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Abstract
The cathodic behavior of Al in 0.5 M Na2SO4 solution was studied by electrochemical
methods. It was shown that the reduction of Fe(CN)36 was difficult when an oxide layer
was formed on the electrode surface during 1 h immersion in 0.5 M Na2SO4 solution due to
the poor ionic and electronic conductivities of Al hydroxides. This reaction required a high
cathodic overpotential on Al surface pre-treated at –2 V/SCE Al and was kinetically more
difficult in comparison to platinum. Rotating disk electrode measurements showed that
oxygen reduction reaction (ORR) was controlled by kinetics on both Al pre-treated at
–2 V/SCE and oxidized Al cathodic dissolution was controlled by the supply of OH– ions
through H2 evolution and by ORR on both oxidized Al electrode and the Al surface pretreated at –2 V/SCE. Polarization curves obtained at different pH values showed that no
dissolution behavior was observed at pH 5, whereas in neutral and alkaline solutions, OH–
ions production induced chemical dissolution of the hydroxide layer. In O2 supersaturated
solution, it was shown that ORR kinetics were slightly favored.
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1. Introduction
Aluminum dissolution in aqueous neutral solutions has been extensively studied in the
anodic domain where the oxide/hydroxide is insulating and exhibits a passive behavior [1–
5]. Other studies have been conducted to investigate corrosion of aluminum alloys in some
media where the metal undergoes galvanic corrosion [6–12]. In the technologically
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important area of corrosion of micro-electronic devices, aluminum metallization has been
shown to degrade primarily under conditions of cathodic bias [13, 14]. In general,
aluminum is considered to be well protected from corrosive conditions and its dissolution
rate remains very negligible, as long as its oxide film is undamaged [15, 16]. However, the
passive layer cannot protect aluminum when it is polarized cathodically [17–22]. In fact,
during oxygen and water reduction reactions, the generation of OH- ions rises the local pH
at the oxide/electrolyte interface, which induces aluminum oxide film solubility [4] and
increases its dissolution rate. Therefore, Al electrodes undergo anodic dissolution and
hydroxide deposition. This behavior assigned as cathodic corrosion [9, 23–26] has a major
influence on the behavior of Al against corrosion in unbuffered neutral solutions or under
environmental circumstances. Recent works have addressed the question in a quantitative
way where the cathodic current and aluminum dissolution rate were estimated
simultaneously. For instance, Despic et al. [27] studied the stoichiometry between
hydrogen generated amount and the measured cathodic current and found that the
hydrogen/electrons (H/e) ratio exhibited a value of 2 at low temperature due to the
formation of monovalent aluminum species on the surface, while at high temperature a
ratio of 4 was obtained explained by an increase in the portion of hydroxide leakage by
mass-transfer. Baek et al. [28]used the quartz crystal microbalance technique to estimate
aluminum dissolution rate, while the cathodic corrosion rate was determined by measuring
H2 evolution reaction (HER) through H2O reduction. In the same perspective, Ogle et al.
[24] measured aluminum dissolution rate during cathodic polarization by atomic emission
spectroelectrochemistry (AESEC) under near steady state conditions. The authors stated
that the Al dissolution was associated with the cathodic current, mainly the generation of
the hydroxide formed at high cathodic potentials. The latter was followed then by
aluminum oxidation, inducing repassivation of the surface.
The dissolution process goes through a sequence of both electrochemical and
chemical reactions as given by the following reactions [24, 25]:
2H2O + 2e– → H2 + 2OH–

(1)

O2 + 4e– + 2H2O → 4OH–

(2)

Al + 3OH– → Al(OH)3 + 3e–

(3)

Al(OH)3 + OH– → Al(OH)4

(4)

Al2O3 + 3H2O + 2OH– → 2 Al(OH)4

(5)

Therefore, the overall reaction can be written as:
Al + 4H2O + e– → 2H2 + Al(OH)4

(6)
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Similarly, in a previous work [25] electrochemical methods were used to further
elucidate the mechanism of cathodic dissolution of aluminum in 10 –2 M Na2SO4. On one
hand, the measurement of interfacial pH during cathodic polarization showed that the pH
reached a sufficiently high value at potentials more cathodic than –1.4 V/MSE (Saturated
mercury sulfate electrode; +0.645 V/SHE) which was responsible for the oxide chemical
dissolution. On the other hand, characterization of the oxide film in the potential range
where it is stable (–1.325 V < E < –1.03 V/MSE) was carried out using electrochemical
impedance spectroscopy. The oxide film thickness value was ranged between 8 and 9 nm in
the potential region close to the open circuit potential Ecorr, whereas at more negative
potentials, the thickness dropped considerably due to the chemical dissolution of the passive
film.
The present study considers the cathodic behavior of pure aluminum in 0.5 M
Na2SO4. The electrode surface reactivity was evaluated from the reduction polarization
curves of Fe(CN)36 ions. The electrochemical properties of an aluminum rotating disc
electrode were studied as a function of surface state, pH and rotation rate.
2. Experimental
2.1. Materials
The working electrode consisted of an aluminum rotating-disk electrode (RDE) prepared
from a pure aluminum cylinder rod (Goodfellow, 99.999% of quality) of 5 mm in
diameter. The lateral part of the cylinder was covered with a cataphoretic paint (PGG
W975 + G323) to avoid the electrolyte infiltration in the lateral part of the cylinder rod.
The rod was then embedded into an epoxy resin or a thermal shrinking sheath. The
electrode surface was abraded before each experiment by rotating emery paper up to 1200
grade under water flow, and then rinsed abundantly with deionized water.
The reference electrode was a calomel electrode in saturated KCl (SCE; +0.241 V/
ENH) and all the potentials measured were referred to SCE. The counter electrode was a
platinum grid of large surface area set close to the cell wall.
Electrochemical tests were carried out on two surface conditions. On one hand, a
cathodic polarization at –2 V/SCE was applied to the polished electrode for about 40 s in
the working electrolyte itself [20]. This surface state will be designated as ‘pre-treated at
–2 V surface’. On the other hand, the oxidized surface was obtained after immersion of the
electrode in 0.5 M Na2SO4 solution. The open circuit potential (OCP) curves were recorded
in order to select a suitable immersion time when the electrochemical system could reach a
stable state.
Comparative measurements were conducted, in some conditions, on a platinum
rotating disk electrode with a diameter of 1 mm, provided by Radiometer.
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2.2. Electrolytes
Electrolytes were prepared from analytical grade chemicals (Sigma Aldrich) using distilled
water. The measurements were performed in 0.5 M Na2SO4 (purity 99%) solution at
pH 6.4. If necessary the pH was adjusted by addition of a dilute NaOH solution. The
buffered solution at pH 5 was obtained by addition of sodium acetate (NaCH3COO) and
acetic acid (CH3COOH).
Atmospheric oxygen served as the source of dissolved oxygen used in the
electrochemical tests. In some cases, solutions were deoxygenated by purging for
30 minutes with nitrogen N2 (purity 99.999%) or supersaturated by bubbling oxygen O2
(99.999%) for 30 minutes. Both N2 and O2 gas were purchased from Air Liquide. Oxygen
concentration was measured with Eutech’s CyberScan 650 multi-parameter equipped with
a Clarck electrode. In air saturated and O2 supersaturated media, the values of O2
concentrations were 2×10–7 and 10–6 mol/cm3 respectively. In deaerated medium, O2
concentration yielded a negligible value. During electrochemical runs, both purging and
bubbling were continuously kept in the cell above the electrolyte.
In some cases, sodium sulfate solutions containing equal concentrations of K4Fe(CN)6
and K3Fe(CN)6 were prepared and used to initially study the reactivity of the surface
towards Fe(CN)36 reduction reaction.
2.3. Electrochemical measurements
Polarization measurements were carried out at 22°C in a conventional three-electrode cell.
The working disk electrode faced towards the cell bottom. The cell was powered by a
Voltalab PGZ 301 potentiostat/galvanostat.
Polarization curves were plotted at a potential scan rate of 0.5 mV/sand the influence
of the electrode rotation rate was also studied. Three replica experiments were carried out
for each experimental condition.
For the surface pre-treated at –2 V, the scanning direction was going from –2 V/SCE
towards corrosion potential (Ecorr). In the case of an oxidized aluminum surface, the
polarization curves were recorded from Ecorr towards –2 V/SCE.
3. Results and discussion
3.1. Electrochemical study of Fe(CN)63 reduction on pure Al in deaerated 0.5 M Na2SO4
3.1.1. Influence of the potential scan rate on cathodic polarization curves
The cathodic polarization curve at –2 V of aluminum electrode in 0.5 M Na2SO4 solution
is depicted in Figure 1a. After the pulse application, the current density becomes
continuously negative due to H2O and oxygen reduction reactions. Then, the current
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density reaches a minimum of –6.69 mA/cm2. This leads to a chemical dissolution of Al
surface film. Afterwards, the current direction is slowly reversed which may be related
either to the accumulation of H2 bubbles on the surface blocking the active sites, or to the
fact that pH considerably increases locally which leads to the formation of an anodic
product, such as hydroxides (most probably Al(OH)3). This current density deviation
usually occurs after 40 s. Therefore, to avoid cathodic corrosion of the surface electrode,
the polarization was held at –2 V during 40 s.
1
(a)

0
-1

i / mA.cm

-2

-2
-3
-4
-5
-6
-7
0

20

40

60

80

100

Time / s
1
(b)

0
-2

0.5 M Na2SO4 + 10 M Fe(CN)6

-1

0.5 M Na2SO4

-2
2

i (mA/cm )

3-

-3
-4
-5
-6
-7
-8
-2.00

-1.75

-1.50

-1.25

-1.00

-0.75

-0.50

-0.25

E (V/SCE)

Figure 1. (a) Chronoamperometric measurement of pure aluminum electrode at –2 V/ SCE at
0 rpm in air saturated 0.5 M Na2SO4 solution. (b) Cathodic polarization curves of Al electrode
in deaerated 0.5 M Na2SO4 with and without 10–2 M Fe(CN)36 / Fe(CN)64 at 1000 rpm
(rotation per minute) and 0.5 mV/s. Scanning direction: –2 V→ Ecorr.
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In order to assess removal of oxide, cathodic polarization curves were recorded just
after surface polarization at –2 V in the presence and absence of Fe(CN)36 . This scanning
was performed at 0.5 mV/s from –2 V to Ecorr in deaerated 0.5 M Na2SO4 without and with
10–2 M Fe(CN)36 / Fe(CN)64 . The solution was deaerated to avoid oxygen reduction
reaction (ORR) interference on Fe(CN)36 reduction. In the absence of Fe(CN)36 ions in
the solution, Figure 1b shows that only H2O reduction occurs at the beginning of the scan,
around –1.8 V. However, in the solution containing 10–2 M Fe(CN)36 / Fe(CN)64 , H2O
reduction is followed by Fe(CN)36 reduction reaction in the potential domain ranging from
–1.7 to –1.57 V. Thus, one may claim that Fe(CN)36 reduction does occur on Al surface
but at higher overvoltages if compared to some earliest studies [29, 30].
In order to evaluate the influence of the potential scanning rate on the polarization
curves, experiments were performed at 0.5, 1, 5 and 10 mV/s. Figure 2 presents the
voltammograms recorded at different potential scan rates on aluminum electrode pretreated at –2 V in deaerated 0.5 M Na2SO4 solution containing 10–2 M Fe(CN) 36 / Fe(CN)64 .
The curves were drawn starting from –2 V to Ecorr. In all cases, H2O reduction occurs at
about –1.8 V, followed by Fe(CN)36 reduction plateau in the potential range going from
–1.7 to –1.57 V. The only discrepancy is noticed in the charge transfer region, shown in
the figure by the descending reduction wave. According to equation (7) [31], the kinetic
current of a reaction limited by charge transfer is an exponential function of potential (V).
ik = –kcox(∞)exp(−bcV)

(7)

Where ik is the kinetic current (A/cm2), k is the kinetic constant (cm/s), cox(∞) is the bulk
concentration and bc is the cathodic Tafel slope (bc =αnF/RT) [31]. For instance, the
charge transfer region at a scan rate of 10 mV/s starts from –1.41 to –0.68 V (730 mV),
whereas at 0.5 mV/s, it goes from –1.53 to –1.2 V (330 mV). Thus, the overpotential
required to overcome the kinetic regime at a scan rate of 10 mV/s is 2 times greater than
the one required at 0.5 mV/s. As depicted in Figure 2, the charge transfer region narrows
and the limited current plateau is well-defined at a scan rate of 0.5 mV/s if compared to the
other curves recorded for higher scan rates. Thus, the study was conducted using a scan
rate of 0.5 mV/s in order to favor the reduction kinetically and maintain steady state
conditions at the electrode surface.
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Figure 2. Cathodic polarization curves of Al electrode, at different potential scan rates, in
deaerated 0.5 M Na2SO4 + 10–2 M Fe(CN)36 / Fe(CN)64 at 1000 rpm. Scanning direction:
–2 V→ Ecorr.

3.1.2. Cathodic polarization curves on Al pre-treated at –2 V, oxidized Al and Pt
electrodes
In order to elucidate the influence of the Al native oxide film on ferricyanide ion reduction,
polarization curves were recorded on Al pre-treated at –2 V and oxidized Al electrodes at
1000 rpm and at 0.5 mV/s, in deaerated 0.5 M Na2SO4 solution + 10–2 M Fe(CN)36 /
Fe(CN)64 . The results were compared to those obtained on Pt. Note that for Pt and
oxidized Al the scanning direction was started from Ecorr to –2 V while for Al surface pretreated at –2 V the potential sweep was carried out in the reverse direction (–2 V to Ecorr).
The results are shown in Figure 3.
On Pt electrode, H2O reduction starts around –1 V, and a well-defined current density
plateau due to diffusion limited ferricyanide reduction is observed between –0.9 V and
–0.1 V, exhibiting a value of –4.51 mA·cm–2 at –0.5 V. This is typical of platinum
behavior towards ferricyanide reduction [29, 32].
On an aluminum surface pre-treated at –2 V, reduction of H2O takes place at about
–1.78 V, followed then by Fe(CN)36 reduction in the region between –1.8 to –1.5 V,
which is a higher overpotential than the one required on platinum. Moreover, this reaction
takes place in a rather limited potential range (~300 mV) compared to that obtained on Pt
(~800 mV). The current density plateau measured for Al pre-treated at –2 V (~–4.33
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mA/cm2 at –1.6 V) and Pt (~–4.51 mA/cm2 at –0.5 V) are relatively close, evidencing that
one deals with the same process which is the diffusion-limited reduction of the ferricyanide
species. The small difference noticed in the measured current densities is certainly due to
the nature of the surface on which the reaction takes place.

Pt
Al pre-treated at -2V
Oxidized Al

-2.0

-1.5

-1.0

-0.5

0.0

E (V/SCE)

Figure 3. Cathodic polarization curves of Fe(CN)36 reduction on Al pre-treated at –2 V,
oxidized Al and on Pt in deaerated 0.5 M Na2SO4 solution at 1000 rpm. Potential scan rate:
0.5 mV/s. Scanning direction: Pre-treated aluminum –2 V → Ecorr; Platinum and oxidized
aluminum Ecorr → –2 V.

On an oxidized aluminum surface, Fe(CN)36 reduction plateau is not observed. One
can observe that the current density is reduced significantly exhibiting an insignificant
value of –0.03 mA/cm2 at a potential of –1 V. This indicates that the reaction rate is
kinetically slow and difficult, which may be due to the high potential drop across the oxide
layer [15, 25, 28] even for a common facile redox couple that is frequently used to access
surface charge transfer kinetics.
The results obtained in this paragraph show that Fe(CN)36 reduction is difficult on Al
since the diffusion plateau is very restricted and the reaction requires very high
overvoltages compared to that of Pt. The slow kinetics witnessed on Al are even more
accentuated when the native oxide is present on the surface.
To further examine the kinetic parameters of ferricyanide ions reduction on oxidized
Al, pre-treated Al at –2 V and Pt, representative potentiodynamic curves were recorded at
various electrode rotation rates and at a scan rate of 0.5 mV/s in deaerated 0.5 M Na2SO4 +
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10–2 M Fe(CN) 36 / Fe(CN)64 . Figure 4 presents the polarization curves obtained for
oxidized Al (Figure 4a), Al pre-treated at –2 V (Figure 4b) and Pt (Figure 4c).
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Figure 4. Electrochemical characterization of Fe(CN)36 reduction on (a) oxidized Al ; (b) Al
pre-treated at –2 V and (c) Pt in deaerated 0.5 M Na2SO4 solution. Potential scan rate:
0.5 mV/s. Scanning direction: Pre-treated Al –2 V→ Ecorr; Pt and oxidized Al Ecorr → –2 V.

From Figure 4a, it can be seen that when an oxide is developed on Al surface, the
cathodic current densities slightly increase with rotation rate (ɷ), though no considerable
difference was noted between the measured current densities for the different electrode
rates. For instance, at a potential of –1.2 V, the current densities exhibit the values of –0.05
and –0.07 mA/cm2 at a rotation rate of 600 and 1000 respectively. This indicates that ɷ has
no significant influence on the cathodic current and thus the mass transfer regime is hardly
reached likely due to the insulating character of the oxide surface film that disables
electron transfer [28].
For Al pre-treated at –2 V (Figure 4b) and Pt (Figure 4c), the current densities
increase gradually with electrode rotation rate, due to the shortened diffusion layer (δox) as
given by equation (8) [31].
nFDox cox ()
(8)
ilim 
δox
Where ilim designates the mass transfer limited current density, n is the number of electrons
transferred in accordance with the reaction stoichiometry, F is Faraday’s constant and Dox
is the diffusion coefficient of ferricyanide ions.
Herein, the difference between a noble metal (Pt) where active sites are available and
a reactive metal (Al) is clearly seen. In fact, in the case of Pt, the potential domain of the
diffusion plateau remains practically the same even for high rotation rates. However, for Al
pre-treated at –2 V, the limited current plateau tend to become more constrained when ɷ
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increases. This is mainly due to the fact that the diffusion of Fe(CN)36 ions is facilitated
for higher ɷ values and then the charge transfer is considered as the rate determining step
of the reduction process.
The limited current densities were measured for each electrode rotation rate to verify
the Levich relationship given by equation (9) [33]:
id = 0.62nFcox(∞)Dox2/3 υ–1/6 ɷ1/2

(9)
2

where id is the diffusion limited current density, υ is the kinematic viscosity (cm /s) and ɷ
is the electrode rotation rate (rad/s).
Generally, in the case of faradaic reactions influenced by transport of the reacting
species to the electrode surface, straight lines are obtained [31, 34, 35]. Therefore,
determination of the electron number involved in the reaction can be determined from the
slopes values. In this study, the Levich plots in Figure 5 (a and b) were drawn from
potentials located in the middle of the current plateaus since the width of the potential
range of the diffusion current plateaus is different for Pt and Al.
From Figure 5, it is noticeable that the limiting reduction currents follow the linear
dependence on the square root of rotation rate on both Al pre-treated at –2 V and Pt.
Hence, the use of Levich relationship is justified.
Using a set of data for ferricyanide concentration in the solution (C = 10–5 mol/cm3),
kinematic viscosity (ν = 1.009×10−2 cm2/s), and ferricyanide ion diffusivity (D = 7×10–6
cm2/s) [32], the experimental values of n were determined and summarized in Table 1.
Furthermore, the lines fitted to the experimental data (Figure 5) exhibit a slope of
44.04×10–5 A/cm2 s–1/2 at a potential of –0.4 V and 38.46×10–5 A/cm2 s–1/2 at a potential of
–1.65 V in the case of Pt and Al respectively. Therefore, the number of electron involved
in the reaction is found to be close to 1, which is obviously due to the reduction of
Fe(CN)36 into Fe(CN)64 following reaction (10):
Fe(CN)36 + 1e– → Fe(CN)64

(10)

From Figure 5b, one can see that the fitted lines obtained for Al pre-treated at –2 V
yield non-zero intercept unlike the ones drawn for Pt. Hence, the reduction of Fe(CN)36
ions is a mixed kinetic-diffusion process and subsequently obeyed the Koutecky-Levich
equation [31,33] given by equation (11):

1 1 1
1
1
   1/2 
i id ik Bω
nFcox k

(11)

B  0.62nFcox D2/3υ1/6

(12)

B is a constant given by:
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Figure 5. Levich Plots of Fe(CN)36 reduction in deaerated Na2SO4 0.5 M solution on (a) Pt
and (b) Al pre-treated at –2 V at various disk potentials.

In accordance with equation (11), the measured current density i involves two
parameters: the current density limited by diffusion id, and the kinetic current density ik.
The fact that the line obtained in the Levich plots passed through the zero intercept in
the case of Pt, indicates that the total current is limited by pure diffusion. This is well
known in the case of Pt as stated by several authors [36–39].

Int. J. Corros. Scale Inhib., 2019, 8, no. 2, 386–410

398

However in the case of Al pre-treated at –2 V, the kinetic current ik and the
heterogeneous reaction rate constant k can be determined on the basis of the linear relation
between i−1 and ω−1/2.
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Figure 6. Koutecky–Levich plots of Fe(CN)36 reduction in deaerated Na2SO4 0.5 M solution
on Al electrode pre-treated at –2 V at various disk potentials.
Table 1. Kinetic parameters of Fe(CN)36 reduction on Pt and Al pre-treated at –2 V determined using
Levich and Koutecky– Levich plots.
Disc Potential
E (V/SCE)

Levich slope
(×10–5A/cm2 s–1/2)

n

ik (A/cm2)

k (cm/s)

Aluminum

–1.60
–1.65
–1.70
–1.75

37.63
38.46
39.77
41.14

0.798
0.815
0.843
0.872

0.0390
0.0416
0.0466
0.0598

0.051
0.053
0.057
0.071

Platinum

–0.30
–0.40
–0.50

43.80
44.04
44.09

0.930
0.934
0.935

–
–
–

–
–
–

The Koutecky–Levich graphics (Figure 6) present straight and parallel lines attesting
that both diffusion and charge transfer processes are involved in Fe(CN)36 reduction
reaction.
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The kinetic contribution to the total current leads to a current density at the potential
of –1.6 V of about 0.039 A/cm2. This value is obtained from the intersection of the fitted
line with the vertical axis in the Koutecky–Levich plot, which exhibits a kinetic constant
of 0.051 cm/s.
Table 2 regroups values of rate constants (k) available in the literature for comparison
purposes. In the current study, the rate constant obtained on Al pre-treated at –2 V is
smaller than that on platinum. However, the value calculated (0.051 cm/s) is quite greater
than the published ones of 10–3 M Fe(CN) 36 / Fe(CN)64 system on Nickel in 0.5 mol/dm3
KOH and defect free graphite in 1 M KCl.
Table 2. Values of rate constants k obtained on other electrode materials in different electrolytes at 25°C.
Electrode material

Electrolyte

[Fe(CN)63 ] (M)

k (cm/s)

Reference

Pt microdisc
Pt microdisc
Pt
Bulk Nickel
Defect free graphite

1 M NaCl
1 M KCl
1 M KCl
0.5 M KOH
1 M KCl

5×10–4
5×10–4
10–2
10–3
10–3

0.1–0.15
0.1–0.25
0.24
3.8×10–3
1.2×10−3

[40]
[40]
[29]
[30]
[41]

From the results obtained in this section, it can be concluded that the reduction rate of
ferricyanide ion is slow on Al surface pre-treated at –2 V if compared to a noble metal.
Furthermore, the kinetics are significantly influenced by Al surface state as ferricyanide
reduction is very difficult when Al native film is formed on the surface due to the high
ionic and electronic resistance of Al passive film.
3.2. Cathodic investigation on Al surface in Na2SO4 0.5 M
After a preliminary study of the surface reactivity of pure Al towards Fe(CN)36 reduction
in deaerated medium, Al cathodic behavior in sodium sulfate solution is discussed in the
section below.
3.2.1. Influence of aluminum surface state on polarization curves in air saturated 0.5 M
Na2SO4 solution
It is now approved that cathodic reactions, and particularly ORR, are greatly influenced by
several factors, including for instance the metal surface state. Earlier studies on a wide
range of electrode materials have shown that on bare metal surfaces, oxygen is reduced
directly to hydroxyl ions, whereas on oxidized surfaces ORR goes through the indirect
pathway generating the formation of intermediates [42–45]. It is also interesting to mention

Int. J. Corros. Scale Inhib., 2019, 8, no. 2, 386–410

400

that in some cases ORR was found to proceed in a variety of combinations [43, 46, 47]. In
fact, the reduction pathway depends on the chemical composition and the thickness of the
oxide layer, which highly determines the number of active sites where oxygen can be
preliminarily adsorbed, and affects automatically ORR kinetics.
Figure 7 shows Ecorr evolution of pure Al electrode, during immersion time, at
different rotation rates in air saturated 0.5 M Na2SO4 solution (cO2 = 2×10–7 mol/cm3). Ecorr
increases with time to reach a steady-state value after approximately one hour of
immersion, which was accordingly chosen as the immersion time in this study. It can be
noted that the steady state was achieved more rapidly when ɷ increases. This steady-state
value was found to be about –1 V at 0 rpm and exhibited lower values for higher electrode
rotation rates. The increase in open circuit potential value with time may result from the
growth of a hydroxide layer on the surface electrode since the potential scan rate is slow.
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Figure 7. Open circuit potential evolution obtained for a pure Al electrode at various rotation
rates going from 0 to 2000 rpm in air saturated 0.5 M Na2SO4 solution.

Figure 8a compares the behavior of aluminum electrode pre-treated at –2 V in air
saturated 0.5 M Na2SO4as the potential scan direction was reversed. It can be observed that
when the polarization curve starts from Ecorr towards –2 V, there is a considerable
discrepancy in the potential range starting from –1.6 V to –2 V. It is also noticeable that
the current density measured at a potential of –1.55 V is almost 3 times lower than that
obtained when the scanning begins from more cathodic potentials towards Ecorr. This may
be related to the stability of Al passive film on the surface. When the scan is started from
–2 V, Al hydroxide film is already destabilized by the large cathodic current generated
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from H2O reduction reaction and is replenishing as the potential is more anodic. As for the
potential scan starting from Ecorr, Al hydroxide film is more stable and thicker. It is
noteworthy that even if the surface is subjected to a high cathodic polarization at –2 V,
aluminum passive film is not entirely removed, since Al native hydroxide is inherently
present on the surface. The few existing studies were dedicated to investigate the behavior
of aluminum starting from Ecorr [25, 48]. Therefore, it was worthwhile to conduct our study
by scanning the potential from –2 V on Al surface pre-treated at –2 V, in order to avoid as
much as possible the rapid formation of the oxide layer. Detailed views will be assessed by
using RDE measurements on Al surface.
The influence of electrode rotation rate on the cathodic electrochemical behavior of
Al was conducted in air saturated Na2SO4 0.5 M solution for both Al pre-treated at –2 V
and oxidized Al surfaces (Figures 8b and 8c). It is worthy to recall that the polarization
curves are drawn from Ecorr to –2 V for oxidized Al surface and from –2 V towards Ecorr
for the surface pre-treated at –2 V. Note that the total electrical current measured is the sum
of the anodic current ia related to Al dissolution (reaction (3)) and the cathodic current ic [23].
The main cathodic reactions in neutral electrolyte are H2O (reaction (1)) and O2 reduction
(reaction (2)). Each of these reactions leads to the formation of one OH− per electron. Ogle et
al. [24] measured the e/Al ratio and found it greater than 1, since a certain excess of
hydroxide was required to compensate for diffusion of hydroxide away from the interfacial
region. This indicates that the concentration of OH− at the interface and the variation of
cathodic dissolution rateare simply related to the cathodic current rather than potential [23].
On a surface pre-treated at –2 V (Figure 8b), three different behaviors can be
observed:
– The potential range more negative than –1.60 V is attributed likely to H2O reduction (I).
Serdechnova et al. [23] investigated AA6061 alloy dissolution in 3% NaCl solution by
scanning the potential from −1.78 to –0.6 V vs. SCE at 1 mV/s and revealed that Al
cathodic dissolution was clearly observed, and the current approached a value of –6 to
–8 mA/cm2 near −1.78 V vs. SCE and decreased drastically as the potential becomes
increasingly anodic. The authors also indicated that Al dissolution rate was a maximum
near −1.73 V vs. SCE and decreased simultaneously with the cathodic current. From
these observations, it can be suggested that in this potential range Al hydroxide is
damaged by OH– ions production through H2O reduction.
– In the region between –1.60 and –1.35 V, chemical dissolution of the oxide due to local
pH increase, followed by aluminum anodic dissolution and hydroxide deposition are
probably occurring along with oxygen reduction reaction [25] (II).
– In the potential domain going from –1.35 V to –1.2 V, oxygen is expected to be reduced
[25] (III).
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In region (I), the local pH starts to increase mainly due to HER. As for region (II), the
total current is the sum of both cathodic (ORR) and anodic contributions (Al cathodic
corrosion). In this potential domain, the increase of ɷ facilitates O2 supply to the electrode
surface where it can be reduced to OH–. Therefore, at 3000 rpm, the pH becomes locally
more alkaline and the anodic contribution to the total current is greater. This can explain the
presence of the hump on the polarization curve presented in Figure 8b. Subsequently, when
the potential is scanned towards more anodic values, the the local pH tend to decrease and Al
anodic dissolution rate declines as well. As a result, the ORR contribution to the total current
becomes more important which leads to the increase in the cathodic current.
In fact, Serdechnova et al. [23] work showed that aluminum dissolution occurs based
on a simple model where hydroxide generation, Al(OH)3 formation/dissolution and
Al(OH)4− diffusion are kinetically coupled. They also revealed that Al cathodic corrosion
was linearly proportional to the hydroxide generation rate. Accordingly, they reported that
the instantaneous dissolution rate had a stoichiometry of OH−/Al3+ of 1.62±0.22 in the case
of 99.99% Al.
Regarding ORR potential domain, as depicted in the insert of Figure 8b, no defined
current plateaus are noticeable, which indicates that the charge transfer is a low process
and is considered as the rate limiting step. This is in accordance with other works, showing
that electron transfer is the limiting step of ORR on pure Al surface [25, 28, 48].
Figure 8c shows the RDE curves drawn from Ecorr on an oxidized surface in air
saturated solution. It can be seen that ORR takes place on the potential range going from
–1.27 V until the end of the scan and is clearly kinetically controlled as seen in the insert
of Figure 8c, since no current plateau is observed and no influence of rotation rate on the
measured current densities is witnessed. It is now endorsed that ORR is sluggish and is
kinetically difficult on Al surface, mainly when the oxide layer is present on the surface
due to the ohmic behavior of the developped film [25, 28]. In a previous work [25] the
estimated value of the layer film resistance (Rfilm) was about 2×104 Ω cm2.
The cathodic current continues to increase until the potential scan reaches a value of
–1.47 V. However, at potentials more cathodic than –1.47 V, OH– production by ORR
raised the interfacial pH and causes dissolution of the passive film as indicated by the
thermodynamic calculations [49]. In this case, the anodic contribution to the total current
tend to become higher than the cathodic one, explaining the decrease of the cathodic
current (observed from –1.47 V to –1.55 V) and the presence of a constant current in the
potential domain going from –1.57 V to –1.90 V. This behavior is likely related to the
increase of Al anodic dissolution rate. For potentials more cathodic than –1.90 V, H2O is
reduced on the altered hydroxide layer Al(OH)3 [25].
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Figure 8. Cathodic polarization curves on Al in air saturated 0.5 M Na2SO4 solution: (a)
Comparison between the curves recorded at different scanning direction at 1000 rpm; (b) RDE
measurements on Al pre-treated at –2 V and (c) oxidized Al, scan potential rate: 0.5 mV/s,
scanning direction: Pre-treated Al –2 V → Ecorr; Oxidized Al Ecorr → –2 V.

3.2.2. pH influence on the cathodic behavior of Al in air saturated 0.5 M Na2SO4
In order to assess the pH influence on the cathodic currents, potentiodynamic curves were
recorded on Al pre-treated at –2 V for different pH values of Na2SO4 solutions at a rotation
rate of 1000 rpm. As shown in Figure 9, the cathodic curve obtained at pH 5 shows no
dissolution plateau. Similar results were obtained on an oxidized Al surface. In acidic
solution, the cathodic current is predominantly generated by H2O reduction and ORR.
According to Cabot et al. [20], the acidity of the solution maintains the presence of the
passive layer on aluminum surface even at higher negative potentials.In this case, Al
cathodic corrosion is prevented and one can suggest that ORR takes place on an
unmodified oxide layer. Taking this into account, cathodic Tafel slope values were
estimated from the corresponding polarization curves at pH 5. In the –1.3 to –1.6 potential
range, the slopes yield values of 270 mV/decade and 302 mV/ decade on Al pre-treated at
–2 V and oxidized Al surfaces respectively. Therefore, aluminum surface is considered
less reactive towards cathodic reactions, particularly when the electrode is covered with a
stable Al oxide layer, which is known to exhibit poor ionic and electronic conductivities.
Several studies were conducted on the behavior of Al in aqueous solutions at different
pH values. Metikos-Hukovic et al. [50] stated that the cathodic Tafel slope yielded a value
of 224 mV/decade in 0.5 M HCl solution, while Metikos-Hukovic et al. [51]estimated a
value of 238 mV/decade in 1 M HClO4 solution. In a buffered solution at pH 7 [25], a
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value of 260 mV/decade was obtained for the cathodic Tafel slope calculated where ORR
occurred at a homogenous Al oxide. From these results, one may assume that the presence
of Al oxide film influences the reduction mechanism either by creating a barrier to charge
transfer process or by altering the energetics of the cathodic reaction at the double layer
[50].
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Figure 9. Polarization curves of aluminum electrode pre-treated at –2 V in air saturated 0.5 M
Na2SO4 solution at different pH at 1000 rpm. Potential scan rate: 0.5 mV/s. The scanning
direction: –2 V → Ecorr.

However, when the pH is much higher (~11), it is noticeable that Ecorr is shifted
towards very negative values (–1.77 V) if compared, for instance to the one observed for a
surface pre-treated at –2 V in sulfate solution at pH 6.4. Note also that there was a
generation of an anodic current over a wide potential domain, more cathodic than the Ecorr
measured at lower pH values. Similar results were found on an oxidized surface (not
shown). This behavior points out that the alkalization of the interface Al/solution, due to
pH increase, causes oxide chemical dissolution and favors anodic dissolution of aluminum
[4]. Several authors reported identical behavior in alkaline solutions [9, 23–25]. In a
previous study [25] conducted in 10–2 M Na2SO4 adjusted to pH 11, Ecorr was shifted very
cathodically (–1.65 V/MSE) and an anodic current was noticed at negative potential
values. Mokaddem et al. [9] used atomic emission spectroelectrochemistry (AESEC) to
monitor the dissolution of Al in 30 g/L NaCl solution as a function of pH. They showed
that in alkaline solution (pH = 11.8), no passivation phenomenon was observed, and the
anodic dissolution of aluminum was detected in the whole studied potential region.
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Similarly, it was reported by Zhang et al. [4] that aluminate ions Al(OH)4 are the only
stable form of aluminum in alkaline solutions, and the solubility of the oxide increases
with pH increasing.
3.2.3. ORR process on pure Al
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Figure 10 shows the cathodic polarization curves recorded at different O2 concentration in
the solution and at a rotation rate of 1000 rpm of Al electrode. In the deaerated solution,
reduction of H2O is the only reaction observed and it occurs beyond –1.7 V. Ecorr is close
to –1.68 V.
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Figure 10. Polarization curves of Al pre-treated at –2 V in 0.5 M Na2SO4 solution for
different O2 concentrations at 1000 rpm. Potential sweep rate: 0.5 mV/s. Scanning direction:
–2 V → Ecorr.

In air saturated Na2SO4 solution (cO2 = 2×10–7 mol/cm3), Ecorr exhibits a value of
–1.39 V and the charge transfer region extends over a potential domain of 100 mV (from
–1.4 to –1.6 V). The Tafel behavior observed in the –1.45 to –1.6 V potential range,
presents bc values of 318 and 350 mV/decade on pre-treated at –2 V and oxidized Al
surfaces respectively. This increase of Tafel slope value by 32 mV/decade reveals that
ORR kinetics are more slower when the passive film is developed on Al surface.
In O2 supersaturated sulfate solution (cO2 = 10–6 mol/cm3), the charge transfer region
becomes narrower (from –1.25 to –1.34 V) and Ecorr is shifted towards more anodic
potentials than in air saturated medium, which suggests that the ORR is favored in O2
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supersaturated Na2SO4 solution. Cathodic Tafel slopes were not estimated in this case, due
to the fluctuation of oxygen concentration during potentiodynamic polarization.
In other works conducted on the study of ORR on platinum, palladium, rhodium [52],
zinc [35] and copper electrodes [53], a Tafel slope of 120 mV/decade was obtained at high
cathodic polarization and a value of 60 mV/decade at lower polarizations. However, Al
behaves very differently, which indicates that Al electrode is a very inactive cathode
regarding the mechanistic implications of O2 reduction. In all cases, charge transfer rate is
low and remains the rate determining step for ORR in sodium sulfate solution despite the
pH value.
4. Conclusions
Through this study on the cathodic behavior of Al surface in neutral sulfate medium
several interesting results were highlighted and can be listed as follows:
– Reduction of ferricyanide ion requires a high cathodic overpotential on Al surface pretreated at –2 V and is kinetically more difficult if compared to platinum. It is even more
difficult on the oxide layer formed during 1 hour immersion in 0.5 M Na2SO4 solution.
This reaction requires a high cathodic overpotential on Al surface pre-treated at –2 V
and is kinetically more difficult if compared to platinum. The number of electrons
exchanged is about 1 as expected, the kinetic current ik is found to be around
0.0345 A/cm2 and the kinetic constant k yields a value of 0.044 cm/s at a potential of
–1.6 V.
– Al cathodic dissolution is controlled by the cathodic current and thus by the supply of
OH– through H2 evolution and by ORR on both Al surface pre-treated at –2 V and
oxidized Al electrode.
– In a buffered solution at pH 5, ORR occurs on an unmodified oxide layer since no
dissolution behavior was observed. However, at pH 11, Ecorr shifts towards very negative
values, accompanied with the generation of an anodic current. Al/solution interface
alkalization due to pH increase, causes oxide chemical dissolution and favors anodic
dissolution of Al.
– ORR at Al surface is a process controlled by kinetics and diffusion regime is never
obtained, even on Al pre-treated at –2 V, due to the high potential drop across the oxide
layer.
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