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The electrochemical response of carbon steel in chloride-free or chloride-containing 0.1 M and 0.9 M NaOH, in
the presence of 0.016 wt.% NMCS, is the subject of this work. The NMCS exhibited a negative (in 0.1 M NaOH)
and positive (in 0.9 M NaOH) zeta-potential. This determined altered steel electrochemical response, improved
overall, especially in chloride-containing 0.9 M NaOH. The eﬀect was related to an enhanced Fe3+ contribution
in the passive ﬁlm, when NMCS were present. The improved corrosion resistance was also attributable to a
NMCS-triggered competition of OH− vs. Cl− ions in the medium, in other words, NMCS interference to promote
passive layer stability.

1. Introduction
Steel corrosion and steel passivation in an alkaline environment,
simulating concrete pore water (pH < 12.5), have been extensively
studied by diﬀerent electrochemical techniques [1–11]. The passive
ﬁlm has been described as a bilayer structure (3–15 nm in thickness),
consisting of an inner, barrier layer, and an outer one, the latter formed
via the hydrolysis of cations ejected from the inner layer [12–14]. It was
reported that the inner layer is mainly composed of mixed Fe2+ oxides,
while the outer layer is relatively richer in Fe3+ oxide/hydroxides of a
topotactic heterogeneous nature [14,15].
According to the point defect model (PDM) [13,17,18], the passive
ﬁlm is considered as a highly doped, but graded, defect semiconductor
structure, in which the vacancies are assumed to act as electronic dopants. An n-type semiconducting behavior has been generally accepted
for the passive ﬁlm formed on carbon steel in simulated concrete pore
solution [16,18], since the oxygen vacancies or cation interstitials
(Fe2+) are the predominant dopants in the passive ﬁlm [16,18]. On the
other hand, the PDM suggests that in the presence of chloride ions, the
breakdown of passivity is initiated from a stress fracture in the ﬁlm,
induced by the condensates of cation vacancies (acceptor vacancies)
that are generated from the reaction of Cl− and oxygen vacancies
[12,17,19]. Hence, although the structure and composition of the
passive ﬁlm, formed on steel in an alkaline environment, is known and
has been widely reported, it is still a controversial subject. This also

follows from the variety of well recognized inﬂuential factors. For instance, factors such as pH, solution composition, chloride content, additives, etc., can control the steel electrochemical response. These, in
turn, aﬀect the semiconducting properties of the passive layer and the
overall corrosion response, especially in the case of a chloride-containing environment [7–9,20,21].
Nowadays, carbon-based materials, incorporating allotropes of
carbon, e.g. carbon nanotubes (CNTs), carbon nanoﬁbers, and graphene
oxide, are being successfully engineered and applied in concrete and
reinforced concrete structures. In general, the aim of these additions is
to improve the mechanical performance of the bulk matrix, while research on establishing simultaneously enhanced steel corrosion resistance and global performance of the reinforced concrete system is
relatively scarce [22–24]. Therefore, achieving a full understanding of
the eﬀects of carbon-based additives on the electronic (semi-conductive) properties of the passive ﬁlm, and consequently, the overall
corrosion state of the reinforced concrete structure, is still a challenge.
Among the few available reported studies on the steel electrochemical response in the presence of carbon-based materials [25–31],
Sreevatse et al. [31] provided a qualitative investigation of the eﬀect of
graphene as an ionic barrier for steel. The authors concluded that the
corrosion rate of graphene coated steel was substantially reduced because of the eﬀect of carbon–based materials on the electron donor, ntype ﬁlm on the steel substrate, formed under these conditions [31].
Tong et al. [26] used electrophoretic deposition (EPD) for the
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Fig. 1. Cryo-TEM of a sample from NMCS-containing 0.1 M NaOH solution.

Prior to studies of NMCS-modiﬁed reinforced cement-based materials, the NMCS particles had to be evaluated with respect to their eﬀect
on the steel electrochemical response. To that end, this work reports on
the inﬂuence of NMCS (internal pore size of 5.4–16 nm) on the electrochemical response of low carbon steel (St37) in model alkaline solutions with pH 13.9 and 12.8. The solutions were chloride-free or
chloride contaminated in order to resemble steel in concrete pore water
in control or corroding conditions. The paper concludes with recommendations on the application of NMCS in reinforced concrete,
considering the drawbacks in the application of dispersing agents, as
they are normally employed together with carbon-based admixtures.

production of graphene and graphite coated steel plates with high adhesion properties. In the carbon-based coated samples, the presence of a
thin hematite (Fe2O3) layer on the outermost surface, with a magnetite
(Fe3O4) layer underneath, was responsible for enhanced corrosion resistance [26]. Kirkland et al. [25] explained that, for pure metals, e.g.
Cu and Ni, the carbon-based coating provides higher corrosion resistance
because
of
the
suppressed
cathodic
reaction
(2H2O + O2 + 4e− → 4OH−) in aerated chloride-containing solutions.
The study attributed the reduced reduction rate to retardation of ionic
transfer in the medium in the presence of the coating, i.e. increased
corrosion resistance due to concentration polarization.
Carbon-based coatings have been extensively studied and used for
improving the corrosion resistance of metallic bipolar plates, and employed in highly corrosive environments in fuel cell applications [32].
The dense and compact nature of the deposited carbon ﬁlm was reported to be responsible for the high chemical stability and electrical
conductivity of the plates [33]. Most of the reported studies on corrosion control by carbon-based materials have mainly focused on the
barrier properties and general electrochemical response of the carbonbased coatings [28–33]. Detailed studies on the eﬀect of carbon-based
materials on the oxi/redox behavior of steel substrates and/or steel
reinforcement, especially in contact with an alkaline environment, e.g.
simulated concrete pore water, are limited.
In the framework of a line of research on corrosion control in reinforced concrete by using nanomaterials [34–36], nitrogen-doped
mesoporous carbon spheres (NMCS) were considered and are the subject of this work. Porous carbon materials, such as NMCS, have huge
potential applications in a wide range of ﬁelds, e.g. adsorption, energy
conversion and storage, catalysis, and sensor technology, because of
their unique characteristics, such as high surface area, large porosity,
and good biocompatibility [37–39]. Bearing this in mind, the high
surface area of the NMCS particles employed in this work (from 343 to
363 m2 g−1) [38] and their high porosity (from 0.45 to 0.48 cm3 g−1)
[38], including the expected alteration in the electrical properties of the
bulk (concrete) matrix in their presence, several hypothetical applications were aimed at. For example, NMCS-modiﬁed cement-based bulk
matrix would theoretically present reduced electrical resistance. Hence,
a possible application for NMCS in cement-based layers within cathodic
protection systems, or in control of stray-current-induced corrosion in
reinforced concrete, could be a novel and feasible approach. Preliminary results on admixing 0.025 wt.% NMCS (with respect to dry
cement weight) in cement based materials [37] indeed showed a 15%
decrease in the electrical resistivity of the mortar specimens, compared
to control (admixture-free) mortar. These results indicated a potentially
good performance for the modiﬁed matrix, if reinforced mortar or
concrete are considered.

2. Experimental materials and methods
2.1. NMCS preparation and characterization
The NMCS were prepared by using dopamine/polystyrene-blockpoly(ethylene oxide) (DA/PS-b-PEO) composite micelles, with the full
details on NMCS preparation as reported in [38]. In this case, dopamine
was used as a carbon and nitrogen source, and PS173-b-PEO170 micelles
acted as the pore forming agent, which was subsequently removed by
carbonization, so that the NMCS were produced with mesopores in the
range of 5 to 16 nm and a mean particle size of ∼200 to 300 nm [38].
Aiming at a homogeneous dispersion of NMCS in model solutions of
0.1 M and 0.9 M NaOH (pH 12.8 and 13.9, respectively), poly(ethylene
oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) (PEO100b-PPO65-b-PEO100, Pluronic F127)) in a concentration of 10 wt.% was
used as a dispersion agent [40,41]. A Cryogenic transmission electron
microscopy (Cryo-TEM) image of a sample from the 0.1 M NaOH solution, containing NMCS, is presented in Fig. 1 for visualization purposes.
A Malvern Zetasizer Nano ZS90 was used to monitor the zeta potential of the NMCS in solutions in the relevant pH range, i.e. from 10 to
14, at 20 °C. The parent aqueous solution of 0.016 wt.% NMCS, with
and without 10 wt.% F127, was corrected to the desired pH values by
the addition of diluted solutions of NaOH or HNO3. The zeta potential
was measured separately in solutions with the following admixtures: i)
0.016 wt.% NMCS, ii) 10 wt.% F127, and iii) 0.016 wt.% NMCS
+10 wt.% F127. Folded capillary zeta cells (DTS1070) were used. The
zeta-potential values were measured by application of a low applied
voltage gradient of 5 V.
2.2. Steel electrodes, model medium, and sample designation
Steel electrodes (low carbon St37) with an active surface area of
0.3 cm2 were ultrasonically degreased in ethanol, ground with
2
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measurements after 72 h of exposure to the alkaline model solutions
with pH 13.9 and 12.8. Ten CV cycles were recorded from −1.2 V to
+0.9 V vs. SCE at a scan rate of 1 mV/s.
At the latest studied time interval (72 h), the steel surface was
analyzed for morphological features (appearance) after treatment,
using Environmental Scanning Electron Microscopy (ESEM), PhilipsXL3 under accelerating voltage of 20 kV in low vacuum mode. The
specimens were taken-out from the relevant solutions, dried-out by
compressed air and placed in the vacuum chamber of the instrument.
The microgrpahs are for visualization purposes and as supportive information only.

Table 1
Sample designations and alkaline model solution composition.
Solutions

pH

NMCS/ wt.%

F127/ wt.%

Designation

0.1 M NaOH
0% NaCl

12.8

3.5% NaCl

12.5

0
0.016
0
0.016
0
0.016
0
0.016

0
0
10
10
0
0
10
10

A1
A2
A3
A4
A5
A6
A7
A8

0.9 M NaOH
0% NaCl

13.9

3.5% NaCl

13.4

0
0.016
0
0.016
0
0.016
0
0.016

0
0
10
10
0
0
10
10

B1
B2
B3
B4
B5
B6
B7
B8

3. Results and discussion
3.1. NMCS characterization in model medium
In view of the global corrosion resistance of steel in alkaline solutions, changes in the surface charge of the admixed NMCS would account, or be responsible, for certain alterations in the steel electrochemical response. Consequently, the zeta-potential of the NMCS
particles was considered to be an important parameter in this work. The
zeta-potential values of the NMCS particles were measured in NaOH at
pH from 10 to 14 and the obtained values are given in Table 2.
Analysis of the results in Table 2 leads to the conclusion that, in the
pH range from 10 to 14, the zeta-potential values for NMCS particles in
the tested solutions can be classiﬁed into two main domains; i) pH
10–12, and ii) pH 13-14. For the ﬁrst pH domain (pH from 10 to 12),
the NMCS particles were negatively charged. Increasing the pH of the
solutions from 10 to 12 was accompanied by reduced negative charge.
In this case, the highest negative zeta potential was measured at pH 11.
In solutions with pH > 12, i.e. at pH 13 and pH 14, positive zeta potential was recorded for the NMCS particles. Taking into account the
mechanism of measuring zeta potential using the Malvern equipment,
i.e. by application of a low voltage gradient between cell electrodes
(5 V), hydrogen and oxygen evolution on the cell electrodes are expected to be enhanced at pH 13 and 14, since these are media with
already signiﬁcantly increased ionic strength and conductivity, respectively. In other words, the cuvette and internal electrodes act as an
electrochemical cell, where the applied voltage brings about pronounced oxidation and reduction reactions, which are also catalyzed by
the NMCS particles. All these factors have certainly aﬀected the measured zeta-potential values at the highest pH values. This fact explains
the observed sharp changes in the measured values. If the same error is
considered in all the tested solutions, however, a comparison of surface
charge behavior is possible, if taken as such, rather than accounting for
absolute values.
Some authors [45–47] argue that nitrogen-adjacent carbon atoms in
the NMCS skeleton are positively charged and act as active sites for the
adsorption of oxygen and/or negatively charged species such as OH−,
which could explain the negative charge of NMCS species in alkaline
solutions with pH from 10 to 12, as shown in Table 2. Possible hydroxyl
ion sorption on N-doped carbon surfaces in alkaline solution has been
conﬁrmed and reported [47]. This process precedes a quick and reversible two-step charge-transfer process, as shown in Eqs. (1) and (2).
In this case, the hydroxyl sorption process leads to the accumulation of
electrons on the NMCS surface [47], which could explain the reason for
the NMCS negative charge density.

successive grades of SiC emery paper up to 4000 grade, and then polished, using 3 μm and 1 μm diamond paste to achieve a mirror like
surface. The electrodes were tested in model solutions of 0.9 M NaOH
and 0.1 M NaOH with pH 13.9 and 12.8, respectively, at room temperature, ∼ 20 °C. For each exposure condition, two identical steel
specimens (replicates) were tested. Solutions with added NMCS were
either dispersing agent-free, or additionally contained 10 wt.% F127 as
a dispersing agent. The sample designations, corresponding to each
studied environment, are given in Table 1.

2.3. Experimental methods
The progressive changes in the electrochemical response of the steel
electrodes, when exposed to additive-free NaOH solutions and in the
presence of additives (Table 1), were investigated during 72 h of immersion in 0.9 M and 0.1 M NaOH solutions with 0% and 3.5% NaCl.
The duration of the test was chosen as a time interval suﬃcient for
stable passive ﬁlm formation in alkaline medium [2,7,15].
The corrosion potential (Ecorr) and corrosion current density (icorr),
respectively, were recorded after 1 h, 24 h, and 72 h. The electrochemical response was studied in chloride-free model solutions and in
the presence of 3.5% NaCl (Table 1), using a common, three-electrode
ﬂat cell with its geometry and set-up as previously reported [37], where
a saturated calomel electrode (SCE) was used as the reference electrode,
and mixed metal oxide (MMO) Ti mesh was used as the counter electrode.
The electrochemical measurements were executed using a Metrohm
Autolab PGSTAT302. The polarization resistance of the treated steel
samples was derived by linear polarization resistance (LPR) measurements in the potential range of ± 20 mV vs. EOCP with a scan rate of
10 mV/min. The corrosion current density (icorr) was calculated by
using the Stern-Geary equation [39], icorr = B/Rp, where Rp is the polarization resistance and B is the Stern-Geary constant. The value of
B = 26 mV for active carbon steel was used and 52 mV for passive steel
[42–44]. Electrochemical impedance spectroscopy (EIS) was performed
at OCP, from 10 kHz down to 10 mHz. An AC perturbation voltage
signal of 10 mV (rms) amplitude was applied. Replicates from all
sample groups were subjected to cyclic voltammetry (CV)

*+OH− ↔ *−OHads + e−

(1)

Table 2
Zeta potentials of NMCS in NaOH solutions with pH from 10 to 14 at 20 °C.
NaOH

pH 10

pH11

pH 12

pH 13

pH 14

zeta-potential (mV)

−38.1 ± 1.4

−42.5 ± 0.7

−34.2 ± 0.9

6.2 ± 2.4

35.6 ± 3.1

3
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*−OHads + OH− ↔ *−Oads + H2O + e−

Figs. 2 and 3. Figs. 2 and 3 also show the threshold (both potential and
current) for steel passivity (or the steel active state, respectively), i.e.
for an alkaline medium with or without chloride ion contamination,
−270 mV vs. SCE for the corrosion potential and 0.1 μA/cm2 for the
corrosion current density, are the generally accepted thresholds
[2,6,7,10].
As information, supportive to the discussion on the electrochemical
response and the derived parameters, Figs. 4 and 5 in this section
present visual observations (ESEM micrographs), taken on the steel
surface after 72 h of treatment in presence of chloride. As a supplementary information, the ESEM micrographs for chloride free samples
(A1–A4 and B1–B4) are listed, Figs. S1 and S2.

(2)

The hydroxyl sorption process was reported to be more predominant in solutions with pH from 7 to 11 [47], resulting in negative
charge. In line with these considerations, negative zeta-potential values
were measured for the NMCS at pH 10 and 11, as shown in Table 2. It
has been also reported [47] that increasing the [OH−] concentration
has a signiﬁcant eﬀect on the electron transfer number. The electron
transfer number will decrease as a function of [OH−] increase. Consequently, in highly alkaline solutions (pH 13 and 14), the measured
positive charge of NMCS particles could be explained by the potential
variation of nitrogen-oxygen surface active functional groups, e.g. hydroquinone-/quinone- like groups on NMCS.
This type of variation of the nitrogen-doped sites on the carbon
spheres is pH-dependent, which could induce considerable changes in
the global corrosion resistance and the electrochemical response of the
steel, when treated in the presence of NMCS.

3.2.1. Control cases - chloride-free solutions
In chloride-free solutions of 0.1 M NaOH, pH 12.8 (samples A1 to
A4), more anodic Ecorr values were measured, shifting within the range
of −200 mV to −100 mV at the end of the test (Fig. 2a). In line with
this ennoblement, the icorr values for specimens A1 to A4 stabilized at
low current densities, well below the threshold of 0.1 μA/cm2 after 72 h
of treatment (Fig. 2a). This variation in Ecorr and icorr was as expected
and is related to the formation of an electrochemically stable passive
ﬁlm on the tested steel in an alkaline environment with pH 12.8. Although similar mechanisms would hold for the steel tested in 0.9 M

3.2. Corrosion potential (Ecorr) and corrosion current density (icorr)
The corrosion potential (Ecorr) and the corrosion current density
(icorr) for all tested steel electrodes were recorded under all conditions
in the course of continuous exposure to 0.1 M and 0.9 M NaOH solutions with diﬀerent additives. The obtained results are displayed in

Fig. 2. Corrosion potential (Ecorr, column) and corrosion current density (icorr, symbols) for steel in chloride-free solutions: (a) 0.1 M NaOH (A1–A4), and (b) 0.9 M
NaOH (B1–B4).
4
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Fig. 3. Corrosion potential (Ecorr, columns) and corrosion current density (icorr, symbols) for steel in chloride-containing solutions: (a) 0.1 M NaOH (A5–A8); (b) 0.9 M
NaOH (B5–B8).

Fig. 4. ESEM micrographs, magniﬁcation 250× – steel surface after 72 h treatment in chloride-containing and additives-free: 0.1 M NaOH (A5) and 0.9 M NaOH (B5).

specimens’ group and relevant conditioning, with an emphasis on the
eﬀects of NMCS particles and/or the dispersion agent F127.

NaOH, pH 13.9 (B samples), more cathodic Ecorr values were recorded
for these specimens throughout the test (B1 to B4), accompanied by
slightly higher icorr values, (Fig. 2b). This is related to an initially active
steel surface at pH > 13.7. In what follows, the evolution of corrosion
potentials and corrosion current densities for the steel electrodes in
chloride-free (control cases) and chloride-containing (corroding cases)
0.1 M and 0.9 M NaOH solutions will be discussed in more detail per

3.2.1.1. Chloride-free 0.1 M NaOH solutions (Fig. 2a). For chloride-free
solutions of 0.1 M NaOH (designation A), the presence of 0.016% NMCS
(specimen A2) and/or 10% F127 (specimens A3, A4) induced a
relatively more anodic Ecorr potential with respect to the solutions
5
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Fig. 5. ESEM micrographs, magniﬁcation 250× – steel surface after 72 h treatment in chloride-containing 0.1 M NaOH (A7, A8) and 0.9 M NaOH (B7, B8) with
additives: A7 and B7 – F127 only; A8 and B8 – NMCS + F127.

The eﬀect of F127, however, seemed to be a barrier eﬀect, rather than
an eﬀect on the oxidation/reduction reaction mechanism, since the
derived corrosion current densities for the A3 and A4 samples remained
similar to those for the control, A1 case. After 24 h of treatment and
onwards, the eﬀect of F127 was not signiﬁcant and potentially even
negative: the Ecorr for the A3 specimens remained similar to its initial
value, while its corrosion current density values remained stable, but
higher than for the A1 specimens (Fig. 2a). This suggests a barrier
against the formation of an electrochemically stable passive ﬁlm, such
as obviously formed in the A1 specimens, possibly due to the F127
interference in A3 specimens. In contrast, the eﬀects of NMCS particles,
alone or together with F127, became more pronounced within the
course of treatment: ennoblement was observed for specimens A2 and
A4, but was more signiﬁcant for A4 specimens (Fig. 2a). The positive
eﬀect of NMSCs alone can be clearly observed, since the Ecorr noble shift
was accompanied by lower current densities (A2 specimens, Fig. 2a).
Although similar performance was observed for A4, the most noble
potential for this specimen at the end of the test was not in line with the
higher current density. This result involves an apparent counterbalancing eﬀect between NMSCs and F127, so far as passive layer formation and stabilization are concerned, i.e. positive eﬀect of NMSCs
and “negative” eﬀect of F127. In other words, the higher anodic shift in
the Ecorr values for the A2 and A4 specimens at the end of the test
resulted from the eﬀects of the NMCS particles on the oxidation/reduction reactions on the steel surface. For the former case, A2, the
NMCS alone were responsible for the observed performance (compared
to the A1 control sample), while in the latter case, i.e. A4, an interaction
between the NMCS and F127 most likely occurred. This eﬀect also
follows the reversible charge-transfer process on the particles’ surfaces,
as discussed in Section 3.1, which contributes to the passive layer formation in A2 and is counterbalanced by F127 in the case of A4. Consequently, in case of A4, an adsorbed composite layer of F127 and
NMCS obviously altered the electrochemical properties of the passive
ﬁlm that was formed, compared to the case of A2 (diﬀerent surface
morphology was clearly observed by ESEM, Fig S.1). Potential blocking
of the cathodic sites and limitation of the reduction process were

without additives (A1). These anodic Ecorr values were more
pronounced for the steel treated in F127-containing solutions at the
beginning of the test (specimens A3 and A4) and after 24 h and 72 h in
the presence of 0.016% NMCS + 10% F127 (specimen A4), and 0.016%
NMCS only (specimen A2), speciﬁcally for the former case (A4 in
Fig. 2a).
It should be noted that, although specimen A4 exhibited the most
noble potential compared to all the other cases, a larger current density
was observed (Fig. 2a). Fundamentally, the anodic shift in Ecorr and the
low icorr values measured in all cases, including those where 0.016%
NMCS were present (A2 and A4 specimens), indicate the passivation of
the steel electrodes and the development of an electrochemically stable
oxide ﬁlm, as expected and previously reported elsewhere [6,15,48].
Compared to the control, additive-free conditions (A1), however, the
more noble potentials but higher current densities for A2 and A4 deserve attention. The presence of NMCS in the medium was relevant to
both the A2 and the A4 cases. Therefore, the diﬀerences in electrochemical response for these samples can be attributed to the presence
(samples A4) or absence (sample A2) of the dispersing agent F127. For
comparison purposes, in sample A3 only F127 was present in the solution. Next, an incomplete dispersion of NMCS particles could have
been relevant for A4, while pronounced sedimentation of NMCS particles could have been involved in the A2 solutions in the course of
treatment. Hence, only particles adhering to the steel surface, in the
immediate vicinity of the steel/solution interface or, at the very
minimum, ﬂoating in the bulk volume of the solutions, would be responsible for the observed steel response in the case of samples A2, A3,
and A4. In fact, as can be seen in supplementary information Fig. S.1,
ESEM observations for the steel surface, treated in chloride-free NMCScontaining solutions (A2, A4) reveal similar appearance, with features
denoted to potentially adhered NMCS.
As can be seen in Fig. 2a, at the initial time interval of 1 h, the Ecorr
indicates a more pronounced eﬀect of particle interaction on the steel
surface in solutions where F127 was present – samples A3 and A4. This
was reﬂected by their more noble potentials after 1 h of treatment. The
eﬀect of NMCS alone, as in sample A2, was not obvious at this stage.
6
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ﬁlm. When the steel was exposed to solutions with lower pH, however,
which was the case for the 0.1 M NaOH solution (sample A1), the more
anodic Ecorr and lower icorr values could be related to enrichment of the
passive ﬁlm in Fe3+ oxides/hydroxides [10,49]. This is in addition to
the previously discussed NMCS-triggered limitation of the reduction
reactions on the steel surface at this pH, consequently also limited Fe3+
to Fe2+ reduction. Considering the expected hydroxyl sorption processes accompanied by electron transfer processes [47], following Eqs.
(1) and (2), the cathodic shift in Ecorr potential in the presence of
0.016% NMCS + 10% F127 (B4) could be explained by the eﬀect of
NMCS on the Fe3+ to Fe2+ reduction process. This cathodic shift in the
Ecorr potential was not observed in the B3 solution with only F127. On
the other hand, the decrease in icorr values for the treated steels with
immersion time in B4 cases would be related to the barrier eﬀect of the
adsorbed layer on the steel surface, together with the NMCS interference due to their attraction at anodic locations.
In addition to the above considerations, the behavior of F127 in the
two diﬀerent solutions deserves to be brieﬂy pointed out. Although
F127 was used as a dispersing agent only, hence not a subject of primarily interest and discussion, its presence in the medium would aﬀect
the electrochemical response. It has been reported that the micellization and adsorption behavior of Pluronic F127 block copolymers on
hydrophobic surfaces are pH sensitive, speciﬁcally in the presence of
NMCS [45–48,50]. This will determine the dispersion eﬃciency of F127
in both 0.1 M and 0.9 M NaOH. In 0.9 M NaOH (pH 13.9), the solubility
of F127 is reduced, resulting in an increase of the micellization degree
[50,51]. This determines a lower number of copolymers, left to stabilize
the NMCS particles, leading to agglomeration of NMCS. In contrast, for
solutions of 0.1 M NaOH (pH 12.8), F127 is reported to present a lower
micellisation degree [51]. Therefore, the adsorption of this nonionic
surfactant (F127) on the surface of NMCS particles in 0.1 M NaOH will
result in improved dispersion of NMCS.
Consequently, for specimens B4, accumulation of agglomerated, or
a large number of, particles would be expected as part of the product
layer on the steel surface, as in fact observed, Fig. S.2 (F127 only would
be seen as “worm-like” features on the surface, as also observed for
specimens B3). In contrast, for specimens A3 and A4, the NMCS would
be better dispersed, leading to a (potentially) uniform distribution in
the product layer on the steel surface. This was as observed as well, Fig.
S.1, where the distribution of features of smaller dimensions was evident in the presence of NMCS + F127 (specimens A4). The better dispersing eﬀect of F127 in 0.1 M NaOH is also well seem, if specimens A2
and A4, Fig. S.1 are compared versus the surface appearance of specimens B2 and B4 (Fig. S.2). Additionally, the higher solubility of F127 at
pH 12.8 and reduced micelle formation would account for the presence
of F127 mostly in the bulk of the solution (F127 co-polymer chains,
unimers, including di-block co-polymer impurities), rendering
minimum or none surface attraction of the polymer to the steel surface.
A relatively clean steel surface in the case of A3 specimens (Fig. S.1),
where F127 only was present in the solution, supports these considerations.

expected in both the A2 and the A4 specimens, which explains the
anodic shift in the corrosion potential, as shown in Fig. 2a. This shift in
the potential after 24 and 72 h was not observed in the case of the A3
sample where only F127 was present in the medium (Fig. 2a) and is, in
fact, supported by ESEM observations (Fig. S.1), where a relatively
“clean” surface and no evidence of adhered F127 was observed in the
case of A3 after 72 h of treatment.
3.2.1.2. Chloride-free 0.9 M NaOH solutions (Fig. 2b). Detailed analysis
of the Ecorr and icorr values in chloride-free 0.9 M NaOH solutions (pH
13.9, designation B, Fig. 2b), indicated that for steel treated under the
additive-free, control conditions (B1), the most cathodic Ecorr potential
was initially observed (Fig. 2b, B1). After 72 h, ennoblement was
recorded for specimens B1, B2, and B3, for which similar values
around −200 mV were recorded. In the presence of both 0.016%
NMCS and 10% F127, a relatively more cathodic Ecorr potential was
measured for sample B4 (Fig. 2b). The highest corrosion current density
was initially recorded for the case of steel treated in solution B2, with
0.016% NMCS only. These values were the highest among all tested
specimens up to 24 h of immersion. After 3 days, however, sample B2
showed low icorr that was similar to that of the additive-free control case
B1. In fact, the most noble potential, in line with the lowest corrosion
current density values, was recorded for sample B2 at the end of the
test. In contrast, higher icorr values were recorded after 72 h in the case
of samples B3 and B4, an observation similar to the already discussed
one for the case of A3 and A4 in solutions with pH 12.8, as shown in
Fig. 2a. Here again, the positive eﬀect of the NMCS particles alone was
evident, and especially pronounced with longer treatment. This delay in
the positive eﬀect of NMCS particles in both 0.1 M and 0.9 M solutions
accounts for their eﬀect in view of the altered electrochemical reactions
on the steel surface, rather than just barrier eﬀects or bulk solution
modiﬁcation, as is most likely relevant for the F127-containing
solutions.
The eﬀect of pH alone on the adsorbed layer on the steel surface, as
well as on the electrochemical response in the presence of NMCS and
F127, can be clearly observed by comparison of the Ecorr potentials and
icorr values of the treated steel in the 0.1 M NaOH (A4) and 0.9 M NaOH
(B4) solutions. In alkaline solutions with pH 13.9 (B4), more cathodic
Ecorr and higher icorr values were registered than in case of specimens A4
(pH 12.8). This indicates that the pH diﬀerence between the two solutions is responsible for changes in the properties of the oxide layer,
including the contribution of F127 and altered NMCS properties
(Section 3.1), which is consequently reﬂected in the steel electrochemical response.
If a comparison of surface appearance is made between control
specimens (Figs. S.1 and S.2), the following can be noted: Fig. S.1 depicts a surface modiﬁcation in the case of A4 specimens (if compared to
additives-free A1 specimens), denoted to the presence of
NMCS + F127, with (perhaps selectively) adhered NMCS to cathodic
areas (bearing in mind that in 0.1 M NaOH, the NMCS were negatively
charged). In contrast, the steel surface in specimens B4 presents a more
signiﬁcant surface alteration, potentially a larger accumulation of
NMCS (agglomeration or larger quantity of these), which would be
adhered to the anodic sites. Considering that the steel surface was initially more active in 0.9 M NaOH (as previously discussed and also
reﬂected by the results in Fig. 2), a larger active (anodic) surface would
determine a larger accumulation of NMCS-containing product layer, as
actually observed in Fig. S.2 for B2 and B4 specimens, if compared to
the surface appearance in A2 and A4 specimens, Fig. S.1.
It has been reported that the reduction of Fe3+ to Fe2+ constitutes
an additional cathodic reaction, which logically aﬀects the evolution of
Ecorr potentials and icorr values [10,15,49]. The contribution of Fe2+
species is expected to be more evident when the steel potential shifts to
more negative values [49]. Consequently, for the steel performance in
this work, the high icorr values in 0.9 M NaOH solutions (B1 sample) can
be also related to the accumulation of Fe2+ species within the passive

3.2.2. Corrosion cases - chloride-containing solutions
For the case of chloride-containing 0.1 M and 0.9 M NaOH solutions
(with 3.5% NaCl), the measured Ecorr and icorr of carbon steel in the
presence of diﬀerent additives are shown in Fig. 3. The appearance of
the steel surface after 72 h treatment in presence of chloride additives is
presented in Figs. 4 and 5 (micrographs for specimens A6 and B6 are
not available).
In chloride-containing 0.1 M NaOH, pH 12.5 (samples A5 to A8) and
0.9 M NaOH, pH 13.5 (samples B5 to B8), the steel corrosion resistance
varied more signiﬁcantly in time and with respect to the medium, as
expected and if it is compared to the control conditions in Fig. 2. Visual
observations, Figs. 4 and 5, also conﬁrm the already altered surface
properties of these samples i.e. a more signiﬁcant product layer accumulation (including, where relevant, F127- and NMCS- containing
7
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state, specimens B5 to B8 exhibited the reverse trend. After 24 h, the
Ecorr values for B5 to B8 shifted to signiﬁcantly more noble values than
for specimens A5 to A8, which maintained around the passivity
threshold of −250 to −300 mV at the end of the test, as shown in
Fig. 3b. In line with these Ecorr values, the corrosion current density for
specimens B5 to B8 was reduced to below the threshold of 0.1 μA/cm2
after 24 h of treatment and remained low at the end of the test. In other
words, the corroding B samples showed the same performance as the
control ones, i.e. corrosion was initiated but was not sustained and did
not propagate for specimens B5 to B8 (Fig. 3b). The anodic shift in the
Ecorr values and reduced corrosion current densities for steel samples B6
to B8 were associated with the blocking of the active steel surface by
NMCS and/or F127. In these cases, the icorr values reached values that
were similar to, or even lower than (e.g. B6 at 72 h), those for the
parallel chloride-free solutions (B2-B3), as shown in Fig. 2b. This
response for steel in chloride-containing 0.9 M NaOH can be
explained by the lower [Cl−] /[OH−] ratio compared to that in 0.1 M
NaOH with equal chloride content. For the former case, the already
altered pH from 13.9 to 13.4, together with the lower critical chloride
concentration at the steel surface, resulted in cessation of the corrosion
propagation process. In the latter case, however, the pH changes from
12.8 to 12.5 and higher [Cl−]/[OH−] ratio resulted in corrosion
propagation.
The ESEM surface analysis for specimens B5, B7 and B8 (Figs. 4 and
5), presents features, in fact similar to the control cases in the B groups
(Fig. S.2). The initiation of corrosion damage in B5 can be well observed as a variance to the B1 specimen, Fig. S.2. However, corrosion
propagation and signiﬁcant products accumulation was ceased, evident
by minimal corrosion damage in B5, if surface appearance is compared
to that in e.g. A5, Fig. 4. For the steel treated in F127-containing (B7)
and NMCS + F127-conatining (B8) solutions, the surface is obviously
covered by large amounts of product layer, both F127 and NMCScontaining. This accumulation is similar to the cases of A7 and A8,
however it is of distinctively diﬀerent morphology, implying a potentially diﬀerent mechanism of product layer formation. Judged from the
electrochemical response of B7 and B8 at the end of the test, together
with the above considerations on the [Cl−]/[OH−] ratio for the case of
B specimens, these product layers are not expected to be chloride-ions
rich. In contrast, they most likely caused limitations towards further
corrosion propagation, resulting in the as observed increased corrosion
resistance of B7 and B8 at the end of the test.
The above results and discussion on the overall electrochemical
state of the steel electrodes under all tested conditions are supported
and elucidated by qualitative analysis of the electrochemical impedance
spectroscopy response and later-on, by cyclic voltammetry tests, which
are presented and discussed below.

corrosion products) for specimens A5 to A8 and B5 to B8, if compared
to the control, non-corroding conditions (A1 to A4 and B1 to B4).
The corroding “A” specimens in additives-free 0.1 M NaOH (A5) and
in the presence of NMCS (A6, A8 in Fig. 5a) had an initially (after 1 -h
immersion) higher corrosion resistance than the corresponding B specimens (B5, B6, B8 treated in 0.9 M NaOH, Fig. 3b). This variation in
the initial corrosion response was similar to the trend observed for the
chloride-free media (Fig. 2) and is attributed to the eﬀects of pH, together with the presence of chloride ions as a corrosion accelerating
factor.
For the case of pH 12.8 (A specimens), the oxide layer was electrochemically more stable, so that a delay in corrosion was expected.
While there was an initially more active state of the ﬁlm at pH 13.9
[8,10] in the B specimens, which resulted in a faster corrosion initiation. After 24 h, however, and until the end of the test, opposite performances were observed for the A and B specimens and are discussed
below.
3.2.2.1. In chloride-containing 0.1 M NaOH, pH 12.5 (samples A5–A8,
Fig. 3a). The onset of steel corrosion was detected after 24 h treatment
for all cases, except for the case of A7 (solution containing F127), where
the active state was recorded even earlier, i.e. within 1 h of treatment.
This observation accounts for the negative eﬀects of F127 on the steel
electrochemical response, since the additive-free case (A5) and the
NMCS-only case (A6) presented behaviour similar to that in the control
(Cl-free) conditions (Fig. 2a). With prolonged treatment, the chlorideinduced corrosion counteracted the formation of a passive ﬁlm, in the
otherwise alkaline medium, as reﬂected by a signiﬁcant (cathodic) drop
in potential to around −550 mV vs. SCE and an increase in corrosion
current density values. The highest corrosion current density of
approximately 4.3 μA/cm2, well beyond the passivity threshold, was
observed for the case of additives-free solution (A5), followed by the
F127-containing cases (A7 and A8), Fig. 3a. It should be noted that,
towards the end of the test, 72 h for specimen A6 (NMCS alone), there
was an improvement in the corrosion resistance, conﬁrmed by
ennoblement of the potential and reduced current density to below
0.5 μA/cm2. Obviously, there was an NMCS-induced positive eﬀect on
the steel corrosion resistance in Cl-containing alkaline medium. This
can be explained by a possible trapping of chloride ions in the porous
matrix of the NMCS (undispersed in this case) particles, due to
adsorption of negatively charged species on the positively charged
nitrogen-adjacent carbon atoms. The most cathodic (active) potentials
were recorded for A7 and A8, accompanied by high corrosion current
densities (Fig. 3a). This result is related to the possible accumulation of
chloride ions in the corrosion product layer, that is developing on the
steel surface, trapping the chloride ions within the adsorbed polymer
itself, while blocking the active surface of the NMCS particles by F127.
All these lead to a reduced eﬃciency of the NMCS-triggered positive
action. The ESEM micrographs support the above considerations,
showing a relatively uniform (corrosion) product layer, deposited
overall on the surface of both A7 and A8 specimens, Fig. 5. In
contrast, the surface of A5 specimen (treated in additives-free
medium), Fig. 4, presents a signiﬁcantly larger in scale but nonuniform corrosion damage (as would be expected within Cl-induced
corrosion), and together with well observable salts crystallization on
the steel surface. This is also well in line with the highest, among all
recorded, current density values for specimen A5 at the end of the test
(Fig. 3a).

3.3. Electrochemical impedance spectroscopy (EIS)
EIS tests were performed for all tested specimens at time intervals,
identical to the previously presented for Ecorr and icorr records. Figs. 6–9
present the EIS experimental response as an overlay of 1 h, 24 h and
72 h of treatment.
The obtained EIS data was ﬁtted by the same equivalent electrical
circuit (EEC), used in the previous work [37]. The EEC consisted of two
hierarchically arranged time constants in series with the electrolyte
resistance, i.e., Re(R1Q1(R2Q2), where Re is the solution resistance; the
high frequency time constant (R1·Q1) is associated with the charge
transfer resistance and pseudo-double layer capacitance; the low frequency time constant (R2·Q2) is related to the redox transformations,
mainly Fe2+/Fe3+. The global polarization resistance (Rp) values can
be derived from EIS via simpliﬁcation, using the relation of
Rp = R1 + R2 [37]. The comparison of Rp data obtained by ﬁtting EIS
response and LPR is presented in Fig. 10 for both 0.1 and 0.9 M NaOH
chloride-free solutions and in presence of 3.5% NaCl.
Figs. 6 and 7 present the EIS response for the control cases

3.2.2.2. In chloride-containing 0.9 M NaOH, pH 13.4 (Fig. 3b). The
presence of 0.016% NMCS induced a signiﬁcant cathodic shift in Ecorr
and higher icorr values at early stages (sample B6) compared to the
additive-free case (sample B5); a more active state in view of corrosion
currents was also observed for the samples treated in both F127 alone
and for NMCS + F127 containing solutions (B7 and B8 specimens,
Fig. 3b). In contrast to specimens A5 to A8, after an initially more active
8
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Fig. 6. Overlay of Nyquist (a,b) and Bode (c,d) diagrams of carbon steel after 1, 24 and 72 h of immersion in chloride-free A1–A2 and A3–A4 solutions.

In 0.1 M and 0.9 M NaOH solutions, where 0.016 wt.% NMCS were
present (specimens A2 and B2), the observed EIS response after 1 h and
24 h of immersion was similar to that, recorded for specimens A1 and
B1 (Figs. 6 and 7). However, after 72 h of immersion, the low frequency
limits for both A2 and B2 was relatively lower, if compared to A1 and
B1 specimens. The similarity in the EIS response in specimens A1-A2
and B1-B2 was mainly related to the non-complete dispersion of NMCS
in the medium and/or the absence of F127. In contrast, the spontaneous
passivation of steel in alkaline media in the presence of both NMCS and
F127 (specimens A4 and B4) or F127 only (specimens A3 and B3) was
limited and reasons for this performance was already discussed in
Section 3.2. The impedance magnitude in these cases i.e. specimens A3A4 and B3-B4 was lower, compared to the parallel cases of A1-A2 and
B1-B2 (Figs. 6, 7 and 10). If the eﬀect of F127 is to be studied with
relevance to the EIS response, there was a clear increase in the overall
impedance for the specimens A4 (NMCS + F127), compared to specimens A3 (F127 only), Fig. 6b, d. Similarly, the overall impedance for
specimens B4 was signiﬁcantly higher, if compared to the B3 specimens
(F127 only, Fig. 7b, d). The EIS results are well in line with the results
in Fig. 2, where the highest corrosion current densities were derived for
specimens A3 and B3, if also compared to specimens A4 and B4.
In chloride-containing 0.1 M NaOH (Fig. 8), after 1 h, the overall
impedance for specimens A5 to A8 substantially decreased with immersion time, with a clear depression of the phase angles, and in
agreement with the Rp data (Fig. 10) and the recorded Ecorr and icorr

(specimens A1 to A4 and B1 to B4). In control, 0.1 M and 0.9 M NaOH
solutions without additives (A1 and B1, respectively), the limit of impedance values in the low frequency domain (towards 10 mHz) increases with immersion time (Figs. 6 and 7). This is related to the
spontaneous passivation of steel in alkaline media. These observations
are in line with the recorded evolution of the icorr and Ecorr values for
specimens A1 and B1 with time of treatment, as depicted and previously discussed with relevance to Fig. 2. If the eﬀect of pH is considered in control and additives-free solutions, the specimens A1 (pH
12.8) exhibit higher magnitude of impedance (Figs. 6a,c and 10 a),
compared to specimens B1 (pH of 13.9, Figs. 7a,c and 10 b). This
conﬁrms the previously discussed hypothesis for a more electrochemically stable passive ﬁlm in conditions of pH 12.8, resulting from
predominance of Fe3+ species which induced the formation of passive
ﬁlms with higher polarization resistance Rp values (Fig. 10a,b). Furthermore, the higher stability of the passive layer on the steel surface in
A1 is evident from the already more pronounced increase of impedance
magnitude towards the end of the test (72 h) if compared to the EIS
response for specimens B1 (compare A1 and B1 responses in Figs. 6a, c
and 7 a, c and Rp ﬁtting data Fig. 10a,b). The surface morphology of the
steel electrodes (recorded by ESEM) did not show and distinguishable
variation between A1 and B1 specimens, but rather a relatively clean
steel surface for both cases was observed (Figs. S.1 and S.2), supporting
the electrochemical response in view of passive state for these specimens.
9
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Fig. 7. Overlay of Nyquist (a,b) and Bode (c,d) diagrams of carbon steel after 1, 24 and 72 h of immersion in chloride-free B1–B2 and B3–B4 solutions.

pronounced, and the product layer appears to be more homogeneous
and uniform (Fig. 5), in contrast to the steel surface in A5, covered by a
non-uniform corrosion product layer (Fig. 4). The diﬀerent product
layer morphology in specimens A7 and A8 (Fig. 5) was apparently responsible for their diﬀerent corrosion performance.
Finally, for chloride-containing 0.9 M NaOH, (B5–B8 specimens,
Fig. 9), a more capacitive-like behavior was monitored in time of
treatment for some specimens, e.g. EIS response for B5 (Fig. 9a,c), remaining almost constant with treatment. The previously discussed effect of [Cl−]/[OH−] ratio in the presence of additives (specimens B7
and B8) is also illustrated by increase and stabilization of the impedance magnitude towards the end of the test (Fig. 9b,d). Clearly, not
only the accumulation of product layers in B7 and B8 (Fig. 5), but also
the variance in their morphology, resulted in a limitation towards
further corrosion propagation and improved corrosion resistance for
these specimens, if compared to the A7 and A8 ones, treated in 0.1 M
NaOH (Fig. 8). Moreover, the product layers in specimens B7 and B8
would be expected to be of a diﬀerent composition, electron and ionic
conductivity, if compared to the product layers in specimens A7 and A8,
since a well pronounced second time constant for B7 and B8 was not
observed (Fig. 7d). The EIS response for B5 to B8 specimens is clearly in
line with the higher corrosion resistance for this group, as recorded by
LPR tests (Figs. 3b and 10).

values (Fig. 3).
The EIS response reﬂects the corrosion onset and corrosion propagation with time in A5 to A8 specimens in the presence of 3.5% NaCl
and is well in line with the recorded, and previously discussed, Ecorr and
icorr values (Fig. 3a). The EIS response for steel treated in NMCS only
containing solutions (A6), showed an increase of corrosion resistance
after 24 h and towards the 72 h of treatment, which is in line with the
lowest recorded icorr and most noble potential at the end of the test
(Fig. 3a) and Rp ﬁtting data shown in Fig. 10b. Detailed EIS analysis is
not subject to this contribution. It can be noted, however, that in addition to purely electrochemical state, the EIS response (as well known)
reﬂects well the surface properties of the steel specimens. Hence, supports the already discussed phenomena in corrosion product layer formation in all conditions. As seen in Fig. 8b,d, at 72 h, the corrosion
resistance for steel, treated in Cl-containing solutions in the presence of
both NMCS and F127 (A8 specimens) increased, reﬂected by a relatively high impedance magnitude at the low frequency limit and stabilized phase angle (Fig. 8b, d). This limitation of the corrosion process
is not observable from the LPR tests, where the global state of the steel
surface is reﬂected only. For the F127-containing medium (specimen
A7), such limitations were not observed, but a continuous reduction
only of corrosion resistance was evident in time of treatment (Fig. 8b,
d). For the case of A7, a well-pronounced appearance of a second time
constant in the EIS response at later time intervals (Fig. 8d) and lower
corrosion currents (Fig. 3a) if compared to the A5 specimens, were
relevant. For the case of A8, a second time constant is not well
10
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Fig. 8. Overlay of Nyquist (a,b) and Bode (c,d) diagrams of carbon steel after 1, 24 and 72 houres of immersion in chlorid-containing A5–A6 and A7–A8 solutions.

iron redox processes [11], can be distinguished: Peak I (E ≈ −0.95 V
vs. SCE) is associated with the formation of FeII-oxides, in accordance
with Eqs. (3) and (4), [11]:

3.4. Cyclic voltammetry (CV)
The behavior of carbon steel in NaOH solutions with diﬀerent pH,
with and without chloride contamination and additives (i.e. NMCS and
F127), was analyzed by performing CV after 72 h of treatment. The
results below refer to a comparison of the steel response in control
(chloride-free) solutions with pH 12.8 and pH 13.9 (specimens A1 to A4
and B1 to B4) and in the chloride-containing, high pH medium of 13.9
(specimens B5 to B8). This choice was made with the motivation of, on
one hand, elucidating the unexpected performance in both alkaline
solutions when no chlorides were present; and on the other hand, explaining the similarly unexpected, higher corrosion resistance of steel
treated in an even higher pH (13.9) medium in the presence of chloride
ions. The CV response for specimens A5 to A8 is not presented, since the
outcome was, as expected, a signiﬁcantly increased current density with
cycling, entirely in line with the observed high current densities and
cathodic potentials in this group, as discussed with relevance to Fig. 4a.

Fe + 4 H2O ↔ Fe(OH)2 + 2H3O+ + 2 e−

(3)

−

Fe + 3 H2O ↔ FeO + 2H3O + 2 e
+

(4)

Peak VI (E ≈ −1.1 VSCE) is the corresponding reduction peak of
FeII-oxides in the cathodic scan. Peak II (E ≈ −0.75 VSCE) is generally
assigned to the formation of magnetite (Fe3O4) from the FeII oxidation,
corresponding to Eqs. (5) and (6) [11]. The parallel cathodic process for
Fe3O4 reduction is peak V (E ≈ −0.9 VSCE).
3 Fe(OH)2 + 2OH− ↔ Fe3O4 + 4 H2O + 2 e−
−

3 FeO + 2OH ↔ Fe3O4 + H2O + 2 e

(5)

−

(6)
III

At potentials more anodic than -0.6 V vs. SCE, the Fe oxide species
are considered to be formed within the passivation potential domain
[11], in which the current is maintained at low values until reaching
the oxygen evolution potential (peak III; E ≈ 0.55 VSCE). Peak IV in the
cathodic scan is attributed to the reduction of FeIII oxide species.
For both specimens (A1 and B1), the maximum current associated
with peak II increased with cycling, which suggests magnetite formation and accumulation in the passive layer (Fig. 11). By comparing the
cyclic voltammograms for samples A1 and B1, a cathodic shift in peak II
for sample B1 (pH 13.9) was recorded with respect to the same peak in
sample A1 (pH 12.8). This generally reﬂects an enhanced oxidation

3.4.1. Response in chloride-free NaOH solutions (pH 12.8 and 13.9) under
cycling
Fig. 11 presents an overlay of the 1st, 5th, and 10th CV scans for
carbon steel in 0.1 M NaOH, pH 12.8 (specimen A1) and 0.9 M NaOH,
pH 13.9 (specimen B1). Irrespective of the pH, three potential domains
can be clearly distinguished: the iron redox process domain, the passivation region, and the oxygen evolution domain. At the most cathodic
potentials in the forward scan, two main peaks, generally assigned to
11
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Fig. 9. Overlay of Nyquist (a,b) and Bode (c,d) diagrams of carbon steel after 1, 24 and 72 h of immersion in chlorid-containing B5-B6 and B7-B8 solutions.

reaction with the predominance of Fe2+ species, following the reaction
mechanisms in Eq. (3). Next, enhanced oxidation and product layer
formation after treatment and prior to the CV tests, would result in a
steel surface that was covered with a larger amount of corrosion products. This is also evident from the larger reduction currents, as observed from scanning the B1 specimens, if the currents associated with
peaks IV and V are compared with those for the A1 specimens. Therefore, the cathodic shift of peak II for the B1 specimens, together with
the higher peak current density, can be explained by greater activity
(transformation of Fe0 to Fe2+) and possibly higher Fe2+ content, resulting in a higher Fe2+/Fe3+ ratio [10,15,49] compared to A1 specimens.
The above results and considerations explain the reason for the increased corrosion current density values (icorr) for B1 specimens, compared to A1 specimens (Fig. 2) and for the cathodic shift in Ecorr for the
same immersion time (Fig. 2). Furthermore, the reduction process with
cycling in B1 is apparently diﬀerent from that in A1, as shown in the
responses for the reduction peaks IV and V in Fig. 11a,b. In the case of
A1 specimens, by increasing the number of cycles, there was a clear
increase in the currents associated with the cathodic peaks, if these are
compared to the ﬁrst cycles. This behavior was reversed in the B1
specimens, where the maximum cathodic currents were measured for
the ﬁrst scan (cycle 1). On increasing the number of CV cycles, a relatively lower cathodic current was measured for the B1 specimens. In
addition, the cathodic peaks shifted to more cathodic potentials after

the 5th and 10th cycles.
3.4.2. Comparison of the 10th cycles for control specimens A and B
Fig. 12 depicts an overlay of the 10th cycles for carbon steel immersed in chloride-free solutions with pH 12.8 (A1, A2, A3, and A4)
and solutions with pH 13.9 (B1, B2, B3, and B4). The passive ﬁlm
formation for A2 specimens (in the presence of 0.016% NMCS) appeared similar to the pattern already observed for A1 specimens
(Figs. 11 and 12a). Nevertheless, some diﬀerences in peaks I, II, V, and
VI were observed. A slight increase in the current density, associated
with peak II in A2, accounted for a possible enhancement in the oxidation process in the presence of NMCS when compared to control A1
specimens. Furthermore, the cathodic reduction of Fe2+ oxides in peak
VI resulted in a lower reduction current and a pronounced broadening
of peaks IV and V (Fig. 12). All these features are obviously due to the
presence of NMCS alone and their catalytic properties towards the reduction of iron oxides. These changes in the positions of reduction
peaks, and the behavior and level of cathodic currents were not observed in the case of specimens A6 and A7, where F127 was present in
the medium.
In 0.1 M NaOH solutions with only F127 (A3 specimens), an increase in the current at peak I was recorded, accompanied by a clear
decrease in the current at peak II, together with a shift to more cathodic
potential. This can be explained by the formation of a less stable passive
ﬁlm, formed in the presence of F127, or in fact, limitations obstructing
12
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Fig. 10. Comparision of polarization resistance Rp, measured by DC and AC methods (LPR and EIS): A,B) 0.1 M NaOH solutions and (C,D) 0.9 M NaOH solutions after
1, 24 and 72 h of immersion in chlorid-free and chlorid-contaminated solutions.

passive ﬁlm formation. In addition, the reduction peaks corresponding
to magnetite (Fe2+ to Fe3+ transition) were diminished in the case of
A3 specimens (Fig. 12a). Therefore, as was also discussed with regard to
corrosion potential and corrosion current evolution with time (Fig. 2a),
the presence of F127 impeded the passive ﬁlm growth and consequently
altered the kinetics of the reduction reactions during the cathodic scans.
This variation on the steel surface in the presence of F127 also aﬀected
the oxygen evolution reaction (peak III), which was shifted to more
anodic potentials, another result of an F127-blocked surface.
The CV scans for the A4 specimens were similar to those for A2
specimens in the cathodic scans, except for the lack of broadening and
lower current densities at the reduction peaks IV to VI. Additionally, the
lowest anodic currents in the forward (anodic) scan were observed for
specimen A4 (peaks I and II). This was in contradiction with the highest
corrosion current density values being recorded for A4, however, which
supports the previously discussed competition between F127 and
NMCS, when both are present in the medium. In other words, stable
passive ﬁlm formation was obstructed due to the F127-blocked surface,
even though there was NMCS-induced enhancement of the cathodic
reaction. This resulted in higher corrosion current densities (Fig. 2a),
despite the lower anodic currents with external polarization during CV.
In 0.9 M NaOH solutions (Fig. 12b), the presence of 0.016% NMCS
had a quite diﬀerent eﬀect. For instance, the presence of 0.016% NMCS,
in the case of specimen B2, promoted a signiﬁcant decrease in the
current density at peak II (magnetite formation), as well as at the reduction peaks IV, V, and VI. This adverse eﬀect of the NMCS on the steel
surface performance (compared to the A specimens) was obviously
related to the eﬀect of the higher pH (13.9 in this case) on the NMCS
properties, an eﬀect also observed during the zeta potential tests
(Table 2). Similarly, for specimens B3 and B4 (steel treated in the
presence of F127 and NMCS + F127, respectively) the eﬀect of

additives in the testing medium resulted in a diﬀerent response to the
analogous cases in solutions with lower pH, i.e. the cases of A3 and A4.
The presence of F127 (specimen B3) induced pronounced increases
in peak I and peak II, together with a cathodic shift of peak II. These
features indicated an increase in the Fe2+/Fe3+ ratio in the passive ﬁlm
for the B3 specimens and reduced corrosion resistance, compared to
specimens B1, B2, and B4. This response is also in line with the highest
current density being observed for specimen B3, compared to all the
other B specimens in this group (Fig. 2b). Specimens B2 and B4 presented the lowest anodic and cathodic current densities in the forward
and reverse scans, accounting for the positive eﬀect of the NMCS, which
was especially pronounced in the case of B2, where only NMCS were
present in the solution.

3.4.3. CV response in 0.9 M NaOH in the presence of 3.5% NaCl
As previously recorded via LPR and EIS, the CV response of steel in
0.9 M NaOH solutions in the presence of chlorides (specimens B6 to B8)
clearly revealed behavior similar to that of the control, chloride-free
cases (Fig. 13). The main diﬀerence from the analogous control B
samples is in the pronounced peak I, assigned to the Fe0 to Fe2+ transition in accordance with Eqs. (3) and (4). This is logical and as expected, since the corrosion process was inevitably initiated due to the
presence of chloride ions, but it did not propagate further and was not
sustained. This result is in accordance with the initially higher corrosion current density (Fig. 3b), which was further reduced to below the
threshold for the active/passive state.
Another observable diﬀerence is in the eﬀects of the added F127
and NMCS in the chloride-containing 0.9 M NaOH. Specimen B5, steel
treated in an additive-free medium, presented a shift in the voltammogram in the anodic direction and higher current density levels at the
characteristic peaks in both the anodic and the cathodic scans. For
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Fig. 11. Cyclic voltammograms of carbon steel samples for selected cycles after 72 h of immersion in chloride-free (a) 0.1 M NaOH solution (A1) and (b) 0.9 M NaOH
(B1).

x
Fe⇌Fe′Fe + ⎛ ⎞ V..O + 2e′
⎝2⎠

specimens B6, B7, and B8, the current associated with the magnetite
formation peaks was reduced, and the peak potential shifted to more
negative values (Fig. 13). This shift in the peak potential can be explained by a possible increase in the Fe2+/Fe3+ ratio [10,15] in the
passive ﬁlm formed in the presence of NMCS and 3.5% Cl−, which is
similar to the previously recorded behavior in chloride-free solutions
(specimens B1–B4, Fig. 12b). The relatively lower corrosion activity of
specimens B6 to B8 in this medium is attributed to the competition
involving OH− vs. Cl− ion activity in the medium, as altered by the
presence of F127 and/or NMCS. These mechanisms have already been
discussed in the previous sections and are supported by the discussion
on the relevant mechanisms in passive layer formation or corrosion
activity.

Fe′Fe ⇌

x
FeFe

+ 1e′

(9)
2+

ˊ
FeFe

x
where,
corresponds to the Fe ion in the inner layer lattice, FeFe
refers to the Fe3+ ion, V3ˊFe is an Fe3+ vacancy, and V..O represents an
oxygen vacancy.
At the barrier layer/solution interface, the passive ﬁlm growth and
dissolution were expected to be simultaneously taking place as follows:

V..O + OH−ad ⇌ OOx + H+

(10)

x
FeFe
⇌ Fe3aq+ + V3Fe′
3+

(11)
(V3ˊFe )

In this process, Fe vacancies
are generated at the oxide/solution
interface and are consumed at the metal/oxide interface.
It has been reported that the presence of carbon-based materials in
the vicinity of the passive ﬁlm (or steel/solution nterface) could alter
the semiconductor properties, because of their tendency to accept the
excess electrons from the oxygen vacancies [51]. Consequently, in the
presence of NMCS (specimens A2, B2), the passive ﬁlm was expected to
have a higher donor concentration than in their absence (specimens A1
and B1). The higher the carrier density, the greater will be the passive
ﬁlm conductivity [52–54]. Consequently, this increase in the

3.4.4. Passive layer formation or dissolution in the presence of additives –
relevant mechanisms
Fundamentally, at the metal/ﬁlm interface, iron ions enter the oxide
as Fe2+. The mechanism for this process was proposed elsewhere and is
detailed in the following equations [50,51];

Fe + V3Fe′ ⇌ Fe′Fe + 2e′

(8)

(7)
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Fig. 12. Comparison of the 10th cycles of carbon steel samples after 72 h of immersion in chloride-free (a) 0.1 M NaOH solution (A1, A2, A3, and A4) and (b) 0.9 M
NaOH (B1, B2, B3 and B4). The insets are enlargements of the peaks I and II regions.

Fig. 13. Comparison of the CV curves of the 10th cycle for carbon steel samples after 72 h of immersion in 0.9 M NaOH solution (samples B5, B6, B7, and B8) in the
presence of 3.5% Cl−. The inset is an enlargement of the peaks I and II ranges.
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conductivity leads to higher values of corrosion current density than in
the additive-free case, i.e., is in agreement with the icorr values displayed in Fig. 2. Furthermore, this can explain the decrease in the
current density associated with the anodic and the cathodic peaks, as
appears in the cyclic voltammograms in the presence of NMCS that are
shown in Fig. 12. On the one hand, for instance in the case of A4 specimens, the NMCS were expected to be preferentially attracted to surface oxygen vacancies, appearing as sites of high positive charge. In this
case, Eq. (10) was expected to be hindered, which can explain the decrease in peak current in the case of A4 specimens (Fig. 12a). This fact
was conﬁrmed by the derived corrosion potentials and currents, where
in the case of A4 solutions, the treated steel samples showed higher
corrosion activity compared to the A1 control specimens (Fig. 12a).
On the other hand, with increasing pH of the environment, e.g. for
the case of B4 specimens, the NMCS would aﬀect the mobility of the
cation vacancies (V3ˊFe ) (highly negatively charged sites) in the passive
ﬁlm. This can cause retardation in the reactions following Eqs. (7) and
(9), which can explain the reason for the observed changes in the
anodic and cathodic peaks for the treated steel in the B4 solution
(Fig. 12b) and is in line with the cathodic potentials and relatively large
corrosion currents, as observed for B4 specimens (Fig. 2b).
In the presence of chloride, the chloride ions could be absorbed into
a surface oxygen vacancy, but this must be done at the expense of
considerable dehydration [13]. In the presence of NMCS, however, the
absorption of chloride on the steel surface meets interference from
NMCS. This interference between the chloride absorption, leading to
passive ﬁlm breakdown, and the NMCS on the steel interface is the
reason for the increased overall corrosion resistance in B samples in
chloride-containing medium, especially in the case of the B6 and B8
specimens, in the presence of NMCS + F127. This performance was not
monitored in the case of the B7 solutions with only F127.
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