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Chapter 6
The Effect of Nitrogen-Doped Mesoporous 
Carbon Spheres (NMCSs) 
on the Electrochemical Behavior of Carbon 
Steel in Simulated Concrete Pore Water

H. Mahmoud, J. Tang, Dessi A. Koleva, J. Liu, Y. Yamauchi, and M. Tade

Abstract  The influence of highly nitrogen-doped mesoporous carbon spheres 
(NMCSs) (internal pore size of 5.4–16 nm) on the electrochemical response of low 
carbon steel (St37) in model alkaline solutions of pH 13.9 and 12.8 was studied, 
using Open Circuit Potential (OCP) monitoring, Electrochemical Impedance 
Spectroscopy (EIS) and Cyclic Voltammetry (CV). Prior to adding the NMCSs in 
the relevant solutions, they were characterized in the same model medium by mea-
suring their Zeta-potential, hydrodynamic radius and particle size distribution, 
using dynamic light scattering (DLS) and transmission electron microscopy (TEM). 
In alkaline environment of pH 13.9 and 12.8, which simulates the concrete pore 
water of fresh and mature concrete, the DLS measurements indicated that the hydro-
dynamic radius of NMCSs particle varied from 296  nm to 183, respectively. 
According to the Zeta-potential measurements in the same solutions, the NMCSs 
were slightly positively charged.
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The addition of 0.016 wt.% of NMCSs to the model medium induced certain 
variation in the electrochemical response of the tested steel. In alkaline solutions of 
pH 12.8, the presence of NMCSs in the passive film/solution interface induced a 
delay in the formation of a stable passive film. On the other hand, in solutions of 
pH 13.9, the higher corrosion activity on the steel surface, enhanced by high pH, 
was limited by adsorption of NMCSs on the film/substrate interface. In addition 
competing mechanisms of active state, i.e., enhanced oxidation on the one hand, and 
particles adsorption on anodic sites and oxidation limitation, on the other hand, was 
relevant in solution of pH 13.9 inducing larger fluctuations in impedance response 
and stabilization only towards the end of the testing period.

Except steel electrochemical response, the properties of the cement-based bulk 
matrix were investigated in the presence of the aforementioned additives. The mor-
tar bulk matrix properties were highly affected by NMCSs. The lowest electrical 
resistivity values were recorded in mortar specimens with mixed-in 0.025  wt.% 
NMCSs (with respect to dry cement weight). Furthermore, the addition of 
0.025 wt.% NMCSs increased the compressive strength when compared to control 
specimens. The presence of F127 as a dispersing agent for NMCSs was found to be 
not suitable for reinforced concrete applications, which is in view of the reduced 
mechanical strength and electrical resistivity of the cement-based bulk matrix. This 
is in addition to the adverse effect on the formation of electrochemically stable pas-
sive layer on steel surface in alkaline medium in its presence.

Keywords  NMCSs • Steel corrosion • Alkaline solutions • Cement-based 
materials

6.1  �General Introduction

Concrete is the most widely used construction material worldwide. It is considered 
to be a durable material; however, premature deterioration of reinforced concrete 
structures (RCS) can be induced by chloride ingress and/or carbonation [1–3]. The 
result is subsequent steel corrosion initiation and propagation, which significantly 
affect the RCS durability. Therefore, there is a constant drive to improve the proper-
ties of RCS, e.g., by tailoring tensile or flexural mechanical properties in order to 
achieve superior damage residence and increased RCS’ durability [4, 5].

Corrosion of the steel reinforcement is widely recognized to be the main cause 
for RCS durability loss [6–8], reflected by the enormous economic consequences 
from maintenance and repair [3]. Over the last decade there has been a rapid growth 
in the diversity of applied methods to improve RCS durability by minimizing or 
preventing corrosion of the steel reinforcement.

The state-of-the-art reports on numerous corrosion protection methods and 
approaches [9] such as: the introduction of alternative high corrosion resistant 
reinforcements [10], improving the concrete barrier properties [11–13], cathodic 
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protection [14, 15], corrosion inhibitors [16], electrochemical chloride extraction 
[15], protective coatings [17], etc. All these are meant to meet given requirements of 
serviceability, strength and stability throughout the designed service life of a rein-
forced concrete structure, without significant loss of utility or excessive unforeseen 
maintenance [18].

Many studies have been focused on the performance of cement-based composite 
materials incorporating allotropes of carbon, e.g., carbon nanotubes (CNTs), carbon 
nanofibers (CNFs) and graphene oxide, all of these generally used to improve the 
mechanical performance of cementitious materials [11, 12, 19]. However, the com-
plete understanding of the mechanisms upon which these additions react with the 
cement-based materials and affect further the corrosion performance of the embed-
ded steel is still a challenge.

In the frame of a recent approach to corrosion control in reinforced concrete 
using various nanomaterials, admixed within the cement-based composite, the pos-
sible application of nitrogen-doped mesoporous carbon spheres (NMCSs) was also 
considered. Keeping in mind the high surface area of NMCSs, including the 
expected alteration of electrical properties of the bulk material in their presence, 
several hypothetical applications were evaluated. For example, the NMCSs-
modified cement-based bulk matrix would theoretically present a reduced electrical 
resistance. Hence, possible application for NMCSs in cement-based layers within 
cathodic protection systems, or control of stray current-induced corrosion in RCS, 
could be a novel and feasible approach.

The NMCSs showed high chemical inertness, high surface area (from 343 to 
363 m2 g−1) and large porosity (from 0.45 to 0.48 cm3 g−1), good electrical conduc-
tivity and elevated electro-catalytic properties especially for oxygen reduction reac-
tions [20–22]. With respect to the application of NMCSs in RCS, it should be noted 
that, within admixing of the NMCSs in cement-based composite materials, their 
dispersion in the bulk matrix is expected to be a critical parameter. This holds for 
carbon-based materials (as admixtures) in general and is expected to strongly influ-
ence the properties of the final cement-based composite [23]. One of the reasons for 
a potentially poor dispersion may be the cement particles agglomeration [24] and/or 
the tendency of carbon particles to agglomerate themselves due to the possible 
interference of attraction (Van der Waals) forces [25]. Different dispersion methods 
have been employed and reported for both aqueous (water and solutions) and solid 
(cement-based) medium [20, 23–26]. For example, in order to achieve homogenous 
dispersion of carbon nanomaterials in water, the use of various surfactants is gener-
ally employed [27, 28], together with or without ultrasonication [29]. In the present 
work, Pluronic F127 was used as a dispersing agent for NMCSs in the aqueous 
model medium [21, 30], while either ultrasonication or addition only of F127 was 
used for the solid (cement-based) environment.

Regarding the incorporation of NMCSs in reinforced concrete, certain effects on 
steel corrosion resistance, together with possibly superior concrete material proper-
ties, are expected. For example, improving mechanical properties, decreasing elec-
trical resistivity, alteration in the bulk matrix properties and microstructure in terms 
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reduced porosity/permeability, etc. could be achieved. These in turn are also 
expected to lead to an increase of steel corrosion resistance.

This work briefly introduces results from tests on global cement-based material 
properties (mechanical and electrical properties of mortar) in the presence of 
0.016 wt.% NMCSs. Next, the study aims to evaluate the effect of NMCSs on the 
electrochemical behavior of steel in model solution as an approach that normally 
precedes tests in reinforced mortar and concrete. Model solutions of NaOH were 
used, rather than complex simulated environment (as cement extract for example), 
in order to allow direct correlation to reported results for electrochemical perfor-
mance of steel in general, when both alkaline environment and carbon-based addi-
tives are concerned. Next, the model solution of pH  13.9 referred to simulating 
concrete pore water at early stages (in the range of hours) of cement hydration, 
whereas the solution of pH 12.8 simulated the concrete pore water at later stages of 
cement hydration.

6.2  �Experimental Materials and Methods

6.2.1  �NMCSs Preparation and Characterization

NMCSs were obtained through self-polymerization of dopamine (DA) and sponta-
neous co-assembly of PS-b-PEO di-block copolymer micelles, forming PDA/PS173-
b-PEO170 composite spheres. The micelles of high molecular weight block polymer 
PS173-b-PEO170 acted as a sacrificial pore-forming agent and were subsequently 
removed during a carbonization process, leaving mesopores in the range of 5–16 nm 
in the carbon spheres [20].

Figure 6.1 shows a TEM image and hydrodynamic radius distribution of the as 
received of the NMCSs, as obtained after carbonization of the PDA/PS-b-PEO at 
800  °C.  All NMCSs showed relatively rough surface, however, presenting uni-
formly distributed surface features with an average sphere size varying from approx. 

Fig. 6.1  Shows a) TEM image, and b) hydrodynamic radius distribution of as-recieved NMCSs 
particles
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300 to 400 nm, Fig. 6.1 (particles with a minimum size of 187 nm and a maximum 
size of 610 nm were observed).

6.2.2  �Cement-Based Materials

Preliminary studies on the effect of NMCSs on the global performance of cement-
based materials were performed in order to account for their hypothesized influence 
in reinforced concrete systems in view of bulk matrix properties. Compressive 
strength tests and electrical resistivity measurements were performed on 
40 × 40 × 40 mm mortar cubes with admixed 0.025 wt.% NMCSs (with respect to 
dry cement weight). The mortar specimens were cast using ordinary Portland 
cement (OPC) CEM I 42.5 N (ENCI, NL), a water-to-cement ratio (w/c) of 0.5 and 
1:3 cement-to-sand ratio. The NMCSs were added within mortar casting as NMCSs 
only or as a mixture of NMCSs + Pluronic F127, where F127 was employed as a 
dispersing agent. In the former case (NMCSs only), ultrasonication of the mixing 
water, representing a solution of NMCSs, was employed prior to mixing it with the 
dry cement powder. In the latter case (NMCSs + F127), the admixtures were just 
added within mortar casting in the relevant concentrations. Specimens in which 
only F127 was added to the mortar mixture were an additional, i.e., control case, for 
comparative purposes to the samples NMCSs + F127, where F127 was a dispersion 
agent. The designation and details on sample preparation for the mortar specimens 
are shown in Table 6.1.

The electrical resistivity of mortar was measured using an AC “2-pin method,” 
where the “pins” were brass mesh pieces with dimensions equal to the sides of the 
mortar cubes [31]. An R-meter was used to record the electrical resistance of the 
mortar, measured by applying an alternating current of 1  mA at a frequency of 
1 kHz. Electrical resistivity was calculated using Ohm’s law: ρ = R.A/l, where ρ is 
the mortar resistivity (in Ohm.cm), R is the electrical resistance of mortar (in Ohm), 
A is the cross section of the mortar cube (in cm2) and l is the length of mortar (in 
cm). The electrical resistivity was monitored immediately after casting and up to 
36 days of curing. The tested specimens were maintained and covered in the mold 
during the whole test period (minimizing environmental effects) and were exposed 
to constant external conditions.

Table 6.1  Mortar specimen’s designation

Mortar
specimens

NMCS/ wt.%
(Cement wt.)

F127/ wt.%
(mix water wt.) Ultrasonification/ min

No. of
samples

Blank 0 0 0 4
NMCS 0.025 0 5 4
NMCS + F127 0.025 0.1 0 4
F127 0 0.1 0 4
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Standard compressive strength tests were performed on the 40 × 40 × 40 mm 
mortar cubes at the hydration age of 36 days. Four replicate mortar specimens were 
tested.

6.2.3  �Steel Electrodes, NMCSs, Model Medium and Sample 
Designation

Steel electrodes (low carbon St37) with a defined surface area of 0.3 cm2 were ultra-
sonically degreased in ethanol, grinded with successive grades of SiC emery paper 
up to 4000 grade and then polished using 3 and 1 μm diamond paste to mirror-like 
surface. The electrodes were tested in model solutions of 0.9 M NaOH and 0.1 M 
NaOH of pH 13.9 and 12.8, respectively, at 25 °C. The electrochemical response of 
steel in the presence of 0.016% NMCSs was studied in these model solutions, using 
a flat three-electrode electrochemical cell. The schematic presentation of the 
employed cell is shown in Fig. 6.2.

Saturated calomel electrode (SCE) was used as a reference electrode, and MMO 
Ti- mesh as a counter electrode. For each exposure condition, two identical steel 
specimens (replicates) were tested. Similarly to the cement-based samples, the 
NMCSs were dispersed in two manners: through ultrasonication or through adding 
F127 (10 wt.%) as a dispersing agent. The samples designation, corresponding to 
each studied environment, is given in Table 6.2.

Prior to adding the NMCSs in the relevant solutions, they have been character-
ized in an identical medium by measuring their Zeta-potential, hydrodynamic radius 
and particle size distribution, using dynamic light scattering (DLS). The morphol-
ogy of the NMCSs after carbonization was observed by a transmission electron 
microscope (JEM-2010).

Fig. 6.2  Experimental setup of the three-electrode cell arrangement
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6.2.4  �Electrochemical Methods

Electrochemical measurements were employed to follow up the progressive changes 
in the electrochemical response of the steel electrodes in control conditions (no 
additives to the model medium) and in the presence of NMCSs and F127 during 
3 days of exposure. The open circuit potential (EOCP) was monitored at different 
intervals. Electrochemical impedance spectroscopy (EIS) was carried out using 
Metrohm Autolab-Potentiostat PGSTAT30. EIS measurements were recorded under 
potentiostatic control at OCP, from 10 kHz down to 10 mHz. An AC perturbation 
voltage signal of 10 mV (rms) amplitude was applied.

Periodic measurements of the polarization resistance (Rp) were carried out by 
potentiodynamic measurements from −20 mV to +20 mV versus OCP, at a scan rate 
of 10  mV/min. The corrosion current density (icorr) was calculated by using the 
Stern-Geary eq. [32], icorr = B/Rp, where B is the Stern-Geary constant. A value of 
B = 26 mV, for active carbon steel, was used and 52 mV for passive steel [33, 34].

At the end of the test, the specimens were subjected to cyclic voltammetry (CV). 
Ten CV cycles were performed from −1.2 V vs SCE to +0.9 V vs SCE, to cover all 
reduction and oxidation processes of interest, form hydrogen evolution to water 
oxidation and oxygen evolution. The scan rate was 1 mV/s.

6.3  �Results and Discussion

6.3.1  �NMCSs Characterization

The results from DLS and Zeta-potential measurements for the NMCSs in different 
model solutions (identical to those used for electrochemical tests later on) are listed 
in Table 6.3. In alkaline environment of pH 13.9 (0.9 M NaOH) and 12.8 (0.1 M 
NaOH), the average NMCSs particle size varied from 296 to 187 nm, respectively.

In alkaline solution with pH 12.8 and 13.9 (0.1 M and 0.9 M NaOH), the addition 
of 10% F127 was considered sufficient to ensure the formation of F127 micelles at 

Table 6.2  Test solution composition and sample designation

NaOH conc.
M pH

NMCS
wt.%

F127
wt.% Designation

0.1 12.8 0 0 A1
0.016 0 A2
0 10 A3
0.016 10 A4

0.9 13.9 0 0 B1
0.016 0 B2
0 10 B3
0.016 10 B4
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room temperature, especially in solutions with pH 13.9 [35]. In addition to the pos-
sible adsorption of F127 on NMCSs surface, micelles formation was expected to 
induce additional dispersion of NMCSs in the bulk volume. In solutions of pH 12.8, 
a clear decrease in the F127 micellization and the adsorption of nonionic surfactant, 
F127, on NMCSs active surfaces, was reported, which in turn affected dispersion of 
NMCSs particles. In this case, NMCSs particles with small radius (≈ 187 nm) were 
easily dispersed; however, bigger aggregates were settled down. In solutions of 
pH 13.9, the dispersion efficiency was expected to be higher and larger NMCSs 
particles were dispersed easily in solutions of 0.9  M NaOH.  In addition to the 
expected higher micellization degree of F127 in 0.9 M NaOH solutions, the higher 
OH¯ concentration could lead to more preferential adsorption of OH¯ ions on 
NMCSs. Consequently, NMCSs dispersion and agglomeration, together with higher 
particle size variation, were expected compared to those in pH 12.8. As reported 
[36, 37], the critical micelle concentration (CMC) of F127 is strongly dependent on 
different parameters such as the pH, temperature and ionic strength. Solubility and 
CMC of F127 strongly decrease as the temperature increases [38, 39]. Additionally, 
with a pH increase, a reduction in the micelles radius was reported [39].

Pluronic F127 was used in this study as a dispersing agent only. Therefore, evalu-
ating possible effect of F127 on steel electrochemical performance and/or the mor-
tar bulk matrix was not an objective of this work. However, in view of the above 
considerations, related to behavior of F127 alone, the choice to evaluate it as a sepa-
rate addition to model solutions, as well as an admixture to mortar, is logic and 
hence presented in this work for comparative purposes.

Some authors [40–42] argue that nitrogen-adjacent carbon atoms are positively 
charged and act as active sites for the adsorption of oxygen and/or negatively 
charged species as OH¯. In alkaline solutions with pH higher than 13, Wan et al. [42, 
43] have concluded that the hydroxyl ion sorption on N-doped carbon surfaces pro-
ceeded a quick and reversible process. The positive Zeta-potential values of NMCSs 
are mainly related to positively charged N-atoms. The slight variation in the NMCSs 
Zeta-potential in solutions of pH 13.9 and 12.8 was probably related to preferential 
adsorption of cations or anions within the double layer of the active surface [38, 42, 
43]. On the other hand, the pH variation induced changes in the nitrogen-oxygen 
surface active functional groups such as hydroquione-/quinone-like groups in 
NMCSs [42]. This type of variation of the nitrogen-doped sites on the carbon 
spheres (Pyridine or Pyrolic N- atoms) is pH-dependent, yielding a considerable 
change in the chemical state of the functional groups and active sites on the NMCSs, 

Table 6.3  Characterization of NMCSs in alkaline media

Test solution pH
Zeta potential / mVa

DLS / nm1st 2nd

0.9 M NaOH + NMCSs + F127 13.9 1.7 2.1 296
0.1 M NaOH + NMCSs + F127 12.8 1.3 0.98 187

aTwo measurements were performed in two solutions of the same composition
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which causes variation in NMCSs Zeta-potential and average particle size, as listed 
in Table 6.3.

Considering reported and the hereby observed alterations in charge, size and 
overall behavior of the NMCSs in the tested model solutions, variations in the pas-
sive layer formation on the tested steel surface were expected. Additionally, positive 
charge of the NMCSs would account for certain limitations on the steel surface in 
their presence, e.g., positively charged particles can be expected to adsorb on anodic 
locations (negatively charged in a corrosion cell) and limit the oxidation reactions. 
Limitations in oxidation, on the other hand, although positive in view of global cor-
rosion resistance development, will impede the passive layer formation and stabili-
zation on the steel surface in the hereby tested environment. Therefore, changes in 
particles’ charge are important in view of the global electrochemical state and will 
determine the performance of steel in the tested model environment, although steel 
in alkaline medium (not exceeding pH of 13.7) is expected to be in a passive state. 
Next to the above and in the case of (reinforced) cement-based materials, the pro-
cess of cement hydration and distribution of hydration products are expected to be 
influenced by admixed NMCSs of varying charge. This would be especially the case 
if early stages of cement hydration are compared to later ages. All these phenomena 
are not subject to this work and need further in-depth investigation. However, the 
hereby reported results can be considered preliminary in view of the above aspects 
and provide an indication for the expected behavior and performance of both steel 
and cement-based bulk matrix.

6.3.2  �Results from Preliminary Tests Bulk Matrix Properties

As aforementioned, reinforced cement-based material can be subjected to certain 
modification, e.g., by introducing admixtures to the bulk cementitious matrix, inves-
tigating the global material properties of the modified bulk material and the corro-
sion resistance of embedded steel is of equal importance. This is especially the case 
when an admixture aims to simultaneously affect the concrete microstructural prop-
erties (e.g., porosity, permeability and resistivity) and the corrosion resistance of 
embedded steel, with the final goal to achieve a reinforced concrete system of a 
superior performance. To that end, a sequence of studies is normally to be followed, 
before the optimum choice for tests in reinforced concrete is determined. For exam-
ple, the admixtures are tested for their effect on cement-based bulk matrix only in 
plain (nonreinforced) specimens, whereas their effect on steel electrochemical 
response is tested in simulated aqueous environment [33, 43, 44]. In that manner the 
contribution of many effects in a system of high heterogeneity, as reinforced con-
crete, is separately evaluated. Therefore, with respect to this work, preliminary tests 
on global material properties of mortar specimens were performed, when admix-
tures as the hereby discussed NMCSs were involved.

Electrical resistivity measurements of 40 × 40 × 40 mm cubic mortar specimens 
were employed as a rapid nondestructive testing method that allows investigating 
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the quality of the mortar properties. The variations in the electrical resistivity of dif-
ferent mortar specimens with and without 0.025 wt.% NMCSs at different curing 
time and age respectively are listed in Table 6.4.

As expected, the electrical resistivity increases with cement hydration and age 
for all tested specimens. What can be noted is that the early properties of the cement-
based bulk matrix containing NMCSs are possibly significantly altered. This is 
reflected by lower electrical resistivity of NMCSs-modified mortar cubes, espe-
cially pronounced from initial stages (0.5–5 days) and further until 20 days. At the 
end of the testing period, 36 days of age, the NMCSs-containing mortar cubes main-
tained the lowest electrical resistivity values among all tests groups – Table 6.4. In 
contrast, the highest resistivity values were recorded for mortar cubes where NMCSs 
were admixed together with F127. This can be attributed to (i) increased cement 
hydration and densification of the bulk matrix or (ii) decreased ionic mobility in the 
pore water, blocking of connected pore network paths and/or altered water balance 
in the presence of nonionic F127. These will end up in changing the process of 
cement hydration and could have a negative or positive effect, e.g., retardation or 
acceleration of cement hydration and pore network development, formation of insu-
lated pore space (e.g., air-filled voids). Since the presence of only F127 results in 
slightly lower electrical resistivity values, compared to NMCSs + F127 (Table 6.4), 
F127 alone is most likely not responsible for the observed highest electrical resistiv-
ity in specimens, containing F127 and NMCSs together.

Additionally, if electrical resistivity values are correlated to compressive strength 
development (Table  6.5), the influence of admixtures can be judged in terms of 
global material properties development.

Table 6.4  Electrical resistivity of mortar cubes at curing time intervals from 0.5 to 36 days

Electrical resistivity / Ω.cm
Curing time/ d Blank NMCS NMCS + F127 F127

0.5 142 138 188 174
1 270 271 327 307
5 546 410 963 764
10 1159 878 2012 1618
20 1456 1119 2218 1889
36 1577 1394 2679 2152

Table 6.5  Compressive strength of mortar specimens with different additives after 36 days curing

Mortar
specimens

Maximum strength / MPa
Mean value Stand. Dev.

Blank 40.9 3.1
NMCS 54.3 3.9
NMCS + F127 11.5 2.5
F127 16.8 1.6
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As can be observed in Table 6.5, significantly lower compressive strength was 
recorded for the mortar matrix, containing F127 alone or F127 together with 
NMCSs, i.e., in the range of 12–17 MPa compared to 41 MPa for the control case. 
This result is in contradiction with the higher values of recorded electrical resistivity 
(Table 6.4) for those two cases, considering the general perception that higher elec-
trical resistivity accounts for a denser matrix, whereas a denser or more matured 
cement-based material would have a higher compressive strength. Next to that, the 
specimens containing NMCSs only exhibit the highest compressive strength  – 
54 MPa. However, these specimens show the lowest electrical resistivity values. In 
the case of NMCSs alone, the opposite trends of electrical resistivity and compres-
sive strength development can be explained with increased conductivity of the 
matrix due to the presence of NMCSs, being a carbon-based material of high con-
ductivity as an intrinsic property. The highest compressive strength, though, would 
be rather related to phenomena linked to cement hydration and formation and/or (re)
distribution of calcium-silicate hydrates.

Apparently, competing mechanisms of altered cement hydration, nucleation 
effects and/or redistribution of hydration products, connected and disconnected 
pore network, play a role in the development of the cement-based microstructure 
when both NMCSs and F127 are present. These aspects need further in-depth inves-
tigation, which was not subject to the present work. For the purposes of this study, 
the recorded global material properties are sufficient to justify the selection of the 
investigated admixtures and their concentration respectively, in order to account for 
corrosion tests in reinforced mortar and the objective of simultaneous steel corro-
sion control and improved bulk matrix characteristics. To that end, and at this stage, 
it can be concluded that the NMCSs would possibly result in superior properties of 
a reinforced concrete system. However, F127 might not be the best and suitable 
option as a dispersing agent for the carbon spheres, if the hereby discussed results 
for compressive strength and electrical resistivity development are considered.

6.3.3  �Electrochemical Performance of Steel in the Presence 
of NMCSs

6.3.3.1  �Open Circuit Potential (OCP) and Corrosion Current Density 
(icorr)

The open circuit potential (OCP) and the corrosion current density (icorr) of carbon 
steel have been monitored in the course of 3 days of continuous exposure to 0.1 M 
(pH 12.8) and 0.9 M (pH 13.9) NaOH solutions; the obtained data are displayed in 
Fig. 6.3.

In 0.1 M NaOH solutions (samples A1–A4), more anodic OCP values were mea-
sured and icorr stabilized at low current densities after 72  h of immersion in this 
alkaline medium (Fig. 6.3a, b). This variation in OCP and icorr is related to the for-
mation of electrochemically stable passive film. Similar mechanisms would hold for 
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the steel tested in 0.9 M NaOH environment (solutions B), although more cathodic 
OCP values were recorded for these specimens, accompanied by slightly higher 
corrosion current densities (Fig. 6.3c, d). This was as expected due to the aggres-
siveness of solutions B towards steel, i.e., pH 13.9 is a medium where carbon steel 
would present active state until passive layer formation will overcome active oxida-
tion. For specimens A1 and A2, the recorded anodic shift in OCP and low icorr values 
with treatment in 0.1 M NaOH solutions followed the generally expected trend of 
steel passivation in alkaline medium of pH 12.8. This is due to the gradual develop-
ment of an oxide film on the surface, as also reported [45–47]. An OCP shift to more 
anodic values generally reflects a passive film acquiring a stable thickness over time 
[48]. The addition of 0.016% NMCSs without F127 (solution A2) did not signifi-
cantly affect the passive film development on the steel surface, i.e., specimens A2 
showed similar response to the steel in solutions without additives (A1), with only 
slight variations in OPC and icorr values. The more noble potential of A2, compared 
to A1, Fig.  6.3a, would account for a generally improved corrosion resistance. 

Fig. 6.3  Variation of the open circuit potential (OCP) and corrosion current density (icorr) of the 
tested steels immersed in 0.1 M NaOH (solutions A) and 0.9 M NaOH (solutions B) after 1, 24 and 
72 h. a, c) Ecorr , and b, d) icorr
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However, the icorr values as derived for A2 were slightly higher than those for A1 
(Fig. 6.3b). The variation between A1 and A2 solutions could be assigned to the 
effect of NMCSs on the oxygen reduction reaction, resulting in competing mecha-
nisms of passive layer growth on the one hand and catalyzed reduction, i.e., 
enhanced overall oxidation rate, on the other hand. While the former will account 
for the establishment of a stable passive state, the latter will lead to increase of the 
overall corrosion current density. This mechanism is independent from the possible 
adherence of NMCSs (positive charge) to anodic locations (negatively charged) and 
effect on the anodic reaction itself. Overall, enhanced reduction, together with 
blocked anodic areas would result in higher corrosion activity, since more time will 
be needed for the development of an electrochemically stable and uniform passive 
film. Therefore, the corrosion activity of A2 ends up slightly higher than that for A1, 
although a clear trend towards an electrochemically stable passive state was 
observed, based on OCP and icorr evolution (Fig. 6.3a, b).

The response of specimens A3 and A4 showed a clearly different trend. In both 
cases, although OCP exhibited ennoblement with time of treatment, especially for 
the case of A4 (Fig. 6.3a), higher corrosion current was recorded, compared to A1 
and A2 (Fig. 6.3b). Obviously, the presence of F127 in both A3 and A4 cases was 
responsible for the observed behavior. The presence of F127 only, specimen A3, 
hindered the passive film formation. This is reflected by almost constant OCP val-
ues for A3 throughout the test, i.e., substantial ennoblement was not recorded as 
would otherwise reflect improvement of passivity. The trend of this OCP evolution 
for A3 was in line with the nonsignificant trend of current density decrease 
(Fig. 6.3b), icorr values remaining almost one order higher than those for A1 and A2 
at the end of the test. The effect of F127 can be also observed for the case of A4 
specimens, where despite the very noble OCP values (Fig. 6.3a), the current densi-
ties were, similarly to A3, higher than those for A1 and A2 cases. In case of A4 
specimens, competitive mechanisms were involved, where the positive effect of 
NMCSs was counterbalanced by F127. In other words, enhanced oxygen reduction 
and initially blocked active areas on the steel surface (NMCSs effect), otherwise 
resulting in a faster development of a stable layer, were counteracted by the pres-
ence of F127 (inducing barrier effect); F127 blocked the steel surface, resulting in 
noble potentials but a nonstable electrochemical state and impeded formation of a 
passive film. Therefore, in the case of specimens A4 the higher anodic shift in OCP 
and high icorr values, compared to A1 and A2 solutions, were denoted to a possible 
formation of an adsorbed layer of nonionic F127 triblock copolymer containing 
NMCSs on the steel surface. This layer was actually as observed by ESEM exami-
nation, as will be presented further below.

The OCP values for steel treated in solution of 0.9  M NaOH (pH of 13.9), 
(Fig. 6.3c, d), were more cathodic than those in solution of 0.1 M NaOH (pH of 
12.8). This was as expected due to the initially more active steel surface at the 
higher pH, as thermodynamically justified.

For specimens B1 and B2 similar OCP values were measured, while corrosion 
current densities were higher in the presence of NMCSs, i.e., for B2 (Fig. 6.3c, d). 
This was related to the effect of NMCSs, inducing high catalytic activity for oxygen 
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reduction and subsequently enhanced oxidation rate. Once the film developed on 
the steel surface, the corrosion activity in B2 was reduced, ending up with even 
lower icorr values, compared to B1 (Fig. 6.3d). The increased corrosion resistance of 
B2 was reflected by more noble potentials at the end of the test, compared to all 
other cases (Fig. 6.3c).

Similarly to the A samples, blocking the steel surface was relevant for the F127-
containing B samples as well, specimens B3 and B4. Both OCP and icorr records 
account for reduced corrosion resistance in B3 and B4 samples. The responsible 
mechanisms here were analogical to those described for specimens A, however, 
even more pronounced due to the higher corrosivity of the medium, i.e., pH 13.9.

The effect of pH only on the steel electrochemical response, and passive film 
formation, respectively, can be clearly observed by the comparison of OCP and icorr 
values of the treated steel in 0.1 M NaOH (A1) and 0.9 M NaOH (B1) solution. In 
alkaline solutions of pH  13.9 (B1), higher icorr values were registered. It is well 
known [47–50] that the reduction of Fe3+ to Fe2+ generally constitutes an additional 
cathodic reaction, which would affect both OCP and icorr values. The contribution of 
Fe2+ species was expected to be more evident when the potential of the passive film 
shifted to more negative values [50]. Consequently, the high icorr values in 0.9 M 
NaOH solutions can be mainly related to the accumulation of Fe2+ species within 
the passive film. However, when the film is exposed to solutions of pH 12.8, which 
is the case of 0.1 M NaOH solution (A1) in this work, more anodic OCP and lower 
icorr values would be mainly related to enrichment of the passive film in Fe3+ oxides/
hydroxides [49, 50].

In the presence of 0.016% NMCSs + 10% F127 (B4), the presence of positively 
charged NMCSs would limit the Fe2+ to Fe3+ oxidation, which in turn will lead to 
increasing the Fe2+-oxide species. This explains the more cathodic potential mea-
sured in case of B4 solutions. This cathodic shift in OCP was not observed in solu-
tions B3 with only F127.

6.3.3.2  �Electrochemical Impedance Spectroscopy (EIS): Qualification 
of Response

Electrochemical impedance spectroscopy (EIS) was performed for the tested steel 
in 0.1 M NaOH (designation A) and 0.9 M NaOH (designation B) solutions and 
samples respectively. The EIS response in a Nyquist plot format for all specimens, 
treated in the relevant solutions with and without additives, is presented in Figs. 6.4 
and 6.5. In 0.1 M and 0.9 M NaOH solutions without additives (A1 and B1), the 
limit of impedance values at the low frequency range increases with immersion 
time, reflecting the spontaneous passivation of steel in alkaline media, Figs. 6.4a 
and 6.5a. The response in 0.9 M NaOH, Fig. 6.5a, depicts lower corrosion resistance 
(lower global impedance |Z| values) in accordance with the expected effect of solu-
tions of pH > 13.7, i.e., steel in more active initial state for cases B, compared to 
medium of pH 12.8, cases A, where only passivity stabilization would be relevant. 
These observations are in line with the recorded evolution of OCP and icorr for 
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specimens in solutions A1 and B1 with time of treatment, Fig.  6.3a, c. The EIS 
results also confirm the previously discussed hypothesis for a more electrochemi-
cally stable passive film in conditions of pH 12.8, resulting from predominance of 
Fe3+ species. Furthermore, the higher stability of the passive layer on the steel sur-
face in A1 conditions is evident from the already more pronounced increase of 
impedance magnitude towards the end of the test (50–70 h) if compared to the EIS 
response for steel in solution B1 – compare responses for A1 and B1 in Figs. 6.4a 
and 6.5a.

If the EIS response of steel treated in solutions containing 0.016 wt.% NMCSs 
+10% F127 (solutions A4 and B4) is compared to additives-free solutions (A1 and 
B1), the main observations are as follows: the overall impedance in case of solutions 
A4 was lower than that for additives-free solutions in the same medium (A1)  – 

Fig. 6.4  EIS response of 
St37 after 1, 5, 10, 30, 50 
and 70 h of immersion at 
pH 12.8 in solutions A1 
and A4
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Fig. 6.4a, b. Furthermore, no increase in the overall impedance with treatment in 
solution A4 was observed, where the limit of global impedance at the low frequency 
range remained almost constant after 10 h and until the end of the test (Fig. 6.4b). 
The observed response accounts for possible limitations within the passive film for-
mation, development and stabilization in the case of A4, which is obviously related 
to the presence of both NMCSs + F127. The almost constant EIS response for A4 
throughout the test reflects a state of counterbalanced diffusion limitation (barrier 
effect of F127) and passive layer formation. This is in line with the previously dis-
cussed simultaneous action of positive NMCSs effect and negative F127 effect, 
which resulted in OCP ennoblement but a delay in a stable passive film formation.

Fig. 6.5  EIS response of 
St37 after 1, 5, 10, 30, 50 
and 70 h of immersion at 
pH 13.9 in solutions B1 
and B4
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In the case of the B4 samples, the originally higher steel activity in 0.9 M NaOH 
solutions impeded the barrier effect of F127 and altered the action of NMCSs. The 
result was a nonstable response over time, with a gradual increase in global magni-
tude of impedance. The corrosion resistance of B4, however, remained lower than 
that for the B1 specimens (Fig. 6.5a, b). Here again, the addition of NMCSs + F127 
limited the development of a stable passive film, although the relevant mechanism 
was entirely different from that in solutions A4. In both cases where particles were 
present – A4 and B4, the overall impedance ends up lower compared to particles 
free solutions – A1 and B1. This is well in line with the recorded corrosion current 
densities towards the end of the test (Fig. 6.3b, d, where the corrosion current densi-
ties for steel in solutions A4 and B4 were higher than these for steel, treated in solu-
tions A1 and B1.

Figure 6.6a, b depicts the Nyquist diagrams of the impedance spectra for all 
tested steel specimens at the end of the test. In 0.1 M NaOH (pH 12.8) – solutions 
A1 and A2, the addition of 0.016% NMCSs showed nonsignificant effect on the 
impedance response (Fig. 6.6a). For steel treated in the presence of F127 only, spec-
imens A3, a less capacitive behavior compared to solutions A1 and A2 was observed. 
This decrease in the overall impedance of the tested steels in solutions A3 is related 
to retardation in passive film formation, induced by diffusion limitations at the steel/
solution interface in the presence of F127. A mixed charge transfer/mass transfer 
mechanism of the electrochemical reaction in A3 is evident by the depression (dis-
tortion) of the semicircular response of A3 in the low frequency domain (Fig. 6.6a, 
showing an initial capacitive-like response, followed by inclination of the curve to 
the real axis). On the other hand, in case of steel treated in solutions A4 with NMCSs 
+10% F127, relatively higher impedance than in case of A3 solutions was mea-
sured, Fig. 6.6a. This is reflected by the more pronounced capacitive-like behavior 
of A4 (response inclined to the imaginary axis) which is also in agreement with the 
more noble OCP values, measured for A4, compared to A3 at the same exposure 
conditions, Fig. 6.3a. Since for A4 the competition of passive layer formation (at 
pH 12.8 and NMCSs effect) counteracted the limitations to stable passivity (F127 
affect), the global magnitude of |Z| ends up higher than that for A3, but lower than 
A1 and A2. The result is well in-line with the recorded corrosion current density 
from LPR method (Fig. 6.3b).

Regarding 0.9 M NaOH solutions (pH 13.9), the tested B specimens (B1–B4) 
showed a relatively lower overall impedance, when compared to A-specimens. The 
comparison of the steel EIS response for B1 and B2 cases indicated that, the addi-
tion of 0.016% NMCSs (B2 solution) induced a decrease in impedance compared to 
the B1-solution, Fig. 6.6b. Concerning EIS response of the immersed steel in B4 
solution, more resistive behavior than in B1, B2 solutions, was observed, while low 
impedance values were derived in the case of F127 only, i.e., specimens B3. This 
trend for B3 is similar to that obtained in A3 solution, Fig. 6.6a, b. The effect of 
NMCSs and F127 together (B4) was again seen in the increase of corrosion resis-
tance, compared to F127 alone (B3). In contrast to A4 specimens, the effect of 
NMCSs + F127 together, as in B4 specimens in medium of pH 13.9, was more 
pronounced and not entirely in line with the results in Fig. 6.3b, c, where cathodic 
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values for B4 were recorded. However, as previously discussed, the OCP for B4 
remained almost constant at the later stages of the test. This was discussed to be 
related to a hold-back of stable passive film formation due to limitations at the steel/
solution interface in the presence of F127, on one hand, and enhanced redox activity 
due to the presence of NMCSs and the higher pH of the B solution, on the other 
hand. Hence, although similar response was monitored in case of A4 solutions, the 
nature of the mechanisms involved in A4 and B4 are different, as also reflected by 
both electrochemical response and surface properties (presented further below). The 
reason behind these observations is related to the effect of pH on F127 itself, 
together with the effect of pH on the dispersion of the NMCSs. These transforma-

Fig. 6.6  Nyquist plots for 
St37 after 70 h of 
immersion in all tested 
solutions
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tions, although potentially of high importance in view their effect on electrochemi-
cal state, were not subject to this work. What can be clearly stated, though, is that at 
pH of 12.8, the NMCSs particles in the bulk of the solution, and presumably adjacent 
to the steel surface, were of a smaller size (approx. 200 nm), while the dispersed 
particles in pH 13.9 were larger – approx. 300 nm (Table 6.3).

The particle size distribution is perhaps a large contributing factor to the observed 
electrochemical response. Smaller particles exhibit larger surface area. This, 
together with the previously introduced electrocatalytic, etc. properties of NMCSs, 
will logically and irrespective of all other factors determine the oxidation/reduction 
reactions on the steel surface. These reactions would be facilitated in specimens A 
and would result in a faster stabilization of passivity, if compared to specimens B – 
which was as observed. Clearly, a more in-depth investigation on the interactions of 
NMCSs, with and without F127, with the steel surface is needed in order to confirm 
or reject the above hypothesis.

The above discussed phenomena with regard to passive film formation, or limita-
tions thereof, together with the recorded EIS response, icorr and OCP, are well in line 
and supported by microscopic examination of the steel surface at the end of the test. 
The visual observation (via electron microscopy) reveals the relatively clean surface 
for steel treated in additives-free solutions – A1 and B1, Fig. 6.7a, b. In contrast, the 
appearance of steel treated in A4 and B4 solutions varies significantly, Fig. 6.7c, d. 
In the former case (A4 solutions), the steel surface appears to be smooth and in 

Fig. 6.7  ESEM images of St37 after 70 h treatment: (a) A1, (b) B1, (c) A4 and (d) B4
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similar to A1 condition with the difference of randomly distributed particles, obvi-
ously adhering to the substrate. In the latter case (B4), the steel surface appears to 
be covered by a dense composite layer, containing both NMCSs and F127.

6.3.3.3  �EIS Response: Brief Intro to Quantification

The recorded EIS response for all investigated cases was discussed in the previous 
sections in view of qualification of electrochemical state. Qualitative interpretation 
of EIS data is possible and well accepted as an approach, providing a rapid evalua-
tion of the overall corrosion resistance for the tested systems. The quantitative eval-
uation of EIS is relatively more complex. This is in view of the necessity to account 
for exact physical meaning and discuss in detail the relevant electrical parameters 
used within fitting of the experimental data. This type of quantification is not subject 
to this work. An introduction to the quantification of the recorded EIS response is 
provided only, together with the derived polarization resistance (Rp) values from 
EIS as an AC method. The objective was to provide a comparison with Rp values 
derived from DC electrochemical tests in view of evaluating the global corrosion 
state of the tested specimens.

Figure 6.8 presents the EIS response, fit and equivalent electrical circuit employed 
for a steel specimen treated in A1-solution after 10 h of conditioning. Figure 6.8 is 
representative for all investigated cases. The best-fit parameters were derived by 
using an equivalent electrical circuit of two hierarchically arranged time constants 
in series with the electrolyte resistance, i.e., Re(R1Q1(R2Q2)), where Re is the solu-
tion 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+, in 

Fig. 6.8  EIS response obtained for carbon steel after 10 h of immersion in A1-solution (0.1 M 
NaOH). Experimental data (dots) and fitting (solid line), using the equivalent circuit Re(R1Q1(R
2Q2)), where Re = 96Ω, R1 = 621 kΩ cm2, Q1 = 5.1 × 10−5, n = 0.94, R2 = 211 kΩ cm2, Q2 = 1.7 × 10−5, 
n = 0.9, and χ2 = 0.005
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the surface layer [44, 51, 52]. The replacement of pure capacitance with a constant 
phase element (Q) is largely accepted in literature [44, 51] because of in-
homogeneities at different levels, i.e., steel surface roughness, product layer hetero-
geneity, etc. The global polarization resistance (Rp) values can be derived from EIS 
via simplification, using the relation of Rp = R1 + R2 [44]. A good agreement between 
the model and the experimental data was found, reflected by acceptable error per 
element and for the overall fit of the full response (Fig. 6.8).

The comparison of the global polarization resistance, Rp, measured from DC 
measurement (LPR) and the one, derived from EIS is shown in Fig. 6.9a, b. The Rp 
values measured by EIS data were higher than those recorded via LPR. Experimentally, 
the polarization resistance measurements were done at 4 mHz (±20  mV around 
OCP at 10 mV/min), below the lowest frequency limit considered for EIS measure-
ments (10 mHz) [53, 54]. Thus, the measured Rp form DC measurements are 
affected by both R1 and R2 parameters, which are related to the charge transfer resis-
tance and redox processes, which occurred in the passive film layer, respectively. 
The deviations in the Rp measurements by EIS and DC method are more relevant 
after 72 h immersion in both 0.1 and 0.9 M NaOH, A and B solutions. This is related 
to the employment of different electrochemical AC and DC techniques in case of 
EIS and LPR, respectively.

It should be mentioned that both the Rp values measured by EIS or DC tech-
niques were reproducible and similar variation trends in parallel exposure condi-
tions was observed Fig. 6.9a, b.

In additive free solutions, A1 and B1, the polarization resistance of the tested 
steels in these solutions was improved by aging, as shown in Fig. 6.9a, b. Furthermore, 
in agreement with the aforementioned results (Figs.  6.3 and 6.5), the measured 
resistance in B1 solutions was relatively lower than in case of A1 solutions. This 
was related to the pH effect on the grown passive film of the treated steels in 
additive-free A1 and B1 solutions.

The tested steels in solutions A2 and B2, in the presence of NMCSs, showed 
similar Rp values to those measured in case of solutions A1 and B1, respectively, 
Fig. 6.9a, b. In 0.1 M NaOH solutions with 10% F127 (solutions A3), the Rp values 
showed nonsignificant variation after 24 h of immersion. These results confirm that 
the passive film formation was hindered in the presence of F127 at the steel/solution 
interface. On the other hand, the presence of NMCSs with F127 (solution A4) 
resulted in a slight increase in Rp values, observed after 72 h, Fig. 6.9a. Concerning 
the tested steels in B4 solutions, the Rp values shows similar variation trend to B1 
and B2 solutions, reaching almost the same Rp values after 72 h aging, Fig. 6.9b. 
These results were not as the observed results in solutions A4, where the Rp showed 
no significant variation after 24 h, Fig. 6.9a. This can be explained in regards to the 
variation in dispersed NMCSs properties in B4 solutions, where the NMCSs was 
expected to be preferentially adsorbed on the anodic zones due to the variation in 
the NMCSs charge density (Table 6.3). In B4 solutions with pH 13.9, the anodic 
zones are expected to be more dense than in the case of A4 solutions (pH 12.8). This 
could explain the visual changes of the adsorbed layer on the steel surface immersed 
in A4 and B4 detected by ESEM observation, shown in Fig. 6.7c, d.
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6.3.3.4  �Cyclic Voltammetry (CV)

Carbon steel behavior in 0.1 and 0.9 M NaOH solutions of different pH, with and 
without NMCSs, was analyzed by performing CV after 3 days of immersion.

Figure 6.10a, b present the voltammograms corresponding to the last cycle of the 
tested carbon steel in 0.1 M NaOH solution (A1 and A4) and 0.9 M NaOH solutions 
(B1and B4), respectively. Three potential domains can be clearly distinguished: iron 
redox process domain, passivation region and oxygen evolution, Fig. 6.10a, b.

In the forward scan, the main iron activity peak appeared E ≈ −0.75 V vs SCE 
(peak I) was assigned mainly to magnetite formation [46, 55, 56]. Then, the current 
was maintained almost constant along the passivity domain (from −0.4 to +0.5 V) 
until reaching the oxygen evolution potential, E ≈ 0.55 V vs SCE (peak II). Fliz 
et al. [56] have indicated that at potential above −0.4 V vs SCE, the potentiody-
namically grown passive film did not contain ferrous compounds and it mainly con-
tained Fe(OH)3 and/or FeOOH.

Fig. 6.9  Comparison of 
the polarization resistance, 
Rp, measured by DC and 
AC methods (LPR and 
EIS): (a) 0.1 M NaOH 
solutions (A1–A4) and (b) 
0.9 M NaOH solutions 
(B1–B4) after 1, 24 and 
72 h. Column: Rp from 
EIS; Symbols: Rp from 
LPR
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In the cathodic scan, the formed iron oxide species reduced at three different 
cathodic potentials assigned as peaks III, V and IV, which corresponded to the 
reduction of Fe3+ species, Magnetite and Fe2+ species, respectively [46].

By comparing the cyclic voltammograms in solutions A1 and B1, a cathodic shift 
in peak I in solution B1 of pH 13.9 was monitored with respect to the same peak 

Fig. 6.10  Comparison of the 10th cycles of carbon steels after 3 days of immersion in (a) 0.1 M 
NaOH solution (A1–A4) and (b) 0.9 M NaOH (B1–B4)
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appearing in case of solution A1. Furthermore, the cathodic current densities associ-
ated to peaks III, IV and V were relatively higher in case of A1 solution when com-
pared to solution B1, as shown in Fig. 6.3.

If solutions with additives (A4 and B4) are compared to solutions without addi-
tives (A1 and B1), a very well pronounced difference was observed for both 12.8 
and 13.9 solutions. A clear decrease of the current densities associated to anodic and 
cathodic peaks was monitored. In addition, the anodic and cathodic peaks assigned 
to iron activity peaks were shifted to more cathodic potentials when compared to 
additive-free solutions (A1 and B1, respectively). The oxygen evolution peaks in 
case of solutions A4 and B4 were slightly shifted to more anodic potentials, reflect-
ing the variation of steel/adjacent solutions interface properties in the presence of 
additives, compared to additives-free cases, Fig. 6.10.

In A4 solutions, the addition of 10% F127 + 0.016% NMCSs induced a clear 
decrease in peak I current with shift to more cathodic potential. Moreover, the 
cathodic current densities of the appeared peaks were lower than in case of A1 solu-
tion. In agreement with Rp data shown in Fig. 6.9a, this fact can explain the reason 
of nonsignificant variation in Rp in case of steel immersed in A4 solution. Mainly, 
because of the expected formation of less oxidized passive film with potentially 
lower magnetite content in the presence of 10% F127 + 0.016% NMCSs. In addi-
tion, a limited reduction process was observed in case of A4 solution, which con-
firms the possible blocking of the cathodic sites. This blocking did not induce 
additional barrier properties because of its effect on the passive film chemical 
composition.

In case of the treated steels in B4 solutions, the presence of 10% F127 + 0.016% 
NMCSs caused a drastically lower anodic and cathodic activity peaks. This decrease 
in the iron activity peaks resulted from the formation of an adsorbed layer on the 
surface of the treated steel in B4 solutions, confirmed by surface examination using 
ESEM (Fig. 6.7d). In this case, the formed layer on the steel treated in solutions B4 
induced additional barrier properties, which in turn explain the relatively high Rp 
values in the case of B4 solutions, especially after 1 and 24 h, Fig. 6.9b. However, 
after 3 days, similar Rp values to the control samples (B1) were monitored, which 
was higher than in case of A4-solutions, Fig. 6.9.

Fundamentally, the passive film has been described to have a bilayer structure, 
which consists of inner layer of Fe3O4 and an outer layer of γ- Fe2O3 [47, 52–57]. 
According to the point defect model (PDM), the passive film is a highly doped but 
graded defect semiconductor structure, in which the vacancies are assumed to act as 
the electronic dopants. The donor vacancy in the oxide films were Fe2+ interstitials 
and/or oxygen vacancies, and the former is the major donor since the rate of con-
sumption is higher than the its generation [58–59]. The acceptor vacancies were the 
cation vacancies on cation sub-lattice in the barrier layer [58–59]. Based on the CV 
data, the mechanism of the potentiodynamically formed passive film could be 
explained as follows: at low potential (more cathodic than −0.7 V vs SCE), Fe3O4 
was the main constituent of the passive film with relatively small amount of γ- 
Fe2O3 [57]. As the potential increased above −0.5 V vs SCE, more and more Fe3O4 
was anodically converted to γ- Fe2O3 and γ- FeOOH [57].
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The presence of NMCSs in the oxide/solution interface could play an important 
role in regulation of the electronic properties of the passive layer and its chemical 
composition. The presence of the carbon-based material in the passive film interface 
showed a tendency to accept the excess electrons from oxygen vacancies [60]. 
Therefore, the passive film formed in the presence of NMCSs was expected to have 
higher Fe2+ interstitials and/or oxygen, which is in agreement with the cathodic shift 
in peak I in solutions A4. Consequently, less γ- Fe2O3 and γ- FeOOH content would 
be related to A4, compared to the control cases (A1 solutions). The higher the car-
rier density, the greater is the passive film conductivity [60, 61]. Consequently, this 
increase in the conductivity led to a decreasing value of passive film Rp, compared 
to the additive-free case, which was in accordance with the measurements shown in 
Fig. 6.9. Furthermore, this can explain the decrease in the current densities associ-
ated to the anodic and the cathodic peaks, as appearing in the cyclic voltammograms 
in the presence of NMCSs, Fig. 6.10.

The treated steel samples in solutions B4 showed more pronounced blocking of 
the steel surface, where higher anodic current from the iron activity domain was 
measured. No clear oxidation peaks were observed. In the cathodic scan, the limita-
tions of the NMCSs highly affected the iron oxide species reduction processes, 
because of the catalytic effect of NMCSs on oxygen reduction at the expense of iron 
reduction processes.

6.4  �Conclusions

The electrochemical response of carbon steel in 0.1 and 0.9 M NaOH was con-
trolled by the induced variation in the NMCSs properties, together with the pH 
value of the surrounding media. In alkaline solutions with pH 12.8, the presence of 
NMCSs at the steel/solution interface induced the formation of passive film with 
comparable to control conditions impedance magnitude. The fact was mainly 
related to the competition of passive layer formation and destabilization induced by 
the blockage of active areas on the steel surface by NMCSs.

In 0.9 M NaOH solutions (pH 13.9), the tested steels in B-solutions (B1–B4) 
showed a relatively lower overall impedance, when compared to A-solutions with 
pH 12.8. In the presence of NMCSs particles, a competing mechanism of active 
state, i.e., enhanced oxidation on the one hand, and particles adsorption on anodic 
sites and oxidation limitation, on the other hand, was relevant inducing larger fluc-
tuations in impedance response and stabilization only towards the end of the testing 
period.

The use of F127 as a dispersion agent is not a suitable option for NMCSs in 
alkaline media due to its effect in limiting the passive film growth by the formation 
of an adsorbed layer on the steel surface.

Mortar bulk matrix properties were highly affected by NMCSs and F127. Lowest 
electrical resistivity values were monitored in mortar specimens mixed-in with only 
0.025 wt.% NMCSs, which would result in better conduction of electrical current 
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flow. However, the presence of F127 induces an increase in the electrical 
resistivity.

The addition of 0.025 wt.% NMCSs (with respect dry cement weight) improves 
the compressive strength. Nevertheless, the compressive strength of mortar speci-
mens with F127 or NMCSs + F127 was three times lower than the control speci-
mens. This decrease in compressive strength in the presence of F127 can be 
explained as the natural consequence of a progressive weakening of the matrix, 
probably caused by increasing porosity and/or hindering the cement hydration in 
the presence of nonionic F127.
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