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The aim of this work was to investigate the effect of the cerium concentration on the morphology and
anticorrosion performance of cerium-silane hybrid coatings on hot dip galvanized (HDG) steel
substrates. 3-glycidoxypropyltrimethoxysilane (GPTMS) and bisphenol A (BPA) were employed as
precursors to prepare the sol-gel based silane coating. Cerium nitrate hexahydrate was added to the
silane coatings as dopant in five different concentrations. The morphology of the coatings before and
after the corrosion test was examined by scanning electron microscopy (SEM), indicating an effect of
the cerium concentration. Very low and very high cerium concentrations deteriorate the corrosion
inhibition in the sol-gel matrix and consequently, there is an optimum concentration of cerium nitrate.
Accelerated salt spray testing showed that corrosion near an artificial scratch is blocked efficiently by
high cerium nitrate contents, whereas uniform corrosion is inhibited effectively with comparatively
low ceria contents. Electrochemical studies indicate a general beneficial effect of the incorporation of
cerium nitrate, although the performance of the coated substrate depends on the cerium nitrate content.
The results of electrochemical impedance spectroscopy (EIS) and electrochemical polarization
confirmed that the corrosion resistance of the coatings initially increases and then decreases as the
cerium concentration goes up. Optimal corrosion resistance was obtained at a cerium concentration of
0.05 M.

Keywords: Galvanised steel; Dopant concentration; Corrosion protection; Cerium nitrate; Sol-gel
coating.

1. INTRODUCTION

One of the most common problems in industry is the degradation of materials due to corrosion.
Certainly, corrosion cannot be avoided but its occurrence can be controlled and it can be delayed by
using well-designed alloys, corrosion inhibitors, protective coatings or by applying cathodic protection
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[1]. Chromate coatings provide an excellent protection against corrosion. However, the widely used Cr
compounds have been banned in Europe since 2007 and soon worldwide due to their highly
carcinogenic effect [2-3].

For this reason, research has focused towards the development of green alternative coatings [4].
Lanthanide ions, such as Ce**, Y**, La**, Pr¥*, Nd**, seem to fulfil the basic requirements as alternative
corrosion inhibitors [5]. These elements form insoluble hydroxides and have a low toxicity [4-5]. In
addition, lanthanides are economically competitive products, since some of them in particular cerium
are relatively abundant in nature [4, 6- 7].

Cerium doped sol—gel coatings are actively investigated for the surface pre-treatment of metals
and alloys. Positive results have been obtained with aluminium and its alloys [8-11], magnesium and
its alloys [12-13] and steel [5, 14-18]. Similar as pure sol—gel coatings, the cerium doped ones can also
form a dense barrier, which hinders the penetration of electrolyte towards the metal surface. The
important difference between them is that cerium doped sol—gel coatings display self-healing abilities,
which can automatically repair the damaged areas, providing a long-term corrosion protection [1].

Also cerium-silica hybrid coatings have been investigated as prospective pre-treatments for
many metallic substrates. For instance, Trabelsi [19] and Zhong et al. [1] studied the electrochemical
behaviour of Ce-doped silane hybrid coatings on galvanized steel and magnesium alloy AZ91D,
respectively. They found that the protective behaviour of the pre-treatments based on Ce-doped silane
solutions depends on the dopant concentration. The results also suggest that there is an optimum
concentration of dopant as higher or lower concentrations lead to a negative effect in the coating
barrier properties. Villegas and co-workers [20] investigated the electrochemical properties of cerium-—
silica sol—gel thin films on zinc panels. They found that the critical concentration of the anticorrosive
pigment (Ce®" salts) was in the 0.2-0.6 range (wt.%). Above this concentration, defects were observed
in the sol—gel film. Aparicio and co-workers [8] studied the effects of Ce-containing sol—gel coatings
reinforced with SiO; nanoparticles on the protection of AA2024. The results show that the
incorporation of cerium ions in the coating induced an inhibition action. However, the interaction of
the cerium pigments with the silica network usually leads to significant shortcomings in the coating
stability and the activities of the cerium pigments [2]. Therefore, the cerium concentration has to be
carefully controlled to overcome these shortcomings as much as possible.

A few studies have reported on the effect of the cerium concentration on the properties of the
coatings [19, 21]. Information on the influence of the cerium concentration on morphology and
anticorrosion performance remains, however, still limited in the literature and hence needs further
investigation. Therefore in addition to previous studies [5, 17-18], the present work investigates the
effect of the cerium concentration on the morphology and anticorrosion performance of cerium-silica
hybrid coatings on hot dip galvanized steel substrates (HDG) pre-treated with 3-
glycidoxypropyltrimethoxysilane (GPTMS) solutions doped with cerium nitrate. The morphological
features of the coated substrates before and after corrosion tests were evaluated by scanning electron
microscopy (SEM). Additionally, the corrosion behaviour of the sol-gel coatings was investigated
using natural salt spray tests, electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization tests.
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2. EXPERIMENTAL

2.1. Sample preparation

The silane solution was prepared by adding 4.084 mL of 3-glicidoxypropyltrimethoxy silane or
GPTMS (Merck) to 0.5 mL of HCl-acidified water (pH = 2) (H,O/Si mole ratio = 0.5 [22]). The
solution was placed in a sealed beaker and stirred at room temperature for 20 min at a rate of 240 rpm
to hydrolyse and condensate the silane precursors. Ce(NO3)3.6H,O (Fluka) was used as cerium source
and was added at the end of this step of synthesis, followed by stirring for 10 min. The Ce/Si mole
ratio was 0.000, 0.001, 0.005, 0.010, 0.050 and 0.100, respectively. In a following step, 2.111 g of
bisphenol A (BPA) (Merck) was added to the solutions as a cross-linking agent (BPA/Si mole ratio =
0.5). The latter has shown to have a significant effect on the morphology and corrosion resistance of
the coating [5]. BPA was dissolved by mixing the solution for 80 minutes. To accelerate the
condensation reaction, 0.0152 mL of 1-methylimidazol (MI) (Merck) (MI/Si mole ratio = 0.01) was
added to the solution, followed by stirring for 5 min. The result was a clear and colourless homogenous
solution.

The metallic substrate consisted of hot dip galvanized steel coupons (4.98 cm? area and 0.1 cm
thickness for the SEM measurements and electrochemical tests) and plates (7 cm x 15 cm x 0.1 cm for
the salt spray tests). The zinc coating has a weight of approximately 140 g/m? and a thickness of
approximately 10 um. The galvanized steel specimens were degreased using an alkaline cleaner.
Following the cleaning, the substrates were washed with distilled water, dried in air and immersed in
the silane solution for 60 s. The coated specimens were dried at room temperature for 24 hours and
subsequently submitted to a 25-130 °C curing process for 90 minutes to initiate extensive cross-linking
in the hybrid films [17]. The coating thickness was measured by profilometry (Check line 3000 pro,
Germany).

2.2. Analytical methods

Scanning electron microscopy (SEM) measurements were performed with a XL30 SEM
microscope (FEI). The aim was to characterize the surface morphology of the coated substrates before
and after 144 hours immersion in a 3.5 % NaCl solution. Secondary electron images were collected at
15 kV.

The corrosion performance of the coated substrates was evaluated in a neutral salt spray test,
following the ASTM B117 procedure [23] by employing a 5 % NaCl solution. Prior to exposure, the
back and the edges of the plates were covered with adhesive tape. An artificial scratch was made in the
coating that reached the substrate to examine possible delamination. Visual assessment of the
macroscopic surfaces was carried out at various time intervals during the total exposure time (336
hours).

Electrochemical impedance measurements (EIS) and potentiodynamic polarization tests were
carried out to monitor the corrosion performance of silane-treated galvanized steel substrates in a 3.5
% NaCl solution using an Autolab PG-STAT 20 potentiostat equipped with a frequency response
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analyzer module. A three-electrode system was used, in which a Ag/AgCIl KCls,; electrode, a platinum
mesh electrode and the sample were used as reference, counter, and working electrodes, respectively.
The EIS measurements were performed at the open circuit potential. The data were obtained as a
function of frequency (frequency range of 10° Hz to 10 Hz), using a sine wave of 10 mV amplitude
peak to peak. All EIS measurements were carried out at room temperature and the samples were
immersed in the electrolyte solution 30 min before the data were acquired and measurements were
performed periodically. For each experiment, measurements were repeated four times. Impedance
fitting was performed using the appropriate equivalent circuits by means of Z-view software (Scribner
Associates Inc.).

The potentiodynamic measurements were taken within the range of -1500 to 1000 mV versus
AQ/AQCI KClgy at a rate of 1 mV/s. Also here measurements were performed four times. The Tafel
extrapolation method (conducted according to the ASTM Standard G3-89, 2004) [24] was utilized for
determining lcorr and Ecorr.

3. RESULTS AND DISCUSSION

3.1. Surface morphology before and after the corrosion test

Figure 1 shows that the microstructural features before the corrosion test of the non-doped and
the 0.05 M cerium doped silica coatings reveal a smooth surface without any cracks nor defects.
However, several agglomerations appear in the coating matrix of the silica coating without any Ce
(Figure 1a), which may be ascribed to the relatively high viscosity of the sol [1]. The heterogeneities in
the coating might provoke regions more prone to corrosion.
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Figure 1. Scanning electron micrographs of cerium-silica coatings doped with (a) 0.000 M and (b)
0.05 M cerium nitrate on HDG steel samples prior to immersion in a 3.5% NaCl solution.
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Figure 2. Scanning electron micrographs of cerium-silica coatings doped with (a) 0.000 M , (b) 0.001
M, (c) 0.005 M, (d) 0.01 M, (e) 0.05 M and (f) 0.1 M cerium nitrate on HDG steel samples
after 144 hours immersion in 3.5% NacCl solution.

After 72 hours of immersion in a 3.5 % NaCl solution, localized corrosion is observed for all
coatings (except for the 0.050 M sample), consisting of an exfoliation of the corrosion products and
cracks of different sizes. These localized attacks promote the hybrid film deterioration and
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delamination, and is possibly due to hydrolysis reactions at the interface. Additionally, the diffusion of
the oxidant ions speeds up and the corrosion rate increases causing an accumulation of corrosion
products at the interface, at the same time promoting the formation of defects and micro-cracks.

The coating prepared using 0.050 M cerium nitrate still appears homogenous and crack-free
after 120 hours of immersion (not shown). Upon increasing the immersion time to 144 hours, however,
cracks started to appear in the coating. For comparison, images of specimens after 144 hours
immersion are shown in Figure 2. Based on these observations it seems that very low and very high
concentrations of cerium lead to a lack of corrosion inhibition in the sol-gel matrix and consequently to
a weak inhibition efficiency.

3.2. Performance in the salt spray test

The sol—gel coated substrate without any cerium nitrate (average coating thickness: 2.7 + 0.2
um) showed limited resistance in the neutral salt spray test. Corrosion was visible to the naked eye
already after an exposure of 120 hours. Corrosion of the sol—gel coated substrates with 0.005 and 0.010
M cerium nitrate (average coating thickness: 5.5 + 0.2 and 7.6 + 0.2 um, respectively) was detected
after 168 hours, while for the coatings containing 0.001 and 0.100 M cerium nitrate (average coating
thickness: 6.4 + 0.2 and 11.5 + 0.2 um, respectively), the corrosion was evident after 240 hours. The
best performance in the salt spray test, with respect to general and localized corrosion, was shown for
the sol—gel coated substrate containing 0.050 M cerium nitrate (average coating thickness: 8.4 + 0.2
um). Here corrosion was detected after 336 hours of exposure.

For the sol-gel coated substrate without any cerium nitrate, delamination increased rapidly with
exposure time to the salt spray. With incorporation of cerium nitrate, delamination again increased
with exposure time but with markedly reduced rates; for example, with 0.001 and 0.050 M cerium
nitrate, comparatively little delamination was observed after exposure to the neutral salt spray for 336
h. For comparison, images of specimens after salt spray testing for 336 hours are shown in Figure 3.

The different corrosion behaviour of the five samples containing cerium nitrate can be
explained by a model of a hybrid network with a limited capacity for the inhibitor uptake. A low
concentration of inhibiting cerium nitrate leads to improved barrier properties and, therefore, to an
improved uniform corrosion protection. Addition of an increased content of cerium nitrate to the
coating leads to an increased porosity. This porosity reduces the barrier properties of the coating and
the protection offered to the substrate is reduced [15, 20, 25-26].

The performance near the artificial scratch shows contradicting behaviour in comparison to the
uniform corrosion. Upon increasing the cerium concentration, the degree of delamination is
significantly reduced. For instance, near the artificial scratch, the delamination is not pronounced for
the 0.05 and 0.1 M cerium nitrate samples compared with those of lower cerium nitrate contents. The
limited delamination in the presence of higher concentration of cerium nitrate suggests the presence of
a corrosion inhibiting species.
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Figure 3. Photographs of cerium-silica coatings doped with (a) 0.000 M, (b) 0.001 M, (c) 0.005 M, (d)

0.01 M, (e) 0.05 M and (f) 0.1 M cerium nitrate on HDG steel samples after 336 hours of salt
spray exposure.

3.3. Electrochemical impedance spectroscopy

Figures 4a shows the impedance spectra obtained on the six hot dip galvanized steel coated
samples after 24 hours of immersion in a 3.5 % NaCl solution. The impedance value at low
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frequencies (LF) initially increases when the cerium nitrate concentration increases from 0.000 to
0.050 M. Above this critical concentration, a gradual fall in the impedance value at LF with increase
in cerium concentration up to 0.100 M is recorded.
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Figure 4. EIS Bode modulus (a) and phase angle (b) plots obtained on the HDG steel samples pre-
treated with the cerium-silica coatings doped with different concentrations of cerium nitrate.
Spectra were obtained after 24 hours of immersion in a 3.5% NaCl solution.
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The shape of the phase angle plot in figure 4b indicates the presence of two time constants,
which can be attributed to the response of the silane film (high frequency process) and to the response
of the processes occurring at the silane film/substrate interface (low frequency time constant).
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Figure 5. EIS Bode modulus (a) and phase angle (b) plots obtained on the HDG steel samples pre-
treated with the cerium-silica coatings doped with different concentrations of cerium nitrate.
Spectra were obtained after 144 hours of immersion in a 3.5% NaCl solution.
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As a comparison, the EIS bode modulus and phase angle spectra of the various coatings after
144 hours of immersion in a 3.5% NaCl solution are presented in Figure 5a and b, respectively. It is
clear that a significant decrease of the impedance value at LF for all samples is observed. This can be
attributed to the hydrolytic degradation of the coatings. The impedance value at LF of coatings doped
with various concentrations (except 0.05 M) of cerium nitrate drops to less than 300 Q cm?. However,
for the coating doped with 0.05 M cerium nitrate, the impedance value at LF is still as high as 337 Q
cm?. Therefore, the dependence of the corrosion resistance on the cerium concentration indicates that it
is very significant to control the cerium concentration when aiming for a cerium — silica coating with
optimal corrosion resistance [2, 19].

The interpretation of the EIS results can be made by numerical fitting, using the equivalent
circuit depicted in Figure 6. In this equivalent circuit, constant phase elements were used instead of
pure capacitors due to the non-ideal character of the corresponding response with phase shifts differing
from -90°. The true capacitances were then calculated from the respective CPE parameters as
described elsewhere [5]. Thus, for the equivalent circuit of Figure 6, Rs is resistance of the electrolyte;
CPEc and R¢ represent the capacitance and resistance of the hybrid coating, respectively; CPEy is the
capacitance of electrochemical double layer at the metal/electrolyte interface and R is the charge
transfer resistance of the metal.

CPEdI
}_

Figure 6. The equivalent circuit used for numerical fitting of the EIS data during immersion in a 3.5%
NaCl solution.

Figure 7 shows the evolution of the coating properties, such as capacitance and resistance, as a
function of immersion time. The coatings containing 0.005 and 0.050 M cerium nitrate have the lowest
capacitance during the 144 hours of immersion, demonstrating the highest thickness of these coatings
(Figure 7(a)). As the immersion increases, the capacitance reveals rather consistent values, with only a
small increase visible after 24 hours of immersion, which is associated with electrolyte uptake. An
increase in the cerium nitrate concentration influences the capacitance of the coatings significantly,
with an increase of about one order of magnitude in the presence of 0.100 M cerium nitrate in the
coating. The increased capacitance of the coating can be explained by a decrease of the coating
thickness and/or a higher porosity and therefore increased conductivity [19]. During immersion of the
coating containing 0.100 M cerium nitrate, a significant increase of film capacitance is observed as a
result of water uptake due to the reduced barrier properties of the highly loaded film, which is in
accordance with Schem's work on aluminium alloys [26] and Trabelsi's work on galvanized steel [19]
both of them coated with a cerium doped silane coating.
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Figure 7. Evolution of the coating capacitance (a) and coating resistance (b) during immersion in a
3.5% NaCl solution. Values were obtained by numerical fitting using the equivalent circuit
depicted in figure 6.

The evolution of the coating resistance, which is a major characteristic of the barrier properties
of a protective layer [19, 26], is shown in Figure 7 (b). At the start of immersion, the highest resistance
is observed for the coating containing 0.050 M cerium nitrate. A small increase of the coating
resistance occurs over the first 24 hours of immersion, probably due to swelling of the matrix and
consequent closing of nano/micro pores [26]. Subsequently, the coating resistance decreases slowly
over an immersion time of 144 hours, reflecting the coating stability and good barrier properties. In
contrast, the coatings containing lower concentrations of cerium nitrate (0.000 to 0.005 M) rapidly lose
their barrier properties, with a decrease of the resistance during an immersion time of 144 hours. This
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fast decrease is related to the formation of new defects and pores in the coatings [26]. The evolution of
the coating resistance and coating capacitance suggests that there is an optimum concentration of
cerium nitrate for doping of the silane solutions [19].
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Figure 8. Evolution of the charge transfer resistance (a) and double layer capacitance (b) during
immersion in a 3.5% NaCl solution. Values were obtained by numerical fitting using the
equivalent circuit depicted in figure 6.

The concentration of cerium nitrate also affects the parameters characteristic for the corrosion
process, which is associated with the development of a time constant in the low frequency range of the
EIS spectra. The charge transfer resistance, which is inversely proportional to the corrosion rate [19],
increases with increasing cerium content from 0.000 to 0.050 M over the first 24 hours of immersion
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(Figure 8(a)). Beyond this critical concentration, a significant fall in the charge transfer resistance
value is observed. The resistance of all coatings decreases during 144 hours of immersion and the
highest resistances are observed for the coating doped with 0.050 M cerium nitrate. This behaviour is a
consequence of the good resistance of the doped coating against the onset of the corrosion process
[19].

The double layer capacitance (Figure 8(b)) of all coatings increases as a function of immersion
time. The EIS results also show that the coatings doped with 0.000 and 0.001 M cerium nitrate develop
a corrosion activity earlier than the other coatings. The first signs of corrosion activity in the substrate
pre-treated with 0.000 and 0.001 M cerium nitrate were detected after 24 h of immersion, whereas for
the others coatings (except for the one containing 0.05 M cerium nitrate) corrosion started after 96
hours of immersion. These results are in good agreement with the evolution of the coating resistance
and indicate that there is an optimum concentration of cerium in the silane solution. For the highest
concentration of cerium nitrate, there is a negative effect on the barrier properties of the coating,
facilitating corrosion activity [19].

3.4. Potentiondynamic polarization results
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Figure 9. Potentiodynamic polarization curves of the cerium-silica coatings doped with different
concentrations of cerium nitrate obtained after 1 hour immersion in a 3.5 % NaCl solution. For
comparative purposes a plot is also inserted, in which the potential is depicted as the difference
between the imposed potential and the corrosion potential. This approach allows a better
separation of the anodic and cathodic polarization effects.
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Potentiodynamic polarization measurements were carried out to estimate the effect of the
cerium concentration on the corrosion resistance of hybrid coatings and the corresponding curves are
shown in Figure 9. The corrosion current (icorr) and corrosion potential (Ecorr) Were determined by Tafel
extrapolation [1, 24]. The relevant parameters (Table 1) indicate the different effects of the cerium
concentration on the icor and Ecorr OF hybrid coatings. There are two noticeable difference in the curve's
features for samples that do not contain any cerium nitrate and the one containing 0.050 M cerium
nitrate. One is a large shift in the Eco value to a less negative value and the other one is related to a
marked reduction of cathodic current density (A/cm?). The difference in Eco directly reflects the
degree of coverage of the coating over the entire substrate [27]. The good coverage provides a
continuous nano-porous coating layer and causes the shift of the Eor value to a more positive value.
The difference in cathodic current density is attributed to the inhibiting aspect of the cathodic reaction
at the corrosion site, particularly the oxygen reduction reaction [27, 28]. A similar behaviour has been
reported by Zhong et al. [1] for the magnesium alloy AZ91D in a 3.5 % NaCl solution after the
addition of cerium nitrate. According to their results, Ce®" ions react in a first stage with the OH™ ions,
which are generated in the cathodic zones of alloy, giving place to the formation of the islands rich in
cerium. Those involve a blocking of the cathodic sites reflected by a reduction in the corrosion speed.
Hence, such a reaction, which leads to the corrosion of steel, appears to be retarded by depositing a
silica coating containing 0.05 M cerium nitrate as inhibitor.

Table 1. Summary of the electrochemical parameters obtained from the polarization measured in a 3.5
% NaCl solution.

Ecorr (V) b, (V/dec) b, (V/dec) Passive area (V)

0.000 M -0.974 3.577 x 10™ 0.06 0.093 -0.792 t0 -0.241
0.001 M -1.025 3.484 x 10 0.043 0.057 -0.815 to -0.348
0.005 M -0.972 1.184 x 10° 0.017 0.066 -0.829 to -0.320
0.01 M -0.963 6.013 x 10 0.014 0.027 -0.838 t0 -0.341
0.05M -0.957 1.749 x 10° 0.047 0.0096 -0.864 to -0.289
0.1M -0.976 1.020 x 10° 0.016 0.027 -0.840 to -0.304

4. CONCLUSIONS

Pre-treatments of hot dip galvanized steel based on the wuse of 3-
glycidoxypropyltrimethoxysilane (GPTMS) and bisphenol A (BPA) doped with different
concentrations of cerium nitrate reveal a relatively smooth surface morphology without cracks or
defects before the corrosion test. After the corrosion test the morphology of the coatings depend on the
cerium nitrate concentration. The results confirm that very low and very high cerium concentrations
lead to a lack of corrosion inhibition in the sol-gel matrix. The optimum concentration of cerium
nitrate is 0.050 M. These coatings resist for 336 hours the salt spray exposure with only a reduced
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corrosion near the artificial scratch and uniform corrosion, compared to the silane coating without
cerium nitrate.

Upon addition of cerium nitrate as dopant, the silane coating shows improved barrier
properties, coating resistance and a decrease in coating capacitance. Incorporation of 0.05 M cerium
nitrate reduces the cathodic current density by two orders of magnitude and shifts the voltage to more
positive values compared with the non-doped silane coated substrate during polarization in a 3.5 %
NaCl solution.
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