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Abstract

Different electrochemical techniques (electrochemical impedance spectroscopy (EIS), ring-disk electrode, electrochemical quartz

crystal microbalance (EQCM), and in situ Raman spectroscopy) have been employed to study the behaviour of the passive film

formed on iron in alkaline medium simulating pore solution in fresh concrete. The study, based on low scan rate cyclic voltammetry

performed over the entire electrolyte stability domain, allows for establishing the influence of the redox activity developing in the

oxides layer on the electrochemical behaviour of the system and, thus, to get valuable information on the applicability of classical

electrochemical techniques employed to assess corrosion of steel in concrete.

The passive film is based on a magnetite-type structure which, in partially reversible processes, can be oxidised and reduced

depending on the electrode potential. Those redox processes mask the corrosion process itself. � 2002 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Since the late 1980s the corrosion rate of steel rebar in
concrete is commonly measured by polarisation resis-
tance method [1,2], Rp, based upon the Stern–Geary
equation icorr ¼ B=Rp [3]. Moreover, all over the 1990s
different electrochemical methods have also been used
for this purpose [4]. Potentiostatic and galvanostatic
pulses [5,6], electrochemical impedance spectroscopy
(EIS) [7] and cyclic voltammetry [8,9], can be cited
among the techniques devoted to get the Rp parameter.
Although numerous authors have carried out studies
relative to the iron in alkaline medium [10–16], the dis-
solution and passivation mechanisms remain still un-
clear and only recently [17] an interpretation has been
advanced on the physical basis for measuring Rp not at
the steady-state, but to a certain sweep rate/waiting
time, as empirically stated in [1].

The present paper is aimed to investigate the different
redox processes taking place on the iron electrode in a

strongly alkaline medium in order to better understand
the passivity and passivity breakdown of steel rebars in
concrete. This will also help in Rp interpretation over
the full range of possible rebar corrosion potentials.
Different electrochemical techniques, cyclic voltamme-
try, EIS, quartz microbalance, in situ Raman spectros-
copy, and ring-disk electrode were used for this sake.

2. Experimental conditions

Electrolyte. 1 M NaOH solutions were prepared with
a reagent grade chemical (Prolabo) and doubly de-
ionised water. This solution was chosen because the
redox processes in the passive layer are well differenti-
ated and it is not far from the alkalinity found in ce-
ment pastes prepared from standard Portland cement.
For a cement paste prepared with water to cement ratio
equal to 0.5, at 180 days ageing, the ionic concentra-
tions in pore water are ½OH�� ¼ 0:32 to 0.71 M,
½Naþ� ¼ 0:08 to 0.16 M and ½Kþ� ¼ 0:24 to 0.55 M, the
upper limit corresponding to highly alkaline cements
[18]. All experiments were carried out without electro-
lyte agitation, except in the ring-disk experiments where

www.elsevier.com/locate/cemconcomp
Cement & Concrete Composites 24 (2002) 7–15

*Corresponding author. Tel.: +34-986-812-213; fax: +34-986-812-

201.

E-mail address: rnovoa@uvigo.es (X.R. N�oovoa).

0958-9465/02/$ - see front matter � 2002 Elsevier Science Ltd. All rights reserved.

PII: S0958-9465 (01 )00022-1



the working electrodes were introduced in an impinging
jet cell. The Reynolds number of the electrolyte flow
was 350.

Electrochemical cell. All measurements were carried
out using the classical three-electrode arrangement. The
reference electrodes employed were Hg/HgO/KOH 1 M
and saturated calomel electrode (SCE). In this paper all
potentials are referred to the SCE because this electrode
is the most employed for measurements on concrete
rebars in the laboratory. The counter-electrode was a
platinum gauze of large surface. Finally, an iron rod
(£ ¼ 5 mm) from Goodfellow was used as working
electrode for all experiments except quartz crystal mi-
crobalance measurements. The iron rod was covered
with a cataphoretic paint and embedded in epoxy resin.
The external diameter was worked to 18 mm. Before
each experiment the electrode surface was polished with
emery paper up to #1200 grade, degreased and washed
with water. In the ring-disk experiments, the iron rod
was covered on its lateral part only by cataphoretic
paint, which also isolates electrically the ring and disk
electrodes. The ring was the cross-section of a vitreous
carbon tube of 5.1 mm internal diameter and 7 mm
external diameter. The theoretical collection efficiency,
N0 was 0.463. For the electrochemical quartz crystal
microbalance (EQCM) experiments, the iron was elec-
trodeposited on a gold electrode. A heat treatment al-
lowed absorbed hydrogen elimination.

Electrochemical instrumentation and setup. Voltam-
mograms were obtained by using the potentiostat
PGSTAT20 (from Ecochimie) at 0.5 mV s�1 on sta-
tionary electrode. Solartron equipment (ECI 1286 +
FRA 1255) was used for impedance measurements. This
equipment was coupled with an analogue filter (Kemo,
VBF 8), to improve the signal to noise ratio. The im-
pedance system was controlled via IEEE by a personal
computer using the FraCom 2.1 program devised by
UPR 15. The electrode impedance was measured be-
tween 1 kHz and 1 mHz in frequency decreasing sweep
(five points per decade) with ac potential perturbation of
10 mV (rms) amplitude.

For the ring-disk measurements (impinging jet cell), a
home made bi-potentiostat was employed to control
ring and disk potentials. A triangular signal generator
(Eurelco, Model D311) allowed sweeping the disk po-
tential at 1 mV s�1 and a multi-channel voltmeter (Ke-
ithley 199) under remote control collected disk and ring
potentials and currents.

In situ Raman spectra were recorded during electro-
chemical experiments by using a green Ar laser beam
(514.5 nm) for excitation at 10 mW intensity, a micro-
scope with long focal objective (Olympus, UL WD MS
PL 80X/0.75) and a Dilor spectrophotometer. The air-
cooled CCD detector allowed spectra to be taken within
300 s of exposure to the laser light. Data acquisition,

storage and treatment were carried out with a personal
computer, using Dilor’s specific software.

The equipment for EQCM measurements was: an
oscillator for 9 MHz AT quartz, manufactured in the
UPR15, a frequency counter (Schlumberger, universal
counter 2721), a potentiostat–galvanostat (Sotelem, PG-
stat-Z1), a signal generator (Eurelco, D311) and a multi-
channel voltmeter (Keithley 199). The FRQM program
(devised by UPR 15) monitored electrode potential,
current and quartz oscillation frequency. Voltammo-
grams and voltamassograms (m(E)) were obtained at
1 mV s�1 potential sweep rate.

3. Results

3.1. Cyclic voltammetry

Fig. 1 shows the first cycle voltammogram obtained
on a stationary iron electrode at sweep rate dE=dt ¼
0:5 mV s�1. Six oxidation peaks are observed in the
forward (anodic) sweep and five reduction peaks in
the reverse (cathodic) sweep. The peaks are numbered in
the figure I–VI and VII–XI, respectively. The peaks III,
V, VI, VII and X are not reported in the reviewed lit-
erature. These peaks have only been observed with the
stationary electrode and at very low potential sweep rate
[19].

3.2. In situ Raman spectroscopy

The Raman spectra were obtained at selected poten-
tial values between )1.5 and 0.5 V by sweeping hold at
the desired potential in both forward and reverse scans.
As in the first cycle the obtained Raman signals were not

Fig. 1. First cycle of the voltammogram obtained for the stationary Fe

electrode in 1 M NaOH at dE=dt ¼ 0:5 mV s�1. Current peaks are

consecutively noted by I–XI.
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sufficiently well resolved, it was necessary to cycle the
electrode potential for 2 h at 10 mV s�1. Fig. 2 depicts
some spectra obtained at potentials corresponding to the
forward scan (Fig. 2(a)–(c)) and to the reverse scan (Fig.
2(d)).

Fig. 2 shows the presence of magnetite ðFe3O4Þ,
characterised by the peak at 670 cm�1 in all the exam-
ined potential range, even at )0.9 V (Fig. 2(a) and (d)) in
both anodic and cathodic scans. In Fig. 2(b), at the
potential of peak VI ()0.53 V), the presence of a-Fe-
OOH is also observed (peak at 398 cm�1). For potential
values more anodic than the corresponding to peak VI
(Fig. 2(c)), the magnetite signal decreases and a new
peak appears at 710 cm�1. This wave number corre-
sponds to c-Fe2O3 (magemite) and/or its hydrated form
c-FeOOH that will result from partial oxidation of
magnetite.

3.3. Electrochemical impedance spectroscopy

EIS measurements were carried out on the stationary
iron electrode in the whole potential interval examined
in the cyclic voltammetry. Figs. 3 and 4 illustrate two of
the spectra obtained. The presence of two time constants
was observed for all spectra. The results of the EIS
measurements have been successfully fitted to a hierar-
chically distributed equivalent circuit (Fig. 3) using a
simplex method already described [20]. The impedance

of this circuit, ZðxÞ, at the angular frequency x is given
in Eq. (1). The a1 and a2 parameters model the Cole–
Cole type dispersion of the time constants R1C1 and
R2C2 that reproduce the depressed semicircles found in
the impedance’s complex plane plots.

ZðxÞ ¼ R0 þ
R1

1
1þðZ2ðxÞ=R1Þ

þ ðjxR1C1Þa1

being Z2ðxÞ ¼ R2

1þ ðjxR2C2Þa2
:

ð1Þ

The impedance results are compatible with the different
oxidation–reduction reactions corresponding to a
blocking electrode process with a small dc current
leakage.

Fig. 5 shows the potential dependence of capacitances
C1 and C2, corresponding respectively to the time con-
stants observed in higher and in lower frequency range.

In Fig. 5, it can be seen that C1 varies between 0.05
and 1 mF cm�2. Since this capacitance corresponds to
the time constant observed in the high frequency range,
it may be assigned to the double layer capacitance.
Nevertheless the obtained values are too high for this
capacitance (specially for potential values lower than
about )0.4 V). The real surface area with the roughness
introduced by oxide layer might be considered to be very
large. On the other hand, C2 varies between 0.22 and
75 mF cm�2. The values of C2 are reasonable to be

Fig. 2. In situ Raman spectra of the stationary Fe electrode in 1 M NaOH at the different polarisation potentials in the forward (anodic) (Fig. 2(a)–

(c)) and reverse (cathodic) scan (Fig. 2(d)).
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attributed to the different redox processes taking place
on the electrode.

3.4. Ring-disk electrode results

Fig. 6 depicts some of the results obtained by the
ring-disk experiments at 1 mV s�1 disk potential sweep
rate. The first three cycles are presented. The experi-
ments were performed with two different ring potential
values, one to collect Fe2þ leaving the disk (ring po-
tential Ering ¼ þ0:125 V) and another to detect Fe3þ

emitted form the disk (Ering ¼ �1:13 V).
It was found that the emission of Fe2þ from the disk

decreases monotonically as the disk potential increases.
When the disk potential was swept to more anodic po-
tential ()1.5 to )1.3 V), the ring current decreases as the

cathodic current at the disk diminishes. The ring current
in this potential range is therefore likely related to the
oxidation of hydrogen formed at the disk. Later on, in

Fig. 6. RDE experiments. Iron disk (£ ¼ 5 mm) and glassy carbon

ring (£in: ¼ 5:1 mm, £ext: ¼ 7 mm). Collection efficiency N0 ¼ 0:463.

dEdisk=dt ¼ 1 mV s�1. The labels in the figure correspond respectively

to the 1st, 2nd and 3rd cycles of disk potential sweep. The ring po-

tential for collection of Fe3þ was )1.13 V, and that for Fe2þ was

+0.125 V vs SCE.

Fig. 4. Impedance spectrum obtained for the stationary Fe electrode

in 1 M NaOH at E ¼ �0:45 V. Experimental results were fitted using

two hierarchically distributed RC time constants according to Eq. (1).

The best-fitting parameters are: R0 ¼ 1:6 X cm2, R1 ¼ 236 X cm2,

C1 ¼ 179 lF cm�2, a1 ¼ 0:8779, R2 ¼ 23:4 kX cm2, C2 ¼ 1:03 mF cm�2,

a2 ¼ 0:7425.

Fig. 5. Electrode potential dependence of capacitances C1 and C2.

These values were obtained by fitting experimental impedance data

(from the stationary Fe electrode in 1 M NaOH) to Eq. (1).

Fig. 3. Impedance spectrum (left) obtained for the stationary Fe

electrode in 1 M NaOH at E ¼ �0:975 V. Experimental results were

fitted using two hierarchically distributed RC time constants (right)

according to Eq. (1). The best-fitting parameters are: R0 ¼ 1:1 X cm2,

R1 ¼ 150 X cm2, C1 ¼ 1:08 lF cm�2, a1 ¼ 0:7960, R2 ¼ 1:23 MX cm2,

C2 ¼ 69:3 mF cm�2, a2 ¼ 0:7087.
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the potential range between peaks I and III
ð�1:2 < E < �0:8 VÞ, the ring current remains con-
stant, and valued about 0.2 lA. Only a small part of the
disk current is therefore used to the formation of soluble
Fe2þ species. For the potential above the peak IV
ðE > �0:7 VÞ, the amount of Fe2þ detected was tiny at
the ring, and the emission of this species vanishes at each
potential cycle.

At the same time, Fe3þ detected at the ring increases
in general with disk potential with badly defined peaks
up to )0.5 V. The position of those peaks corresponds
respectively to peaks II, III and V observed in Fig. 1 (the
anodic sweep of cyclic voltammogram). For the poten-
tial sweep of the disk towards more cathodic potentials,
the Fe3þ ring current remains almost constant down to
)0.7 V, and then it decreases down to )1 V, that is, in
the potential domain corresponding to peaks VII and
VIII. Later on, an increase of Fe3þ emission can be seen
down to )1.2 V corresponding to peaks IX–XI. A steep
decrease can then be seen beyond peak XI.

3.5. Quartz crystal microbalance results

In Fig. 7, the results obtained by EQCM measure-
ments are shown. The electrode potential has been cy-
clically swept (three cycles) between )1.5 and 0.5 V at
1 mV s�1.

A significant mass loss from cycle to cycle can be
remarked in Fig. 7. During the anodic sweep, the elec-
trode mass decreases up to )1.1 V, potential close to the
initiation of peak II (Fig. 1) and it increases slightly in
the potential corresponding to peak III. This is an im-
portant result since the existence of peak III on vol-
tammograms is often difficult to visualise. Afterwards

the mass decreases markedly in the potential domain of
peak IV and then it increases in the potential range of
peak V. A gradual mass loss takes place beyond peak V.

In the curve, during the cathodic potential sweep, the
electrode mass remains essentially constant down to the
potential corresponding to peak IX. In the potential
domain of peaks IX and XI, the mass decreases. Beyond
this potential, and when the hydrogen gas evolution is
taking place at the electrode, the mass increases signifi-
cantly. If anodic or cathodic sweeps are compared at
each cycle, it can be seen that they are almost parallel
each other, and the mass loss by cycle is evaluated to be
about 0.6 lg cm�2.

On the polarisation curve, it is also remarked a cur-
rent peak at about 0.05 V during the anodic sweep and
corresponding cathodic peak at about )0.15 V. This
phenomenon is closely related to the nature of iron it-
self. It is important to note that similar peaks were also
observed, in certain circumstances, on a mild steel
specimen used as rebar material [21]. This redox process
is not associated to a mass change. According to Pour-
baix diagram for iron and the experiences on ferrate
production in alkaline media [22], the transformation
Fe3þ=Fe6þ can be considered the cause of the observed
peaks.

4. Discussion

The different peaks observed in the voltammogram of
Fig. 1 are assigned as follows.

The peak I, observed at very a cathodic potential
()1.2 V), is attributed to the reduction of the adsorbed
hydrogen on the iron surface formed during the ca-
thodic polarisation. Consequently, it is not directly re-
lated to the oxidation–reduction processes involving
iron species.

The anodic peaks II and III and the cathodic peaks X
and XI are assigned to the redox processes between Fe0

and Feþ2 forming FeðOHÞ2 or FeO according to Eqs. (2)
and (3).

Feþ 3H2O � FeOþ 2H3O
þ þ 2e� ð2Þ

Feþ 4H2O � FeðOHÞ2 þ 2H3O
þ þ 2e� ð3Þ

Though the origin of peak III is not clearly established,
it is postulated that there are two Fe0 species having
different energy state. One possibility is that Fe0 formed
during the cathodic polarisation have two different en-
ergy states, for instance one near the oxide surface and
another dispersed in the oxide interstices. Another
possible source for this Fe0 is the disproportionation
reaction, according to Eq. (4), of the FeO or Fe(OH)2 in
the passive layer [23,24] formed by the process associ-
ated to peak II. At the potential corresponding to peak

Fig. 7. Quartz crystal microbalance measurements on stationary

electrode of electrodeposited Fe (£ ¼ 5 mm) in 1 M NaOH. Potential

sweep rate¼ 1 mV s�1. The labels in the figure correspond respectively

to the 1st, 2nd and 3rd cycles of electrode potential sweep.
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III, the transformation of FeII may take place. The ox-
idation of Fe0 thus formed gives rise to peak III.

4FeO ! Fe0 þ Fe3O4 ð4Þ

It is also possible that small interstitial particles of Fe0

are formed in the surface film during the cathodic po-
larisation (E < �1:25 V) [25].

Peaks IV and IX are due to the formation of mag-
netite (Fe3O4) according to Eqs. (5) and (6):

3FeðOHÞ2 þ 2OH�
� Fe3O4 þ 4H2Oþ 2e� ð5Þ

3FeOþ 2OH�
� Fe3O4 þH2Oþ 2e� ð6Þ

Peaks V and VI (anodic sweep) and VII and VIII (ca-
thodic sweep) are attributed to the formation of two
different Fe3þ species obtained from magnetite oxida-
tion, according to the following reactions:

2Fe3O4 þ 2OH�
� 3c-Fe2O3 þH2Oþ 2e� ð7Þ

Fe3O4 þOH� þH2O � 3a-FeOOHþ e� ð8Þ

The reaction (8) needs less energy because of topotactic
nature of the reaction thus may correspond to the peaks
V and VIII.

The electric charge, Q, involved for each peak ob-
served in the voltammogram of Fig. 1 has been evalu-
ated in order to verify its compatibility with the
reactions above proposed. The evaluation has been
performed according to Eq. (9)

Q ¼
Z

idt ¼
Z

C
dE
dt

dt ¼
Z

CdE: ð9Þ

To analyse the curve CðEÞ a Gaussian function has been
considered for peak convolution. The obtained results
are depicted in Figs. 8 and 9.

The calculated charge for each peak is summarised in
Table 1.

Table 1 shows that the charges associated to peaks
III–VI are close to that determined for the correspond-
ing cathodic peaks, VII–X. This observation corrobo-
rates therefore the association of different peaks made
above. The charge involved in peak II is, on the con-
trary, twice that determined for peak XI. This discrep-
ancy can be explained as follows. The reduction of Fe2þ

at peak XI is not complete, but Fe0 continues forming
during the cathodic polarisation, in parallel to the hy-
drogen evolution reaction. The presence of magnetite at
highly cathodic potential was verified experimentally by
in situ Raman spectra (Fig. 2(a) and (d)). This Fe0

species, as postulated above, is essentially located near
the film surface. If Fe0 involved in peak III is entirely
formed by the reaction depicted by Eq. (4), the charge of
peak III should be one fourth of that of peak II. Table 1
indicates that this ratio is practically one half. This re-
mark corroborates the formation of interstitial Fe0

during the cathodic polarisation. According to Eqs. (5)
and (6), the charge associated to peak IV should be one
third of the sum of peak II and III, whereas the observed
value is much bigger. This fact coincides again with the
presence of magnetite in very cathodic potential. As
observed by ring-disk electrode experiments, Fe2þ and
Fe3þ are leaving the disk in very cathodic potential (see
Fig. 6). This may indicate that the magnetite transforms
in this range to Fe0, Fe2þ, and Fe3þ. A fraction of Fe2þ

and Fe3þ thus formed will leave the electrode, and an-
other will be trapped inside the surface film. The inter-
stitial Fe2þ may contribute to the process observed by
peak IV.

According to Eqs. (7) and (8), the sum of charge in-
volved in peaks V and VI is one third of that needed to
completely transform magnetite formed at peak IV into
ferric oxide. Table 1 indicates that only one sixth of
charge is found to forming the latter species. That is to

Fig. 8. Gaussian convolution of peaks found in the forward (anodic)

branch of the voltammogram given in Fig. 1. Charge involved for each

peak is given in Table 1.

Fig. 9. Gaussian convolution of peaks found in the reverse (cathodic)

branch of the voltammogram given in Fig. 1. Charge values are given

in Table 1.
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say, at each potential cycle (at least up to 3 cycles,
maximum cycle number performed at this sweep rate),
there is an accumulation of magnetite at the electrode
surface. This consideration is supported by the results of
Raman spectra that indicate the presence of magnetite
in the whole potential range examined.

The two capacitances, C1 and C2, obtained from EIS
measurements show maximum values at the potential
range of peaks II and III (see Figs. 1 and 5). According
to previous work [26], relatively high values, respec-
tively, 1 and 100 mF cm�2, correspond to the oxidation–
reduction process on a highly subdivided surface tex-
ture. Magnetite is a good electronic conductor and the
presence of Fe0 small particles are in agreement with a
large expanded surface area compared to a geometrical
surface. When the electrode potentials become more
anodic than the corresponding to peak VI, c-Fe2O3 and/
or c-FeOOH, poor electronic conductors cover the
electrode surface. C1 becomes then smaller and ap-
proaches to the value of the interface (double layer)
capacitance generally admitted.

In Fig. 6 it can be seen that beyond about )0.75 V,
potential corresponding to peak IV, the emission of Fe2þ

becomes smaller whereas that of Fe3þ increases up to
this potential. This observation is in agreement with the
formation of magnetite (Eqs. (4)–(6)), and a small part
of species formed is dissolving. Moreover, in the reverse
curve, at about )1 V, potential corresponding to peaks
VII and VIII, the emission of Fe3þ starts decreasing due
to the reduction of Fe3þ oxides (Eqs. (5) and (6)). This
emission continues decreasing in peak IX (partial mag-
netite reduction) but at about )1.1 V (peaks X and XI)
the formation of Fe0 in the film (Eqs. (2) and (3)) seems
to induce film electrical reorganisation with Fe3þ emis-
sion from the residual magnetite.

EQCM measurements allow evaluating the equiva-
lent mass, Me (g eq�1) of oxides and/or hydroxides
formed at the electrode surface by using Eq. (10).

M ¼ DmnF
DQ

and Me ¼
M
n
; ð10Þ

where Dm and DQ represent, respectively, the changes
in mass and charge involved between two data col-
lections, n the number of charges involved in the

oxidation–reduction process, M molar mass of the
species involved, and F is Faraday constant.

Fig. 10 illustrates the results obtained according to
Eq. (10). This curve is relative only to the third cycle,
to avoid overcharging of the figure. Only one experi-
mental point over 5 was kept here so that the mass
change at each sampling point becomes less sensitive to
scattering. Furthermore the mass loss due to the metal
dissolution (cf. Fig. 6) is neglected, therefore, the
equivalent mass calculated here is slightly underesti-
mated. On this figure, some peak positions are also
marked to easily compare the relationship to the vol-
tammogram.

In the forward scan the equivalent mass is negative
beyond peak V, corresponding to the expelling of elec-
trolyte (water molecules). At peaks II and III, the film
formation involves also a marked expelling of electrolyte
giving to mass equivalent anomaly low (about )250 g
eq�1). A positive value observed at about )0.79 V cor-
responds, on the contrary, to the insertion of cations
with water molecules, generally encountered, for in-
stance, in the oxidation–reduction of electronic con-
ducting polymers [27]. Though a significant mass change
was observed in cathodic range ðE < �1:2 VÞ, major

Fig. 10. Mass equivalent calculated from the results displayed in Fig. 7.

Only the results relative to the anodic (–) and cathodic (- -) sweep at the

third cycle are given here.

Table 1

Peak potential, Epeak, and charge, Q, obtained from convolution of peaks in Figs. 8 and 9

Anodic sweep (Fig. 8) Cathodic sweep (Fig. 9)

Peak II III IV V VI VII VIII IX X XI

Epeak=VSCE )1.00 )0.96 )0.79 )0.65 )0.55 )0.88 )0.97 )1.12 )1.13 )1.23

Q=mC cm�2 4.1 1.9 8.5 0.9 0.7 0.8 0.9 6.6 1.6 2.1
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part of electrical charge is not involved in the formation
of surface film, but mainly, as expected, in the hydrogen
evolution reaction. This is the reason that makes the
mass equivalent close to zero. The mass decrease cor-
responds also to the expelling of electrolyte or water
molecules. The electrode potential rather than the oxi-
dation state of surface film therefore mainly determines
this process.

The surface film dehydration during the anodic scan
and hydration during the cathodic scan for the potential
range )0.7–0.4 V can also be deduced directly from the
voltamassogram in Fig. 7. During the forward (anodic)
scan mass decreases linearly with increasing potential,
however, when the potential is scanned reversely, the
slope is almost zero, i.e., the rate of mass loss (observ-
able from cycle to cycle) is compensated by species
(electrolyte) coming into the film structure.

The peak observed at about )0.5 V during the ca-
thodic sweep is not significant since mass change and the
charge involved in this range is small (Fig. 7). On the
contrary, that observed near the peak X is significant
and verifies by changing the number of sampling points.
The mass equivalent calculated according to Eq. (2) is
close to 40. That is, during the cathodic sweep, the re-
duction of Fe2þ into Fe0 is accompanied by the mass
gain of ca. 40 g eq�1. This increase is due to the insertion
of ½Naþ 	H2O� species, necessary to maintain the elec-
trical neutrality. Such type of behaviour was observed
on the nickel hydroxide layer [28,29]. When the elec-
trode is polarised at a more cathodic potential range,
neutral species such as electrolyte enters inside the sur-
face oxide layer leading to the increase of the electrode
mass. The hydrogen evolution reaction taking place at
the electrode surface may enlarge the structure of sur-
face film leading to the swelling. The origin of this
process is unknown.

In situ Raman spectra show the magnetite presence in
the whole interval of potentials (Fig. 2), between )1 and
0.5 V. The presence of a-FeOOH is evidenced at )0.53
V, (Raman signal at 398 cm�1). At potentials more an-
odic, this species disappears (probably it dissolves,
which will explain the small shoulder observed in Fig. 6
at about )0.6 V for Fe3þ emission in the anodic sweep)
and oxides having the same crystallographic structure as
magnetite start to appear. c-Fe2O3 and/or c-FeOOH are
characterised by the peak at 710 cm�1. The surface
concentration of magnetite reaches a maximum at about
)0.6 V for both potential sweeps.

The presence of magnetite in the whole potential
range examined, and the oxidation processes taking
place at the electrode surface can be explained if a
double structure of the surface film is admitted. The
inner film mainly composed by the magnetite, and the
outer film of which composition depends upon the ap-
plied potential.

Beyond peak IV, where Fe3þ species are formed ac-
cording to Eqs. (7) and (8), the ring-disk measurements
(Fig. 6) show emission of Feþ3 only. Therefore, it can be
considered that the external part of the passive layer is
formed by species of Feþ3. The emission rate of Feþ3 is
not potential dependent. The chemical process for the
formation of soluble Fe3þ species (for instance, FeOOH
þ H2O ! Fe3þaq: þ 3OH�) explains this phenomenon.

5. Conclusions

The results above presented and discussed allow
formulating the following general conclusions:
1. In alkaline media free of aggressive anions, a passive

layer based on magnetite protects iron. The results
obtained in this work suggest that the surface film
is composed of a three-dimensional structure in
which the inner part remains Fe3O4 like in the whole
potential range examined, and the outer part appears
oxidised or reduced depending on the electrode po-
tential.

2. Magnetite is formed at about )0.8 V thus, a sponta-
neous formation of magnetite on reinforcing steel
bars embedded in concrete will take place at the open
circuit potential even under low oxygen condition.

3. The redox processes developing in the passive film
make very difficult to quantify rebar’s corrosion rate
in the cathodic potential domain (typically anaerobic
conditions and/or cathodic protection imposed).
Nevertheless, in the anodic domain (typically E >
�0:5 V vs SCE) impedance measurements (through
R1 parameter) or linear polarisations performed at a
suitable frequency (close to 1 mHz) will allow to esti-
mate corrosion rate.
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