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ABSTRACT: In this work, the influence of ceric ions (Ce(SO4).) addition to the hydrolysis solution on the corrosion
protection afforded by organic-inorganic hybrid coating obtained from tetraethoxysilane (TEOS) and 3-methacryloxy-
propyl-trimethoxysilane (MPTS) to a carbon steel substrate in 0.1 mol Lt NaCl solution was studied. Open circuit potential
(Eoc) and electrochemical impedance spectroscopy (EIS) experiments were carried out and showed that the protection
afforded by the organic-inorganic hybrid coating was extremely dependent on the Ce** ions amount. These results were in

close agreement with optical microscopy observation of the
degrading surfaces, both procedures showing that more
protective coating was produced when 500 ppm of Ce** ions
were added to the organic-inorganic hybrid solution. The
chemical state of the organic-inorganic hybrid coating
investigated by X-ray photoelectron spectroscopy (XPS)
indicated that the addition of Ce*' ions enhances the
polycondensation degree of the organic-inorganic hybrid
coating leading to a denser siloxane (Si-O-Si) network. A
strategy using laser-induced breakdown spectroscopy (LIBS)
and UV-Vis spectrometry was set up in order to verify,
respectively, the presence of Ce ions within the coating structure
and its oxidation state. LIBS results confirmed the incorporation
of Ce ions in the coating, which, according to UV-Vis
measurements, are mainly in the (I'V)-oxidation state.

1. Introduction

Organic-inorganic hybrid coating has been
investigated as a new alternative for substitution of
chromium-based coatings and paints for corrosion
protection of several metallic substrates’™. The
organic-inorganic hybrid coatings are
environmentally friendly, have low cost, good
adhesion, high corrosion resistance and are easily
and rapidly prepared.
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Organic-inorganic hybrid coating can be
obtained by sol-gel process in two steps: initially,
in the hydrolysis step, hydrolysable groups of the
precursors are converted to silanol groups (Si-
OH)?. In the second step condensation reactions of
silanol groups between themselves or with
hydroxyl rich metallic surface lead to formation,
respectively, of siloxane (Si-O-Si) and metalo-
siloxane (Me-O-Si) bonds. Thus, a highly adherent
and cross-linked structure is obtained forming a
physical barrier on the metal surface, which
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prevent electrolyte from reaching the substrate.
However, the efficiency of this barrier protection
effect is limited due to formation of small pores,
microcracks, and water uptake of the coating®’. In
order to improve the protection provided by these
coatings the modification of the organic-inorganic
precursor solution using corrosion inhibitors like
nanoparticles and cerium ions has been
proposed*#©°,

The use of ceric sulfate, in the modification of
polymers and organic-inorganic hybrid materials
by redox polymerization reaction is a widely used
method with industrial importance**®. For
organic-inorganic hybrid materials, it is proposed
that silanol molecules (R1-Si-(OH)s) and alcohol
from the hydrolyzed precursors can complex with
Ce** ions to produce free radicals, thus increasing
the polymerization and the polycondensation
degree of the siloxane (Si-O-Si) network""?,

The effect of cerium ions in the performance of
organic-inorganic hybrid coatings was previously
described®***?*9? Ferreira et al.® have used rare
earth (Ce, La) salts and bis-sulfur silane (BTESPT)
as chromate substitutes for galvanized steel,
resulting in improvement of corrosion resistance
and paint adherence. The effect of cerium in the
corrosion protection of galvanized steel by doping
with cerium (lI1) nitrate silane solutions was
discussed based in the self-healing effect due to the
cerium oxide precipitation’. Montemor et al.*
investigated the electrochemical behavior of
galvanized steel substrates pre-treated with bis-
[triethoxysilylpropyl]tetrasulfide silane (BTESPT)
solutions modified with SiO, or CeO;
nanoparticles. The presence of nanoparticles
reinforced the barrier properties of the silane
coating and suggested a synergism between the
activated nanoparticles and cerium ions, that
reduced the corrosion activity. Suegama et al.'’
have evaluated the effect of low amount of Ce**
ions (= 50 ppm) addition on the polymerization of
bis-[triethoxysilyl]ethane (BTSE) coating applied
on carbon steel. The coating characterization
showed a better surface finishing and a higher
thickness for the coatings doped with Ce** ions
enhancing the barrier properties provided by the
coating alone. Palomino et al.?® have studied the
performance of bis-1, 2-(triethoxysilyl) ethane
(BTSE) doped with a mixture of Ce*" ions and
silica nanoparticles as a pre-treatment to protect the
AA 2024-T3 against corrosion. The addition of
Ce™ ions increased the degree of surface coverage
and improved the anticorrosion properties of the
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doped coating. Hammer et al.* have investigated
hybrid coatings prepared by tetraethoxysilane
(TEOS), 3-methacryloxy propyltrimethoxysilane
(MPTS), doped with Ce** and Ce** ions deposited
onto 316L stainless steel. The XPS results indicate
an increase in the network connectivity related to
the active role of Ce** ions in the polymerization of
siloxane groups and the improvement of the
corrosion resistance of Ce** doped organic-
inorganic hybrid coating. The effect of the addition
of Ce*" ions was also performed using structural
analyzes of Si RMN?. The results showed that the
T3 (Si(OSi)sR’) and Q4 (Si(OSi)s) resonance
bands were more intense in the hybrids modified
with Ce** ions, indicating a structure with a denser
Si-O-Si network, thus producing more resistive,
thicker and less porous materials. According to the
literature'*** the  improved  protection
characteristics of the hybrid is attributed to the
effect of Ce** ions in the polymerization rate of the
organic phase and in the polycondensation of the
siloxane structure, producing more condensed and
crosslinked polymeric networks. Authors also
reported that hydroxyl groups from alcohol
molecules can form complexes with Ce** ions,
which decomposes to form free radicals,
contributing to the hybrid polymerization®’,

This work aims at studying the influence of
different amounts of Ce** ions added to
tetraecthoxysilane (TEOS) and 3-methacryloxy-
propyl-trimethoxysilane (MPTS) organic-
inorganic hybrid coating deposited on carbon steel
and evaluating its corrosion resistance during
relative long immersion times in NaCl 0.1 mol L™
using electrochemical impedance spectroscopy
(EIS) and open circuit potential (Eoc)
measurements. As far as authors are aware, there is
no work carried out to identify the presence of Ce
ions inside the organic-inorganic hybrid coating
using Laser-induced breakdown spectroscopy
(LIBS) as well the use of UV-Vis analysis to
investigate the Ce oxidation state inside this
coating.

2. Materials and methods
2.1. Metallic substrate and solutions

The metallic substrate used was a SAE 1020
carbon steel (20 x 22 x 1.2 mm) with the
composition C (0.40 wt.%), Mn (0.30 wt.%), Si
(0.03 wt.%) and Fe balance, determined using an
EDX-720/800HS Energy Dispersive X-ray
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Fluorescence Spectrometer, SHIMADZU. Initially
the samples were ground with 320, 600 and 1200
grit silicon carbide emery paper, washed with
distilled water and dried in purified air. Afterwards,
they were sonicated in ethyl alcohol for 10 min and
dried in hot air stream.

2.2. Coating preparation and coating thickness

The synthesis of the TEOS and MPTS organic-
inorganic hybrid coating modified with 0, 300, 500,
700 or 900 ppm Ce** ions was performed via the
sol-gel process in two steps. Initially, 6.8 mL of an
ethanol/water solution (62/38% v/ v) at pH 1.0 was
used to solubilize the desired amount of cerium salt
(Ce(S04),) under stirring, until a colorless solution
was obtained. In the second step 6 mL of TEOS
(Sigma Aldrich 99.8%) and 3.2 mL of MPTS
(Fluka 99.8%) were added together to the solution
prepared in the first step, and the mixture was
stirred for 1 h at 50 °C. The solution of the organic-
inorganic hybrid just before deposition on steel had
a final pH 4. All coatings were applied by dip
coating at a constant immersion / withdrawal rate
of 14 cm min™ with three dips, with intervals of
1 min between each one of them. The curing step
consisted in heating at 50 °C for 24 h followed by
3 hat 160 °C. The coating thickness was measured
by optical interference using a FILMETRICS F3-
CS with 2 nm resolution. The thicknesses of
TEOS/MPTS organic-inorganic hybrid coatings
were measured at three different regions, and the
average values were: 728+2 nm (0 ppm); 748+3 nm
(300 ppm); 843+8 nm (500 ppm); 736+8 nm (700
ppm) and 78945 nm (900 ppm).

2.3. Electrochemical measurements

The protection of the substrate provided by the
coatings was investigated in 0.1 mol L* NaCl
solution using EIS and Eoc measurements. The
measurements were performed during 120 h for the
substrate and for different times for coatings
containing the following cerium additions / ppm: 0
(144 h); 300 (192 h); 500 (688 h); 700 (144 h) and
900 (172 h). For these coatings, the testing time
corresponds to an abrupt change of Eoc values,
suggesting that the electrolyte has reached the
substrate. EIS measurements were done in the
frequency range from 100 kHz to 10 mHz, by
applying a sinusoidal potential perturbation of 10
mV (rms) vs. Eoc, and were performed after 1 h, 8
h and every 24 h of immersion until visual failure
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of the samples. Therefore, EIS measurements were
conducted until the resistance of the coating was
very low, and no more protection of the substrate
was afforded. Equivalent Electric Circuit (EEC)
fitting using the Z-view® software was employed
for quantitative analysis of the EIS responses.
Before the fitting procedure, the consistency of the
experimental data was verified using the Kramers-
Kronig Transform (KKT)#. The fittings were
carried out only for the experimental points in the
frequency region where there was concordance
with the KKT treatment.

2.4. Surface characterization and analytical
techniques

2.4.1 SEM-EDS and AFM analysis

Morphological characterization using optical
micrograph images was performed for all samples
during the electrochemical measurements. Images
of scanning electron microscopy and EDS analysis
were obtained using a JEOL JSM-5310 coupled
with energy dispersive X-ray spectroscopy analysis
(SEM / EDS). The micrographs were acquired
prior to and after 240 h immersion in the chloride
medium for the sample protected with the
nondoped organic-inorganic hybrid coating and
after ~400 h for the organic-inorganic hybrid
coating with the Ce** quantity that showed the best
anticorrosion protection. The accelerating voltage
used to perform the EDS analysis was 15 keV.

The morphologies of TEOS / MPTS coatings
prepared with 300 ppm of Ce** or Ce* ions were
also analyzed by Atomic Force Microscopy (AFM)
to compare the effects of the Ce ions oxidation state
on the coating morphology. An  AFM model
Agilent 5500 was used to acquire the images in the
intermittent mode and using a pyramidal tip. All
images were done in 5 pm? area.

2.4.2 X-Ray Photoelectron spectroscopy (XPS)
analysis

Structural characterization of the coatings was
performed using a UNI-SPECS UHYV instrument
for organic-inorganic hybrid-coated samples
without Ce and with the doped condition with the
best anticorrosion performance. The samples were
fixed on small flat discs on a XYZ manipulator and
placed in the analysis chamber, which residual
pressure was maintained below 10 Torr while data
were being obtained. The Mg Ka line was used
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(hv = 1253.6 V) and the analyzer pass energy was
set to 10 eV. XPS was used to investigate the core
level of C 1s, O 1s, Si 2p. The intensities were
estimated by calculating the area under each peak
after smoothing and subtraction of the shaped
background and fitting the experimental curve to a
combination of Lorentzian and Gaussian lines of
variable proportions.

2.4.3 Laser-induced breakdown spectroscopy
(LIBS) analysis

LIBS was also used to analyze the organic-
inorganic hybrid coatings without Ce** ions and
doped with 1500 ppm of Ce** ions prepared in the
same conditions of the other organic-inorganic
hybrid coatings (subsection 2.2) and deposited onto
copper substrate. This strategy was adopted, since
iron from the substrate exhibits strong interference
in the Ce analysis®. The spectra of the samples
were acquired with a LIBS 2500plus spectrometer
(Ocean Optics, Dunedin, FL, USA), which uses a
Q-switched Nd:YAG laser at 1064 nm (Quantel,
Bozeman, MT, USA) operating at 75 mJ maximum
power energy, 8 ns pulse width, and 10 Hz frame
rate. The laser pulse was focused on the sample
inside an ablation chamber. After the plasma was
formed, the emission of excited species was carried
out by an optical fiber bundle connected to seven
spectrometers ranging from 188 to 980 nm, each
one coupled with a 2048 nm element linear silicon
CCD array, whose resolution was ~0.1 nm
(FWHM). The distance from the sample to the
collecting optical fiber bundle was approximately
7 mm. All measurements were performed in air,
and the LIBS system was set to 50 mJ per laser
pulse with a 2.1 ms integration time and a fixed
delay time of 2 ps. 10 measurements were carried
out on each sample.

2.4.4 UV-Vis measurements

To perform the UV-Vis measurements
freestanding cerium nitrate (Ce(NOs)s) and ceric
sulfate (Ce(S0.),) doped organic-inorganic hybrid
coatings (300, 500 and 900 ppm) were prepared by
pouring the hydrolysis solution into a crucible and
then curing as previously described (subsection
2.2). Afterwards, 3 g of each coating were ground
and placed in test tubes with 3 mL of distilled water
for 15 days. Then, the extract was filtered (pore size
< 25 um) and the solution analyzed in the UV-Vis
region. Water was used as reference and spectra
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were also obtained from solutions of 200 ppm of
Ce(S0O4), or Ce(NQOs)s in distilled water. Two
solutions were also prepared by extracting Ce, in
argon atmosphere, from the coating doped with
Ce*" or Ce* ions, and immediately analyzed.
UV-Vis measurements of freestanding solid
organic-inorganic hybrid coating were also carried
out. Organic-inorganic hybrid coating with 0 and
500 ppm of Ce** ions were deposited onto glasses.
For comparison UV-Vis measurements of the glass
and crystals of Ce(SQO4)2 were also performed. The
spectra were obtained with an UV/VIS Lambda
265 (Perkin Elmer) or an UV/Vis/NIR (Perkin
Elmer) spectrophotometer from 190 to 1100 nm
with spectral resolution of 2 nm and using a
polished four-face quartz cuvette with a light path
length of 10 mm for measuring in solution. Special
care was taken to obtain the spectra considering the
complexity of the UV-Vis response of Ce* and
Ce* ions systems that show, respectively, charge
transfer and f-d transitions, which are strongly
influenced by the environment. Therefore, only
spectra obtained at the same conditions were
compared.

3. Results and discussion
3.1. Electrochemical measurements

Eoc evolution after different immersion times
for the uncoated and coated substrates are
presented in Fig. 1. All samples protected with the
organic-inorganic hybrid coating showed Eoc more
positive than the bare substrate, indicating that the
electrochemical response was modified. The
sample doped with 500 ppm of Ce** ions provided
the noblest potential (0.4+0.1) V/(Ag/AgCI/KClsa)
at initial immersion times, suggesting the
formation of a denser cross linked coating, and the
best protective character'**®?*, This Eoc value also
indicates that the barrier effect of the coating doped
with 500 ppm of Ce** ions induced a higher ohmic
drop compared to the bare substrate and other
coatings. After 432 h, the Eoc abruptly decreases to
-0.6 V/(Ag/AgCI/KClsy), very close to that Eoc of
the substrate, suggesting that the electrolyte may
have reached the coating/substrate interface. Other
coatings showed at initial immersion times Eoc
values close to -0.4 V/(Ag/AgQCI/KClsy), and at
times less than 200 h the Eoc values were almost
the same of the substrate, indicating electrolyte
uptake by the coating and coating degradation as
verified by other studies®.

Eclética Quimica Journal, vol. 44, n. 4, 2019, 27-56
ISSN: 1678-4618
DOI: 10.26850/1678-4618eqj.v44.4.2019.p27-56


https://doi.org/10.26850/1678-4618eqj.v44.4.2019.p27-56

Original article

044v—y —m— substrate
—e—0ppm
% 0.2 —4— 300 ppm
6"’ —v— 500 ppm
X  00J —e— 700 ppm
O ' 900 ppm
(o))
< 0.2
2 , —
S /4 0 50 100 150 200 il
> -044p
0 1 L§3>§\ \
m -0-6 1 ” u\é.\\ viiiiiiiv
Ao A
1™"n g —mm
'08 T T T T T T T T
0 100 200 300 400 500 600 700

t/h

Figure 1. Eoc variation in 0.1 mol L NaCl solution for bare carbon steel and for samples protected with TEQS / MPTS
organic-inorganic hybrid coatings modified with different amounts of Ce** ions.

Fig. 2 shows the Bode plots for all studied
samples. The phase angle diagrams for the bare
substrate showed basically one time constant
centered at around 5 Hz (Fig. 2A) due to iron
oxidation. For the sample protected with the
nondoped coating, two time constants can be
clearly identified (Fig. 2B). The high frequency
(HF) one is related to the organic-inorganic hybrid
coating, and the other, in the low frequency (LF)
domain, is attributed to the interfacial response
(double layer charging in parallel with the charge
transfer resistance)'®?*?°. For the coatings doped
with Ce** ions (Fig. 2C-2F) a third-time constant
appeared in the medium frequency (MF) range.
This feature was associated to the presence of Ce
species within the organic-inorganic hybrid
coating, presenting a different relaxation behavior
than that exhibited by the coating and the substrate.
In the HF region, phase angles close to -90° were
always obtained for short immersion times,
indicating good barrier properties of the coating.
Afterwards a slow decay was observed for longer
immersion periods that can be related to coating
degradation due to electrolyte uptake?’. The
decaying rate is directly proportional to the coating
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protection capability: the more protective the
coating the slower the HF phase angle reduction.
Concomitantly, a reduction of the LF impedance
modulus occurs at variable rate depending on the
sample, indicating the progress of corrosion
processes at the interface.
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Figure 2. Experimental (symbols) and fitted (solid line)
Bode plots for (A) bare carbon steel, and for carbon steel
coated with TEOS / MPTS organic-inorganic hybrid
coating doped with different Ce** ions concentration /
ppm: (B) 0, (C) 300, (D) 500, (E) 700 and (F) 900, for
different immersion times in 0.1 mol L* NaCl.

The addition of Ce*" ions seems to play a
conflicting role in the anticorrosion properties of
the organic-inorganic hybrid coatings (Fig. 2 and
Fig. 1S, Supplementary data). For some
formulations (500 and 900 ppm) the doped coating
presented higher impedance than the nondoped
one, whereas for others (300 and 700 ppm) the
doping procedure damaged the protective
properties of the coating.

In previous works'**?? it has been reported
that the addition of Ce*" ions to the hydrolysis
solution provides an increase of the silanol groups
condensation rate to form a denser and cross-linked
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coating. In addition, in organic chemistry, these
ions are often used for the oxidation of alcohols **
182930 The proposed general mechanism for such
reaction shows that Ce** ions form complexes with
the ethanol molecules, which, when decomposed,
form free radicals that react with each other leading
to the polymerization of ethanol and / or silanol by
a polymerization redox reaction'®*. This redox
polymerization process is characteristic of ethanol
in the presence of Ce** ions. The complexes may
react with each other via free radical reactions
leading to polymerization, in a similar way as the
generic mechanism previously presented'®. The
effect of Ce** ions in the coating formation would
be twofold, besides increasing the polymerization
rate it would also promote the formation of silanol
groups as it shifts to the right the equilibrium of the
hydrolysis reaction (silanol formation). Therefore,
the effect of Ce**ions is to increase the reaction rate
among silanol groups leading to the formation of
more densely cross linked coating’®?***, The redox
polymerization of Ce*" ions also leads to the
formation of Ce* ions'****, However, the amount
of this latter ion being formed is insignificant, and
it would not be reasonable to consider an inhibiting
contribution effect due to the presence of Ce** ions
in the organic-inorganic hybrid solution/coating in
accordance with other authors®**?. In addition, the
molecule of MPTS can react with Ce*" ions by
redox polymerization due to the radical
polymerization process (see Supplementary data).
The MPTS molecule reacts with Ce** ions forming
the radical species of MPTS and reducing Ce** to
ce* ions (Fig. 1S, Supplementary data). After that
occurs successive additions of monomer to radical,
and the termination stage occurs with mutual
reactions of two radicals to form an inactive
polymer and can occur by combination. It has been
reported that the thickness of the organic-inorganic
hybrid coating increases in the presence of cerium
ions, which may result in higher impedance values
for modified coating'®'*%, Therefore, it would be
expected a steady increase of the impedance
modulus for increasing Ce** ions amounts added to
the hydrolysis solution.

However, this was not verified in the present
work where a thicker coating was obtained for the
hydrolysis solution modified with 500 ppm of Ce**
ions, which also presented the best anticorrosion
behavior. It happens likely because the addition of
Ce** ions to the hydrolysis solution above a certain
amount may lead to the decrease in the rate of
redox polymerization and crosslink formation®%.
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This results from the inactivation of the active
initiator species due to excess Ce*" ions
concentration  bringing  about  premature
termination®%,

As evidenced in Fig. 2B and 2C the addition of
300 ppm of Ce** ions to the hydrolysis solution
produced an organic-inorganic hybrid coating with
lower protection capabilities than the blank coating
(organic-inorganic hybrid coating without Ce**
ions). In addition, a complex impedance response
was verified, particularly for short immersion
periods, where an inductive loop was observed in
the LF domain (Fig. 1SA and 1SB, Supplementary
data). The literature shows that an inductive LF
response is obtained when iron dissolves in acidic
electrolyte®**. This has been ascribed to a
dissolution path involving the formation of
adsorbed species®™**. When dipping the substrate
in the hydrolysis solution, bonding of the silanol
functionality to the carbon steel surface must
compete with its dissolution by the acidic
electrolyte. Hence, if the adsorption process is not
very fast, acidic attack of the metal surface can take
place during the coating deposition and remnants
of the acidic hydrolysis solution may remain
entrapped beneath the coating. This could lead to
the attack of the substrate by the residual acid
during the initial stages of immersion in the NaCl
solution, as suggested by the shape of the Nyquist
diagram after 1 h immersion (Fig. 1S,
Supplementary data).

When larger amounts of Ce** ions (700 and
900 ppm) were used, a lesser protection of the
substrate was also observed, as lower values of
|Z|(=10mHz) Were obtained after 1 h of immersion
(about 25 and 32 kQ cm? — Fig. 2E and 2F) when
compared to the coating modified with 500 ppm
(Fig. 2D, |Z|¢=10mHz = 100 kQ cm?). These results
are in accordance with the thicknesses
determination that showed that the thickest layer
was obtained when 500 ppm of Ce* ions was
added to the hydrolysis solution. For higher
concentrations (700 and 900 ppm) it is considered
that a lower degree of polycondensation degree of
the siloxane bonds might occur due to the large
proportion of Ce** ions added to the hydrolysis
solution*®?>?**_This means that the increase of
cerium (IV) amount may provide more chances for
premature termination of the growing chain
radicals, and hence the polymerization degree is
decreased'**°. The hydroxyalkyl free radicals,
which are extremely reactive towards cerium (IV)
species, can have an oxidative termination of their
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primary free radicals generated in the initiation
step™®.

The impedance data were fitted using EECs to
have a better understanding about the protective
behavior of the coatings and their degradation. In
the EIS diagrams of Fig. 2, symbols and lines
correspond, respectively, to the experimental and
fitted diagrams. EECs combine the use of elements
such as resistors, constant phase elements,
capacitors, inductors, and others. To be meaningful
each passive element must have a physical-
chemical association with an interfacial process. In
addition, the fitting procedure must provide low
chi-squared (y°) and low errors for each estimated
value of the passive elements®’*’. The EEC of
Fig. 3A, composed of two time constants, was used
to fit the EIS data of the sample coated with
nondoped TEOS / MPTS. The values for each
fitted parameter for different immersion times are
presented in Table 1S (Supplementary data). The
good fit to the experimental results (Fig. 3B)
suggests that it may physically represent the
behavior of this sample.

(Figure 3B)

Figure 3. Electrical equivalent circuits used to fit the
impedance data for carbon steel coated with TEOS /
MPTS with no doping (A) and doped with Ce** ions (B).

For the HF time constant, attributed to the
organic-inorganic hybrid coating, CPE; is a
constant phase element associated with the coating
admittance (CPE:-T) and a value of a1 # 1 (CPE1-
P) can be related to a nonuniform permittivity
across the coating thickness due to electrolyte
uptake®**“°. The subcircuit associated with the
organic-inorganic hybrid coating is completed with
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R that represents the pore resistance. In the LF
region, the time constant represented by the
subcircuit CPE; in parallel with Rg, is related to the
double layer admittance and the charge transfer
resistance. In this case, a value of a3 # 1 suggests a
heterogeneous charge distribution at the surface
due to surface roughness, adsorption of species or
defects on the sample surface”* 2,

For the nondoped coating a gradual increase in
the value of CPE:-T (related to the coating
capacitance) is observed for increasing immersion
times (Table 1S, Supplementary data), indicating
progressive electrolyte uptake by the coating™**.
Concomitantly the pore resistance R: decreases
(Fig. 4A) indicating the enlargement /
multiplication of conductivity pathways through
the coating.
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Figure 4. Resistance values for the different time
constants of the electrical equivalent circuits presented
in Fig. 3 for doped and nondoped coating: (A) Ri, pore
resistance; (B) Ry, resistance of the cerium oxide/ions
within the organic-inorganic hybrid coating and (C) Rs,
charge transfer resistance.

Accordingly, pit formation can be observed
after 24 h, which must be a consequence of coating
disruption (Fig. 5A). This can be assisted by the
hydrolysis of the siloxane bonds within the coating,
further increasing its degradation. Sakai et al.** also
attributed the decrease of the pore resistance with
immersion time to the shift of the chemical
equilibrium of the hydrolysis reactions occurring
with water. From 48 h a great decrease of R; was
verified (Fig. 5C), indicating enhanced corrosion
activity at the interface, which was confirmed by
the photos taken of the electrode surface showing
large amount of corrosion products (Fig. 5A).

.
C
/

(Figure 5A)

(Figure 5B) |

(Figure 5D)

(Figure 5E)

Figure 5. Photos taken after the EIS measurements of
samples protected with TEOS / MPTS organic-
inorganic hybrid coating with different Ce** ions
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concentrations / ppm: (A) 0, (B) 300, (C) 500, (D) 700
and (E) 900.

In the next paragraphs the influence of Ce** ions
addition in the protective properties of the organic-
inorganic hybrid coating will be discussed on the
light of the EEC fitting procedures. For the samples
protected with the coating doped with 300 to 900
ppm of Ce** ions the EEC of Fig. 3B adequately
fitted the EIS experimental data (Tables 2S-5S,
Supplementary data). For this EEC, the time
constants at HF (CPE1//R1) and LF (CPE3//Rs) are
ascribed to the same phenomena as for the
nondoped coating. On the other hand, the time
constant at the MF (fitted with the CPE./R:
subcircuit) is attributed to the presence of Ce
incorporated into the organic-inorganic hybrid
coating, which final oxidation state will be
discussed in the second part of this manuscript.
Several studies indicated that Ce species added to
the hydrolysis solution may form
oxides/hydroxides covering part of the metallic
surface, and / or complexes located inside the
coating, providing greater protection to the
substrate***°, Paussa et al.**, using GDOES (glow
discharge  optical  emission  spectroscopy)
measurements, reported the formation of a Ce
compound layer on the substrate surface and inside
a ZrO, sol-gel coating, improving the corrosion
protection provided to the substrate, as verified by
EIS experiments. Similar behavior was observed
for epoxy coatings modified with pigments used to
protect an Al-Zn alloy against corrosion?’. In this
latter case, the impedance data were also fitted
using an EEC with three time constants at which
the MF one was assigned to the electrical /
electrochemical behavior of the pigments present
within the coating®’.

For all the coatings doped with Ce** ions the
values of CPE;-T increase (Table 2S-5S,
Supplementary data) and Ri decrease (Fig. 4A)
with immersion time, indicating that the protective
properties of the coating are being lost due to
electrolyte uptake. These changes occur at different
rates depending on the Ce amount added to the
hydrolysis solution. Among the studied samples,
the one doped with 500 ppm of Ce** ions showed
the slowest changes in these parameters (Table 3S,
Supplementary data) when compared to the others.
For this particular sample, the capacitive elements
CPE:-T and CPE»-T slightly increase between 1 h
and 408 h of test indicating slow electrolyte uptake
by the coating, which seems to maintain its
integrity (Fig. 5C), thus avoiding excessive
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exposure of the substrate to the electrolyte. During
this period, R: and Rz values decrease by about one
order of magnitude (Fig. 4A and 4B) indicating,
respectively, enhanced electrolyte penetration
through conductive pathways in the coating and
dissolution of Ce ions. For this time span, CPEs-T
decreases (Table 3S, Supplementary data) and R3
(corresponding to the charge transfer resistance)
presents very high values and keeps increasing up
to 400 h (Fig. 4C), indicating, respectively, that the
reaction rate at the interface is low and that it is
progressively hindered. Considering the physical
model for the EEC, it is hypothesized that
dissolved Ce ions could migrate to cathodic sites
precipitating®®***>. The blockage of the cathodic
reactions would, consequently, avoid the metal
oxidation and, apparently, impart some self-
healing properties to the protective coating, as
proposed by different authors*®*’.

For longer immersion times (432 h) CPE:-T
increases by approximately one order of magnitude
whereas CPE,-T becomes fifty times higher than at
the beginning of the exposure period (Table 3S,
Supplementary data). This indicates, respectively,
that the protective properties of the coating have
been seriously damaged and that much of the Ce
ions entrapped within the coating has been
dissolved. For this immersion time, visual
corrosion of the substrate could be observed, which
increased with immersion time (Fig. 5C).

For the other studied samples (doped with 300,
700 or 900 ppm) the same tendencies for the CPE
and R were observed, but with higher degradation
rates (see Fig. 4A, 4B and 4C, Fig. 5B, 5D and 5E
and Tables 2S, 4S and 5S, Supplementary data),
and with no clear sign of self-healing properties,
which could be ascribed to very defective coatings
(note the steep decrease of R; (Fig. 4A) and R2
(Fig. 4B) for these samples). Finally, it must be
stressed that, for all investigated samples, o values
were between 0.9 and 0.6, indicating
heterogeneities in the coating properties and
heterogeneous charge distribution on the metallic
surface.

Fig. 5 shows photos of the samples surfaces
after each EIS measurement. Pitting is observed
after 24 h immersion for the samples protected with
the organic-inorganic hybrid without and with 300
ppm and 700 ppm of Ce*" ions (Fig. 5A, 5B and
5D). On the other hand, localized corrosion was
initiated after 96 h for the coating doped with 900
ppm (Fig. 5E) and after 432 h for the sample
prepared with 500 ppm of Ce** ions (Fig. 5C).
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These results were highly coherent with the EIS
ones confirming that this latter formulation
presents the best substrate protection against
corrosion. They are also coherent with the
thicknesses of the coatings presented in the
experimental part.

The sample protected with the modified coating
with the best electrochemical response (500 ppm of
Ce** ions) and the unmodified one (reference) were
observed by SEM. Fig. 6 presents SEM images of
these samples surfaces prior to (A and C) and after
(B and D) 240 h immersion in the test electrolyte.
Before the corrosion test, the coatings were defect-
free and completely covered the substrate surfaces
(Fig. 6A and 6C). Before immersion, the maps of
elements for these samples (Fig. 2SA and 2SB)
show uniform distribution of C, O and Si all over
the surface and Fe was not detected. On the other
hand, after the completion of the corrosion test, the
sample protected by the organic-inorganic hybrid
coating without Ce showed cracks distributed
throughout the surface (Fig. 6B), indicating a high
degree of degradation. This can be attributed both
to a low degree of polycondensation and to the
hydrolysis of the siloxane bonds due to electrolyte
uptake, generating these preferential pathways for
the onset of the corrosion process at the substrate
surface”’ as also detected in the EIS experiments.
The EDS microanalysis of this sample after 240 h
of test (Fig. 2SC, Supplementary data) showed the
presence of iron, especially near the cracks,
confirming the existence of preferential corrosion
sites. For the sample protected by the coating
modified with 500 ppm of Ce** ions, cracks and
surface defects were not observed, even after 240 h
of immersion (Fig. 6D), indicating that the integrity
of the coating was maintained, corroborating the
good EIS results. EDS analysis (Fig. 2SD,
Supplementary data) did not identify iron on this
sample surface, confirming that the coating acted
as an effective barrier, preventing the electrolyte to
reach the substrate.

= lpm  IQ-UNESP 7/16/2014
2.00kV SEI SEM WD 8.0mm 9:10:57

—— 10pm IQ-UNESP 7/16/2014
2.00kV SEI SEM WD 8.0mm 9:19:58

(Figure 6B)

- (Fiure 6C)
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(Figure 6D)
Figure 6. SEM images for the coatings TEOS / MPTS
doped with different Ce**ions concentration / ppm: (A)
0 and (B) 500 before immersion; (C) 0 and (D) 500 after
400 h immersion in 0.1 mol L NaCl.
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3.2. Strategy to identify Ce ions within the organic-
inorganic hybrid coating

To make one step ahead in the interpretation of
the role of Ce*" ions in the corrosion protection
afforded by these organic-inorganic hybrid
coatings, it is necessary to have some insight about
their effective presence within the coating structure
as well as about their oxidation state, which is a
complex task considering the low amount of this
modifier added to the hydrolysis solution. Only few
works®** have detected the presence of Ce in
organic-inorganic hybrid coating, but its amount
needs to be, in general, higher than that used in the
present investigation. Paussa et al.**, using GDOES
measurements, reported the presence of a thin Ce
layer on the substrate surface and inside the ZrO,
coating. Cerium (I11) and cerium (1V) species were
detected in polysiloxane hybrid by the
deconvolution of the complex Ce 3d spectrum of
the XPS analysis?>?*. In general, the main problem
for the XPS analysis is the amount of Ce ions in the
sample, lower than the detection limit of the
equipment. In addition, photooxidation of Ce ions
during XPS measurements has also been
reported”. Therefore, attempting to assess/identify
the presence of Ce ions in the organic-inorganic
hybrid coating, XPS, LIBS and UV-Vis techniques
were used.

Figs. 7 and 8 show, respectively, the XPS
spectra for the Cls, Ols and Si2p for samples
coated with the organic-inorganic hybrid coating
without and with 500 ppm of Ce*" ions. Table 1
shows the binding energy values, peak areas and
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full  width at half-maximum  (FWHM)
determinations. In the Si2p (Fig. 7C and 8C) and
O1s (Fig. 7B and 8B) spectra, it is important to
highlight the presence of two peaks that
characterize the siloxane (Si-O-Si) structure and
the polycondensation degree of the organic-
inorganic hybrid coating®®>". The first peak in the
Ols spectrum (= 533 eV) is assigned to the oxygen-
silicon (Si-O-Si) bond; the second peak in the Si2p
spectrum, at 103.7 eV, is related to the formation
of connection strings (SiOz) in the organic-
inorganic hybrid structure®*. However, the
distortion in the SiO, binding energy was not
accessed, the difference between dopant-modified
and unmodified coatings is within the experimental
error (Table 1), probably because the low Ce** ions
concentration. But the peak intensity at 103.7 eV
for both coatings can be compared: for the doped
coating (Fig. 8), the intensity of this peak was
3.5%, a slightly higher value than that to the
nondoped coating, suggesting an increase in the
polycondensation degree of the organic-inorganic
hybrid coating®®***°. A comparison of the effect of
Ce obtained in this work with that of literature?*°
is impaired, since dopant concentration is ~15x
smaller. This structure extends throughout the
material, resulting in a denser and more effective
barrier against corrosion, supporting the results of
microscopic  analyses and  electrochemical
measurements. For the Cls (Fig. 7A and 8A)
spectra different chemical environments were
observed for both samples. The coating without the
dopant shows two sharp peaks at 285 eV and
287 eV related, respectively, to alkyl CCH and C-
O structure connections, whereas for the doped
sample only the peak at 285 eV is sharp, the other
one is quite smooth and low. This different
chemical environment for the nondoped sample
can be attributed to a lower polycondensation
degree of the organic-inorganic hybrid structure
and/or to the presence of a larger amount of organic
phase incorporated to the organic-inorganic hybrid
structure. The presence of Ce ions was not detected
in the XPS measurements, probably because its
amount within the coating is lower than the
detection limit of the equipment. In some studies,
spectra resolved for Ce were only possible with the
use of quantities greater than 1000 ppm*°?*, For the
same reason LIBS measurements were
unsuccessful in detecting Ce in the coating
composition when concentrations below 1000 pm
were used.
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Table 1. Results of fitting XPS spectra for samples protected with the organic-inorganic hybrid

coating with 0 and 500 ppm of Ce(lV). Estimated error in areas is lower than 2.5%.
0 ppm 500 ppm

BE FHWM Area BE FHWM Area

284.9 1.67 59.36 284.9 1.57 62.72

286.2 2.00 14.02 286.6 1.56 32.34

cls 288.8 1.70 14.21 288.2 1.29 3.21
289.0 1.73 12.42 289.3 1.30 1.73

530.7 1.42 3.18 530.7 1.41 2.32

O1s 532.5 1.71 83.07 532.7 1.71 92.83
533.7 1.94 13.76 534.1 1.87 4.84

] 102.6 1.68 27.68 102.4 1.56 25.17
>i2p 103.3 1.81 72.32 103.4 1.90 74.83
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Figure 7. X-ray photoelectron spectra for the Cls, O1s and
Si2p for the organic-inorganic hybrid coating without Ce**
ions: (A) C 1s, (B) O 1sand (C) Si 2p.
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Figure 8. X-ray photoelectron spectra for the C1s, Ols
and Si2p for the organic-inorganic hybrid coating
doped with 500 ppm of Ce**ions (A) C 1s, (B) O 1s
and (C) Si 2p.

that increases the atomization process. The

Fig. 9 shows LIBS spectra for the coatings
main lines at 570 nm and 590 nm observed in

without and with 1500 ppm of Ce*" ions

prepared in the same conditions as those
previously reported (subsection 2.2) and
deposited onto copper substrate to avoid the
strong interference of iron in Ce analysis®*. To
improve the sensibility for Ce detection, one
spectrum was obtained with a shearing system

spectra of Fig. 9A and 9B can be attributed to
Si and the lines at 594 nm (Fig. 9C) and 428
nm (Fig. 9D) are attributed to Ce?*, confirming
the presence of this specie within the coating
structure.
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Figure 9. LIBS spectra obtained for pellets of free-standing organic-inorganic hybrid coating nondoped (A) and (B).

Doped with 1500 ppm of Ce** ions (C) and (D).

Fig. 10 shows the UV-Vis spectra of cerium
(1) nitrate, cerium (IV) sulfate aqueous
solutions, and of Ce ions extraction from
freestanding coating doped with 500 ppm of
cerium (I11) or cerium (1V) salts in naturally
aerated deionized water (pH 6.5). Two main
relatively wide bands were observed at around
280 nm and 250 nm attributed to the charge
transfer transition from oxygen to the d-Ce(IV)
orbital and to f-d Ce(lll) transition,
respectively®>°3, Three main information are

highlighted from these spectra: (a) Ce is
present inside the doped freestanding coating
and can be at least partially extracted with
water, indicating that a certain amount of Ce is
probably not strongly bonded to the organic
molecules of the organic-inorganic hybrid
coating; (b) Ce is mainly in the cerium (I1V)
oxidation state regardless if the doped coating
were prepared using cerium (II1) or cerium
(IV) salts; (c) a small amount of cerium (1V)
species is present in the cerium (111) nitrate salt.
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Figure 10. UV-Vis spectra of aqueous solution containing cerium (111) nitrate, cerium (1V) sulfate and solutions of cerium
ions extraction, in the presence of oxygen, from the coating doped with 500 ppm of cerium (111) or cerium (1V) salts.

UV-Vis spectra were also obtained for aqueous
solution resulting from Ce ions extraction from the
organic-inorganic hybrid coating doped with
different amounts of cerium (I1V) species (Fig. 3S,
Supplementary data). From these spectra, the
intensity of the peaks follows the order: 900 ppm >
500 ppm > 300 ppm, indicating that the quantity of
Ce ions extracted is proportional to its content in
the doped coating. To have an idea about the
amount of Ce*" ions extracted from the
freestanding coating, an analytical curve was
constructed for Ce** ions (Fig. 4S, Supplementary
data), the result was a straight line indicating that
the amount of Ce ions liberated from the doped
coating is proportional to its amount in the doped
coating. Sequentially, 3 g of freestanding doped
coating (TEOS / MPTS with 500 ppm cerium (V)
ions) was immersed in 3 mL of purified water (pH
6.5) and after extracting for 15 days, the solution
was filtered and analyzed by UV-Vis
spectrophotometry. The absorbance of the filtered
solution was 0.27 corresponding to 35 ppm of Ce**
ions, which means 35 ug cerium (IV) / g of
freestanding doped coating. Based on the nominal

composition, the free-standing doped coating has
654 ug cerium (1V) / g, which means that around
only 5% of Ce was extracted from the coating.
These results also confirm that such amount of Ce
is almost impossible to be detected by XPS or LIBS
techniques.

Considering that the solution of Ce ions
extracted from the freestanding coating doped with
cerium (I11) salt also showed the band at around
280 nm with similar shape to that acquired from the
coating doped with Ce** ions, extraction of Ce ions
from doped coating was performed in inert
atmosphere by bubbling purified argon into the
water before and during extraction (Fig. 11). For
these experiments, the solution obtained by
extracting Ce ions from the freestanding coating
doped with cerium (I11) salt shows a band at around
254 nm (characteristic of Ce®*" ions) and a stronger
band at around of 276 nm characteristic of Ce**
ions. However, for the solution obtained from the
coating doped with cerium (IV) salt, only the band
attributed to cerium (I1V) was observed. This result
suggests that, in both doped coating, Ce is mainly
present as cerium (V) species.
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Figure 11. UV-Vis spectra of aqueous solutions of cerium ions extraction in the absence of oxygen from the coating

doped with 500 ppm of cerium (I11) or cerium (1V) salts.

For comparison with the experiments
performed with the extraction from the
freestanding coating doped with cerium, UV-Vis
measurements were performed with solid organic-
inorganic hybrid coating deposited onto glass
(Fig. 5S, Supplementary data). For organic-
inorganic hybrid coating doped with cerium (1V)
ions and with cerium (I11) ions one relatively wide
band was observed in the range of 250 - 270 nm. In
the similar wavelength range one band was
observed and assigned to the UV-Vis spectrum of
the Ce(S0Q.), crystals. Therefore, for the coating,
Ce is mainly in the cerium (IV) oxidation state
regardless if the doped coating was prepared using
cerium (I11) or cerium (1V) salts.

The results reported above indicated that cerium
(V) species react with ethanol and accelerate the
radical formation and the polymerization process to
form the organic-inorganic hybrid coating.
Therefore, it would be expected a spectrum
characteristic of cerium (IlIl) species when the
cerium was extracted from the doped coatings.
Surprisingly, the main species observed in the
extracted solution was cerium (IV) species
independent on the oxidation state of the Ce ions
added to the hydrolysis solution. The presence of
cerium (IV) species into the lixiviated solution can
be explained admitting the oxidation of cerium (I11)
to cerium (IV) species in the presence of oxygen,
according to the equations®>*:
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4Ce(OH )" + O, +2H,0 — 4Ce(OH ),”

1)

4Ce* + O, + 6H,0 —4Ce(OH),* + 4H*

2)
4Ce* + O, + 14H,0 —»4Ce(OH), + 12H" (3)

4Ce* + O, + 6H,0 —4Ce0, + 12H*

(4)

AFM analysis (Fig. 6S) reinforces the presence
of cerium (IV) inside the TEOS/MPTS organic-
inorganic hybrid coating as following: an uniform
and homogeneous surface without the presence of
precipitates is observed for the organic-inorganic
hybrid coating modified with cerium (IV) ions
(Fig. 6SA, Supplementary data), while a surface
with small precipitates at metal surface, possibly
cerium oxides / hydroxides, is observed for the
organic-inorganic hybrid coating doped with Ce**
ions (Fig. 6SB, Supplementary data).

Trabelsi et al.® have studied the effect of cerium
(11)-doping of silane solutions in the protection of
galvanized steel and also observed cerium (IV)
species formation. Several possibilities can explain
the presence of cerium (IV) species: (a) oxidation
of Ce(OH); to CeO, as consequence of the

(precip)

Eclética Quimica Journal, vol. 44, n. 4, 2019, 27-56
ISSN: 1678-4618
DOI: 10.26850/1678-4618eqj.v44.4.2019.p27-56


https://doi.org/10.26850/1678-4618eqj.v44.4.2019.p27-56

Original article

corrosion reactions caused by anodic areas
formation on the steel surface; (b) generation of
hydrogen peroxide as consequence of the oxygen
reduction during cathodic reaction; (c) in solution
oxidation of Ce** ions to Ce(OH),** ions and
further precipitation of CeO,; (d) dismutation solid
state reaction of Ce(OH)s to form CeO- and (e) a
possible oxidation of Ce®* ions to Ce** ions inside
the film.

According to a parallel study of the cerium ions
effect on the precursor solutions, Ce** ions would
be reduced to Ce*" ions during the polymerization
redox reaction to form organic-inorganic coating
(Fig. 1S, Supplementary data), and a fraction of
Ce* ions could be re-oxidized to Ce** ions via one
or more reactions represented in Eq. 1-4. The Ce*
and Ce** ions may be trapped inside the coating
and, as the coating may undergo some hydrolysis
in contact with water / electrolyte, these ions are
released / lixiviated from the coating and detected
by the UV-Vis analysis. This process is reinforced
by the AFM results described above. Therefore,
Ce* ijons may be present in the as-prepared
organic-inorganic hybrid coating as trapped-like
species. Briefly, it is proposed that part of Ce
species present in the doped organic-inorganic
hybrid coating is relatively free or trapped within
the coating structure as soluble and can be partially
removed by extraction with water or partial
hydrolysis of the coating.

4. Conclusions

The influence of the addition of Ce** ions to the
hydrolysis solution on the protective properties of
a TEOS / MPTS organic-inorganic hybrid coating
was investigated. The results demonstrated that
when added at an appropriate amount (in the
present case 500 ppm) the dopant can greatly
improve the barrier and protective properties of the
organic-inorganic hybrid coating, as demonstrated
by EIS results.

XPS measurements have shown that the
improvement of the barrier properties of the
coating can be ascribed to the formation of a denser
siloxane (Si-O-Si) network in the presence of
cerium (1V) ions.

An experimental strategy designed using LIBS
have evidenced the presence of Ce ions within the
coating structure, whereas UV-Vis experiments
evidenced that Ce is mainly present in the (IV)-
oxidation state.

44

A mechanism was proposed where cerium (I11)
ions from the redox polymerization reaction may
be oxidized back to cerium (V) species mainly by
the presence of oxygen.
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Supplementary data

Influence of Ce(lV) ions amount on the electrochemical behavior of
organic-inorganic hybrid coatings in 0.1 mol L1 NaCl solution

Figure 1S shows the Nyquist plots for coated samples containing different amounts of Ce(IV).
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Figure 1S. Experimental (symbols) and fitted (solid line) complex plane plots for carbon steel coated with TEOS / MPTS
doped with Ce(1V) ions: (A) 0 ppm, (B) 300 ppm, (C) 500 ppm, (D) 700 ppm and (E) 900 ppm with different immersion
times in 0.1 mol L NaCl.

Comparing the different diagrams, it can be verified that the coating doped with 500 ppm provides the
highest impedance response, confirming the best protection of the substrate. For a given frequency, f=10 mHz,
the highest Z.a value was obtained for this sample (about 450 kQ cm?) while for the other samples the
maximum value was near 50 kQ cm? (300 ppm). Even after 408 h immersion this coating showed a Ziea
(f=10 mHz) around 200 kQ cm?, which is much higher than for the remainder of the samples at the beginning
of their exposure period.
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Figure 2S shows the maps of elements distribution for the hybrid coating with 0 and 500 ppm Ce** ions
before immersion and EDS spectra after 240 h of immersion in 0.1 mol L NaCl solution.
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Fig. 2S. Maps of elements distribution for the hybrid coating: (A) 0 ppm and (B) and 500 ppm Ce** ions before immersion
and EDS spectra for samples with (C) 0 ppm and (D) 500 ppm Ce** ions after 240 h of immersion in 0.1 mol L NaCl
solution.

As mentioned in the main part of the manuscript different techniques were used trying to get information
about the presence of cerium in the hybrid film and its main oxidation state. In this way, XPS, LIBS and UV-
Vis analysis were performed. Due to the low concentration of cerium species in the hybrid films both XPS and
LIBS techniques failed in detecting these ions in the hybrid film. However, insight on the presence and nature
of cerium species in the doped film were obtained using UV-Vis technique.

Figure 3S shows the spectra obtained for aqueous solution resultant of extraction of cerium species from doped
hybrid coatings prepared with different concentrations of Ce(IV) species.
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Figure 3S. Spectra obtained for aqueous solution resultant of extraction of
cerium species from doped hybrid coatings prepared with different
concentrations of Ce(lV) species.
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Figure 4S. Analytical curve for Ce(IV) ions (Ce(SO4)2) in aqueous solution at
pH 6.5.
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Figure 5S. Spectra obtained for cerium salt, glass and solid hybrid films with 0 ppm
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Figure 6S. AFM images from TEOS / MPTS hybrid films prepared with: (A) 300 ppm Ce(l11) and (B) 300 ppm
of Ce(1V).
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Table 1S. Results of the fitting procedure of the experimental EIS data with the EEC presented in
Fig. 4 for a carbon steel sample coated with TEOS / MPTS and 0 ppm Ce(IV) in 0.1 mol L™ NaCl

solution.

Time /h 1 8 24 48 96 144
CPE;-T/pFem?s*!  0.13(2)°  0.4(4) 13(12)  4.4(2.4) 3.2(6) 1.5 (11)
o1 0.78(0.2) 0.70(0.5) 06(L7)  05(3.6) 05 05
R1/kQ cm? 70(04) 1.1(03) 066(L.0) 030(1.4) 016(0.8) 0.10(0.5)
CPEs-T/pFem?se!  57(0.5)  84(0.4)  107(1.0) 154 (16) 174 (L8) 277 (L2)
02 0.7(06) 07(03) 073(05) 072(0.8) 07(0.7)  0.8(0.5)
Rs/kQ cm? 103(27)  59(L7)  107(6.2) 27(64) 51(17)  2.7(L0)
%2 1107 0.6 0.4 17 05 0.7 0.3

* The % errors associated with each estimative are given in parentheses.

Table 2S. Results of the fitting procedure of the experimental EIS data with the EEC Fig. 5 for
carbon steel coated with TEOS / MPTS doped with 300 ppm of Ce(1V), in 0.1 mol L™ NaCl.

Time /h 1 8 24 72 120 192
CPEL-T/ pFom 2 5! 0('2)(18 003(35) 086(56) 11(12) 18(19) 2.0 (L9)
o 09(02) 080(0.3) 058(07) 056(15) 053(26) 05
Ry /KO om? 16(0.9) 82(2) 044(03) 024(03) 017(06) 0.13(0.3)
CPE»T/pFem?se!  005(10) 13(27)  508(3)  649(6)  288(12) 184 (15)
a2 1.0 07  050(L3) 073(18) 0.68(28) 0.65(3)
Re/kQ cm? 46(16) 18(96) 32(11) 093(18) 021(84) 0.14(11)
CPEsT/pFem?se!  0.72(3) 5.5(95) 302(7.7) 368(12) 509 (6.8) 342 (8.7)
as 07  07(32) 092(43) 089(45) 082(2) 0.65(L5)
Rs/ kQ cm? 34(27) 66(53) 13(62) 11(20) 32(07) 3.0(05)
21107 0.20 0.20 0.17 0.60 0.41 0.12

* The % errors associated with each estimative are given in parentheses.

Table 3S. Results of the fitting procedure of the experimental EIS data with the EEC Fig. 5 for
carbon steel coated with TEOS / MPTS doped with 500 ppm of Ce(1V), in 0.1 mol L™ NaCl.

Time /h 1 96 216 408 432 528 688

CPErT/pFem?se! 0,016 (3)° 0.04(1.5) 0.05(L.7) 007(L7) 0.1(3.6) 0.45(45) 2.0 (2.4)
w 0.88(0.4) 081(02) 081(02) 079(0.2) 0.7(0.4) 0.67(0.5) 05

Ri/kQ cm? 60(2)  85(05)  85(04) 55(0.3) 21(0.3) 0.62(0.2) 0.11(0.2)

CPE»T/pFem2se! 2 (15) 6.2(16)  6.2(16)  7.2(14) 107(9) 221(6.8) 279 (15)

w 0.65(6.4) 0.8(36) 08(36) 084(29) 076(3) 075(1) 0.7(2.8)

R / kQ cm? 106 (11) 16 (29) 16 (29) 13(28) 51(23) 1.0(16)  0.20(25)

CPEsT/pFem?2se!  7.64(5)  47(23)  47(23)  45(23) 96(12) 136(12) 200 (21)

o 083(3) 079(35) 079(35) 081(31) 08(38) 085(32) 0.7(3.9)

Rs / kQ cm? 3510 (12) 27500 (11) 16000 (11) 47300 (27) 95(3.2) 35(1.8)  3.3(1.3)
21107 1.69 0.13 0.13 0.11 0.39 0.26 0.18

* The % errors associated with each estimative are given in parentheses.
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Table 4S. Results of the fitting procedure of the experimental EIS data with the EEC Fig. 5 for
carbon steel coated with TEOS / MPTS doped with 700 ppm of Ce(1V), in 0.1 mol L™ NaCl.

Time /h 1 8 24 48 72 144
CPE-T/pFem?se!  0.15(5.4)* 0.47(4.3) 1.0(6.6) 49(05) 50(3)  2.2(L0)
o 0.74(0.6) 0.68(0.5) 0.62(0.9) 0.5 05 05
R1/kQ cm? 25(1.8) 1.0(03) 046(0.3) 0.35(0.1) 0.28(0.6) 0.15(0.1)
CPE»T/pFem?se!  37(18) 170 (L6) 203 (85) 242 (55) 237(3.6) 355 (4.8)
o 0.68 (3.1) 0.7 0.78(2.0) 0.78(L3) 0.7 0.7 (1)
R> / kQ cm? 1.8(45) 51(11) 1.3(24) 1.0(15) 0.49(9.6) 0.39(11)
CPEsT/pFem?se!  149(0.4)  65(4)  105(16) 128 (10) 153 (5.7) 176 (10)
o 050(10) 09(3) 0.84(45) 086(3) 0.89(L.8) 0.78(2.4)
Rs / kQ cm? 43(4)  17(37) 14(18) 12.8(08) 10(15)  5.2(0.6)
21107 0.13 0.41 0.20 0.15 1.8 0.10

* The % errors associated with each estimative are given in parentheses.

Table 5S. Results of the fitting procedure of the experimental EIS data with the EEC Fig. 5 for
carbon steel coated with TEOS / MPTS doped with 900 ppm of Ce(1V), in 0.1 mol L™ NaCl.

Time /h 1 8 24 48 96 172
CPE-T/pFem?2s!  0.05(3)° 0.18(3) 0.25(5) 0.32(45 14(77) 27(@3)
o 0.81(0.3) 0.73(0.3) 0.72(0.6) 0.70(0.5) 0.58 (1.0) 05
R1/kQ cm? 6.4(10) 22(03) 1.0(04) 0.8(03) 0.50(0.6) 0.19(0.7)
CPE»T (UFcm2s)  1.4(8) 89(42)  95(23) 130(17) 133(17) 186 (16)
o 0.74 (2) 0.7 079 (5.4) 0.79(42) 0.73(42) 0.64(3.6)
R / kQ cm? 37(24) 14(77) 06(20) 0.78(20) 0.5(15)  0.45(16)
CPEsT/pFem2s=! 207 (0.7) 123(27) 166(13) 165(14) 217(11) 214 (14)
o 0.64(0.8) 0.73(1) 077(4) 079(28) 0.81(27) 0.79(3.8)
Rs / kQ cm? 57(32)  47(2) 27(1)  37(1L0)  21(2) 13 (4)
21107 0.10 0.36 0.24 0.19 0.41 1.2

* The % errors associated with each estimative are given in parentheses.
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