and simulated current densities
obey Fick’s law. For all three studied NaCl concentrations the cur-
rent density is proportional to the reciprocal of the electrolyte film
thickness (Fig. 7(a)). The slope of the J = f(1/ıF) dependencies is close
to zFDO2 cbulk

O2
, the trends are consistent and the difference in the

slopes between corresponding experimental and simulated curves
does not exceed 3.5–11.5% (Table 2).
At lower layer thicknesses, both experimental and simulated
current densities deviate from the linear Fick’s behavior (Fig. 7(b)).
Possible reasons of this deviation can be the increasing resistance
(ohmic drop) between working and counter electrodes when the
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Fig. 4. Electrolyte potential field for 250 �m layer of 5 mM NaCl and potential profiles extracted along the dashed line for different concentrations and electrolyte film
thicknesses
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Fig. 5. Measured (symbols) and corresponding simulated (lines) current transients
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thickness.

0 50 100 150 200 500 1000 1500 2000
0

1

2

3

4

5

6

7

8

9

|J
|
(A
m
-2
)

δ
F
(μm)

5 mM (m)

50 mM (m)
500 mM (m)
5 mM (s)
50 mM (s)
500 mM (s)

Fig. 6. Measured (m) and simulated (s) steady-state oxygen reduction current on
Pt  covered by the NaCl electrolyte layers of different thickness.



344 O. Dolgikh et al. / Corrosion Science 102 (2016) 338–347

0 2 4 6 8 10 12 14 16
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

δ
F
=100 μm

5 mM (m)

50 mM (m)

500 mM (m)

5 mM (s)

50 mM (s)

500 mM (s)

|J
|
(A
m
-2
)

10
-3
/δ
F
(m

-1
)

δ
F
=500 μm

(a)

0 20 40 60 80 100
0

1

2

3

4

5

6

7

8

δ
F
=10 μm

5 mM (m)

50 mM (m)

500 mM (m)

5 mM (s)

50 mM (s)

500 mM (s)

|J
|
(A
m
-2
)

10
-3
/δ
F
(m

-1
)

δ
F
=50 μm

(b)

Fig. 7. Comparison of the measured (m)  and simulated (s) steady-state currents of oxygen reduction (data from Fig. 6) in J − 1/ıF coordinates. The yellow area of the graph
( law is
i e web

e
f
R
p
n
o
s
n
e
t
o
a
a
a
o
P
e
t
c
t
r
c
m
[

p
t
b

T
E
c

b)  corresponds to the range of the electrolyte film thicknesses where the Fick’s 

nterpretation of reference to color in this figure legend, the reader is referred to th

lectrolyte thickness goes down and/or diminished oxygen uptake
rom the air due to higher local O2 concentration (see Eq. (8)).
esults of the simulations show that the ohmic drop becomes
articularly relevant for the diluted 5 mM electrolyte and less pro-
ounced for more concentrated solutions. Unfortunately in case
f 5 mM NaCl it was not possible to verify the findings of the
imulations as we could not obtain reproducible data for the thick-
esses below 75�m due to the difficulties in maintaining uniform
lectrolyte layers with constant thickness and performing the elec-
rochemical measurements in these conditions. From Fig. 7(b)
ne can also see that the simulated current densities for 50 mM
nd especially for 500 mM NaCl solutions are still overestimated,
lthough the above mentioned effects are inherently taken into
ccount by our MITRe model. This overestimation indicates that
ther phenomena, not considered in the model, may  occur on the
t surface in concentrated NaCl solutions. Reported by Stamenkovic
t al. [37] poisoning of platinum surface by the adsorbed Cl− ions
hat leads to a “strong inhibition of the oxygen reduction reaction”
an be a possible explanation. The higher the NaCl concentration,
he higher the amount of Cl−ads, and the lower oxygen reduction
ate should be measured. Another possible reason can be increasing
ontribution into total current of two-electron oxygen reduction
echanism, which seems to be facilitated in highly alkaline media

28,29] and by anion adsorption on Pt surface [27].

A major advantage of the MITReM simulations is that they

rovide the distributions of all species concentrations in the sys-
em. While most of these concentrations are not readily accessible
y experimental techniques, pH maps can be measured using

able 2
xperimental and simulated slopes of the J − 1/ıF dependences for different NaCl
oncentrations (data from Fig. 7(a))

NaCl Slope ×104, A m−1 zFDO2 cbulk
O2

× 104

(mol m−3) Experimental Simulated A m−1

5 2.00 1.96 1.89
50  1.52 1.61 1.86

500 1.31 1.46 1.58
 valid (a). Slopes of the obtained J − 1/ıF dependencies are listed in Table 2. (For
 version of this article.)

ion-selective microelectrodes. In order to investigate the influence
of the electrolyte film thickness on the pH distribution, stationary
simulations were performed. The simulations presented in Fig. 8a
for 50 mM NaCl electrolyte indicate that pH above the electrode
increases substantially (from 10.7 to 12.4) and that the area of high
pH becomes wider when the electrolyte film thickness goes down
from 2 mm to 100 �m.  Increase of pH for thinner electrolyte films
was also found in Ref. [5]. pH mapping performed for the same con-
ditions in order to calibrate the model show similar trends, however
the measured pH in the electrode area is 0.5–1.0 units lower than
the simulated one, Fig. 8b. This difference can be related to the fact
that stationary simulations give the equilibrium result at infinite
time, while during the measurements the equilibrium might have
not been reached yet, especially in the presence of CO2, which acts
as a buffer.

4.4. Oxygen reduction under evaporating electrolyte films

During the drying of an electrolyte film, oxygen reduction is
influenced by two  phenomena, which have the opposite effects.
On the one hand, reducing electrolyte layer allows better oxygen
access to the electrode surface leading to an increase in the recorded
current density. On the other hand, the salt concentration increases
dramatically during evaporation which reduces the oxygen solu-
bility. As a result, oxygen current transients recorded under the
evaporating electrolyte layers are usually more complex than those
for the constant film thicknesses.

Measurements of the oxygen reduction current were performed
for the same initial concentrations of NaCl as for the experiments
described in Section 4.3, namely 5, 50 and 500 mM.  For each con-
centration, at least two  different initial electrolyte layer thicknesses
were used in order to investigate the role of both factors.

Typical current transient is shown in Fig. 9(a) for the case of

50 mM NaCl electrolyte evaporating from 600 �m till drying. In
time, the recorded current density first increases rapidly due to
the increased oxygen access, goes through a maximum and then
decreases. The shape of the recorded current transients is similar
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Fig. 8. Simulated (a) and measured (b) pH distributions in 50 mM NaCl electrolyte films of 2 mm and 100 �m thickness.
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ig. 9. Typical current transient for oxygen reduction on Pt electrode covered by 

unction of time for different concentrations of NaCl (b). Calculated evaporation rat

o the ones presented in the work of Stratmann and Streckel [38],
ansfeld and Tsai [39] and Tomashov [40].
During the evaporation process, the electrolyte film thickness

as periodically measured using the needle and the optical system
escribed in Section 2.2. That allowed to estimate the evaporation
ates for different initial conditions. Fig. 9(b) shows the obtained
esults. It was found that the evaporation rate depends not only on

he initial NaCl concentration but, even more strongly, on the initial
lectrolyte film thickness. Thicker films evaporate apparently much
aster than the thinner ones (see Table 3). Similar effect was noticed
y other authors [4]. This effect can be attributed to a better mixing

able 3
vaporation rate calculated for different initial NaCl electrolyte film thicknesses and
oncentrations(data from Fig. 9)

cNaCl, mol  m−3 ıinitial
F , �m vevap, �m h−1

5 75 20.5
5  110 34.5
50  270 82.2
500  30 3.6
500  170 63.8
aporating 50 mM NaCl electrolyte layer (a) and the electrolyte film thickness as a
 listed in Table 3.

in thick layers that leads to a higher air-electrolyte temperature
difference and, as a consequence, to a higher evaporation rate.

The simulations of oxygen reduction under evaporating films
were performed in a simplified manner: using 1D geometry and
assuming a constant evaporation rate (corresponding to the chosen
initial NaCl concentration and electrolyte film thickness, namely
110 �m for 5 mM NaCl, 270 �m for 50 mM NaCl and 170 �m for
500 mM NaCl). Since during the measurements the evaporation
rate is not constant and changes continuously depending on the
layer thickness and salt concentration, a direct comparison of the
simulated current transients with the experimental ones was not
possible. However, using the data of the Table 3 we could estimate
the evolution of the electrolyte film thickness for each experimental
current transient and compare the simulated and measured current
densities for the same electrolyte film thicknesses.

The results of this comparison are shown in Fig. 10. One can
see that the simulations are able to reproduce the oxygen current

density evolution for 500 mM NaCl, with the maximum oxygen
current density at about 30 �m,  in the full range of the film thick-
nesses (down to 2–3 �m).  At the same time, for 5 and 50 mM
NaCl a good agreement between simulations and measurements
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ig. 10. Comparison of the measured (m)  and simulated (s) dependencies of oxyge
xygen reduction current as a function of NaCl concentration for different initial co

s observed only for electrolyte layer thicknesses ıF > 25 �m.  While
he model predicts a constant increase of the oxygen current den-
ity with decrease of the electrolyte film thickness down to 1 �m,
he measured current reaches its maximum at 10–20 �m and then
ecreases.

This can be explained as follows. As mentioned before, there are
wo factors that influence the oxygen reduction limiting current
nder evaporating electrolyte films – the electrolyte film thickness
F and the oxygen saturation concentration csat

O2
, which depends on

hloride concentration according to Eq. (17):

lim
O2

= zFDO2 csat
O2

(cCl− ) × 1
ıF

. (18)

Taking into account that chloride concentration in turn changes
ith the electrolyte film thickness

Cl− =
cinit

Cl− ıinit

ıF
, (19)

ne can derive an expression for the oxygen limiting current, which
s a function of the electrolyte film thickness only:

lim
O2

= zFDO2 csat,0
O2

exp

(
−

a · cinit
Cl− ıinit

ıF

)
× 1

ıF
, (20)

here csat,0
O2

= 0.25 mol  m−3 and a = 3.03 × 10−4 m3 mol−1 (see
q. (17)). The critical film thickness that corresponds to the max-
mum current density can be obtained by taking a derivative of
q. (20) with respect to ıF and equating it to zero. One can see
hat it depends on the initial electrolyte film thickness and salt
oncentration:

∂Jlim
O2

∂ıF
= 0 at ıcrit

F = acinit
Cl− ıinit. (21)

Critical chloride concentration corresponding to the ıcrit
F can be
ound by substitution of Eq. (21) into Eq. (19):

crit
Cl− =

cinit
Cl− ıinit

acinit
Cl− ıinit

= 1
a

= 1

3.03 × 10−4
= 3300 mol  m−3. (22)
ction current on the evaporating electrolyte layer thickness (a) and the simulated
ns (b).

Remark, that ccrit
Cl− is independent of the initial conditions and

is determined only by the change of oxygen solubility as a func-
tion of chloride. When chloride concentration is below the critical
value, the enhanced oxygen access to the electrode surface plays
the major role in the increase of limiting current when the elec-
trolyte thickness goes down. Above the critical concentration, the
effect of a lesser oxygen solubility becomes relevant.

For the most concentrated solution of 500 mM NaCl with initial
thickness ıinit = 270 �m,  the critical salt concentration is reached at
about 26 �m resulting in the current maximum. If the initial thick-
ness and salt concentrations are relatively low, like for 5 and 50 mM
NaCl, the critical salt concentration cannot be reached during
the evaporation process. As a consequence the simulated oxy-
gen reduction currents for these concentrations steadily increase
with decreasing electrolyte layer thickness (see Fig. 10(b)) while in
practice the current maximum is observed even for these concen-
trations. A possible reason for such a discrepancy can be the fact that
the model in its present state does not take into account for example
the chloride adsorption on the Pt surface discussed in the Section
4.3 and reduced ion mobilities in concentrated solutions. Both these
effects can lead to a situation when cathodic current reaches its
maximum at a chloride concentration lower than the critical value
calculated here. However, when making an abstraction from these
effects, we believe that the developed model is capable to predict
correctly oxygen reduction behavior in chloride electrolytes.

5. Conclusions

In view of quantifying corrosion under thin electrolyte layers, in
this article we present the results of electrochemical measurements
and numerical simulations of the oxygen reduction on a platinum
electrode covered by NaCl electrolyte layers of constant and chang-
ing in time thickness and concentration. In order to provide the
input information for the numerical model, dedicated measure-
ments of the oxygen solubility in sodium chloride solutions for a
wide range of salt concentrations were performed using an amper-

ometric technique. The results of these measurements are in a good
agreement with the literature data obtained by the standard Win-
kler method. For the model calibration, current transients and pH
maps were recorded during cathodic polarization of Pt electrode
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overed by the NaCl layer of varying thickness and concentration.
he results of the measurements show that if the electrolyte layer
hickness ıF is not changing in time, the oxygen reduction current is
roportional to 1/ıF for the films thicknesses down to 100–75 �m;
ith further decrease of the electrolyte film thickness, a deviation

rom Fick’s law takes place. In the evaporating electrolyte films,
xygen reduction current density reaches a maximum at ∼25 �m
nd then decreases.

The developed mechanistic MITRe model considers the chlo-
ide concentration dependent oxygen uptake at the air/electrolyte
nterface, its transport through the solution and subsequent dis-
harge on the platinum electrode. Transport of other relevant
pecies due to diffusion, migration and micro-convection (Na+,
l−, H+, OH−), and water dissociation reaction are also taken into
ccount. The model provides current transients for constant and
ime-varying conditions (electrolyte thickness and chloride con-
entration) as well as the distribution of species in the electrolyte.

Comparison with the measurements, which becomes quite
ifficult for very thin electrolyte layers, shows that the oxygen
eduction is correctly modeled down to ∼75 �m in the case of the
onstant NaCl concentration and down to ∼50 �m for the evapo-
ating electrolyte. The current density is determined by the oxygen
ptake and transport on the one hand and changes in oxygen solu-
ility on the other hand. The latter becomes relevant starting from
he NaCl concentration ∼3.3 mol  L−1. For thinner films, the model
verestimates the oxygen reduction current. It is believed that this
verestimation might be due a possible poisoning of the Pt sur-
ace by the adsorbed chloride ions, transition from four-electron
o two-electron oxygen reduction reaction and/or the reduced ion

obility in concentrated solutions – the phenomena currently not
onsidered in the model. Including these effects would result in
urther improvement of the model, however, even in the present
tage it predicts correctly the main features of oxygen reduction in
hin electrolyte films.
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