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Abstract

Chromates are among the most common substances used as corrosion inhibitors. However, these compounds are highly toxic,

and an intense effort is being undertaken to replace them. Cerium compounds seem to fulfil the basic requirements for consideration

as alternative corrosion inhibitors. The aim of this work was to study the effect of the incorporation of cerium ions in silica sol–gel

coatings on aluminum alloys as potential replacement of chromate treatments. The main idea was to combine the �barrier� effect of
silica coatings with the �corrosion inhibitor� effect of the cerium inside the coatings. Thin (below 1lm for a single layer) and trans-

parent cerium doped silica sol–gel coatings were prepared by dipping 3005 aluminum alloys in sol–gel solutions. Ultra-violet–visible

spectra (UV–vis) show that cerium ions, Ce3+ and Ce4+, always are present in the coatings, independently of the cerium salt or firing

atmosphere used. Active protection with single and two layer coatings prepared with Ce (IV) salt seems to improve corrosion pro-

tection of the coated aluminum while coatings prepared with Ce(III) salt only entails a protection when applied as a two layer, pos-

sibly due to sealing of pre-existent defects in the first layer. The improvement of active protection with immersion time would imply

that corrosion is inhibited by cerium ions that migrate through the coating to the site of the attack (a defect in the coatings) and then

react to passivate the site.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Aluminum alloys are widely used in different industry

fields, owing their excellent corrosion resistance to the

barrier oxide film strongly bonded to the surface. Alum-

inum alloy 3005 with Mn, Mg, Fe and Si as major alloy-

ing elements, is typically used on residential siding,
mobile home sheet, gutters and downsports, sheet metal

work, bottle caps and closures. The alloys of the series

3000 are resistant to uniform corrosion [1]. The manga-

nese is present in the aluminum solid solution, in submi-

croscopic particles of precipitate and in larger particles

of Al6(Mn,Fe) or Al12(Mn,Fe)3Si phases [1,2], both of

which have solution potentials almost the same as that
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of the solid solution matrix [1,2]. In general, the resist-

ance of the 3000, 5000 and 6000 aluminum alloys to gen-

eral corrosion are similar, and greater than that of 2000

and 7000 alloys [2]. However, their tendency to corro-

sion in the presence of halide ions limits their applica-

tions [1–3]. Corrosion of aluminum involves the

adsorption of these ions on the surface, reaction of the
anion (e.g. Cl�) with aluminum in the oxide layer, thin-

ning it by reaction/dissolution, and attack of the ex-

posed metal [4].

One of the best strategies to improve the corrosion

resistance is the use of coatings with the incorporation

of corrosion inhibitors. Cr(VI) compounds, mainly

chromates, are among the most common substances

used, and their efficiency/cost ratio has made them stand-
ard corrosion inhibitors. Chromates have been applied

in three different ways: incorporated into conversion
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coatings, as an additive in anodizing baths and as pig-

ment in painting primers [5]. However, these compounds

are toxic [6], and an effort is being undertaken to replace

them [6,7]. Cerium compounds seem to fulfil the basic

requirements for consideration as alternative corrosion

inhibitors: the ions form insoluble hydroxides which
enable them to be used as cathodic inhibitors [6], they

have a low toxicity [8,9], and are relatively abundant

in nature [8,9].

Different authors [10–13] have studied the effect of

immersing aluminum alloys in water solutions of cerium

salts on both uniform and pitting corrosion. The kind of

cerium salt, the concentration, and the immersion times

have been also evaluated. Uniform and localized corro-
sion rates of a large variety of aluminum alloys decrease

with the concentration of cerium salts. Cerium com-

pounds have been classified as cathodic inhibitors taking

into account the relative position of cathodic branches

in the polarization diagrams that move down to more

negatives values of potential [10]. Cerium has an affinity

for oxygen [11], and the bonding between cerium and

oxygen is unlikely to be broken under the cathodic ap-
plied potentials [11]. It was found [12,13] that, during

deposition, hydrated cerium oxide initially covers the

intermetallic compounds present on the aluminum alloy

surface and then tends to cover the whole surface. The

cathodic potential shift can be related to the formation

of the layer formed by cerium oxide/hydroxide. Hinton

proposed that when the oxygen reduction reaction oc-

curs at activated cathodic site producing OH� groups,
the pH increases in the vicinity of the sites giving rise

to the precipitation of Ce(OH)3 [14–18].

One of the most technologically important aspects of

sol–gel processing is the ability to prepare coatings with

sintering temperatures lower than 500 �C. The prepara-
tion of coating by dipping substrates in sol–gel solutions

is an established method to produce homogeneous coat-

ings with uniform thickness below 2lm [19]. Different
sol–gel coatings have been developed to increase the cor-

rosion resistance of metals, although the inorganic ones

have limitations such as micro cracks, residual porosity

and thickness limitations. The incorporation of organic

groups, covalently attached to the silicon atom, reduces

these limitations [19,20]. On the other hand, sol–gel

materials provide a vehicle for the incorporation of sec-

ondary phases including metal ions and particles [21,22].
Cerium ions and other elements have been incorporated

into sol–gel coatings for optical purposes [23–25].

The aim of this work was to study the effects of the

incorporation of cerium ions in silica sol–gel coatings

deposited onto aluminum alloys as potential replace-

ment of chromate treatments. A semiquantitative evalu-

ation of Ce3+/Ce4+ ratio by UV–vis spectroscopy is

performed to distinguish the effect of the oxidation state
in the corrosion process. This system should combine

the �barrier protection� effect of silica coatings with the
�corrosion inhibitor� effect of the cerium ions inside the

coatings. Silica coatings used as barriers prevent contact

between the aluminum alloy surface and corrosive spe-

cies. Active protection with cerium would imply that

corrosion is inhibited by cerium ions that migrate

through the coating to the site of the attack (a defect
in the coatings) and then react to passivate the site.
2. Experimental

2.1. Preparation of sols

Solutions with 95Si–5Ce and 90Si–10Ce molar com-
positions were prepared by the sol–gel method through

hydrolysis and polycondensation reactions. Tetraethyl-

orthosilicate [Si(OC2H5)4, TEOS], methyltriethoxysilane

[SiCH3(OC2H5)3, MTES], both from ABCR, cerous ni-

trate [Ce(NO3)3 Æ 6H2O], and ammonium ceric nitrate

[Ce(NH4)2(NO3)6], both from Aldrich, were used as

starting materials.

Sols with the Ce(III) salt were prepared firstly dissolv-
ing the salt in absolute ethanol by agitation at 40 �C for
30min. After that, calculated amounts of TEOS and

MTES (molar ratio TEOS/MTES = 20/80), HNO3 1N

and acetic acid (molar ratio water/acetic acid = 7) were

added, stirring at 40 �C for 4h. The final molar ratio

water/TEOS + MTES was 2, with a sol concentration

of 150g of oxide per litre. Ammonium ceric nitrate is

more difficult to dissolve. In this case, TEOS and MTES
were mixed with HNO3 1N, acetic acid and ethanol,

with the same molar ratios used above, stirring at

40 �C for 1h. Then, the Ce(IV) salt was incorporated

and dissolved by agitation at 40 �C for 3h. The molar ra-
tio water/TEOS + MTES was 2, and the final sol had a

concentration of 100g/l of oxides.

2.2. Substrates and coatings

Cerium doped silica sol–gel coatings were deposited

on soda-lime glass slides and aluminum alloy 3005 sub-

strates. Glass and aluminum samples (4.5 · 10cm2) were
cleaned ultrasonically in ethanol for 5min, and left in

ethanol until the preparation of the coating. Coatings

were obtained by dipping at room temperature in a

glove box with a 7% of relative humidity, and a with-
drawal rate of 28cm/min. Coated glass substrates were

treated at 450 �C for 15min in three different atmos-

pheres: air, nitrogen and 90%N2–10%H2, with the aim

of studying the effect of atmosphere in the final oxida-

tion state of cerium. The coatings on aluminum samples

were prepared only with 90Si–10Ce sols from both cer-

ium precursors, and treated in air at 450 �C for 15min.
Two layer coatings were prepared on aluminum sub-
strates with a thermal treatment in air at 450 �C after

each deposition process.
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Fig. 1. Absorbance spectra of 90Si–10Ce coatings prepared with the

Ce(IV) salt and treated at 450�C: influence of the atmosphere

treatment and deconvolution of the nitrogen–hydrogen treated coating

spectrum.
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2.3. Characterization of gels and coatings

The coating thickness was measured on glass samples

after densification by using a profilometer (Talystep,

Taylor-Hobson, UK) on a scratch made immediately

after deposition. Absorbance spectra of coatings on
glass substrates were obtained with a UV–vis NIR spec-

trophotometer (Perkin–Elmer Lambda 9) with integrat-

ing sphere. An uncoated substrate was used as reference

to obtain the spectra of coatings. The error is less than

100cm�1. The measurements were performed between

15000 and 50000cm�1 and the spectra were analyzed

using peak-fit software. The purpose of the deconvolu-

tion of spectra is to confirm that both Ce(III) and
Ce(IV) are present in the coatings independently of the

oxidation state of the precursor salts.

2.4. Electrochemical characterization

Electrochemical test were conducted at room temper-

ature in 3.5% NaCl solutions using an electrochemical

unit (Solartron 1280B). Bare aluminum alloys were
used for comparison. A three electrode cell was em-

ployed using a platinum wire of convenient area as

counter electrode and a saturated calomel electrode

(SCE, Radiometer Copenhague) as reference electrode.

Potentiodynamic tests were conducted from the corro-

sion potential (Ecorr) to 0.4V at a sweep rate of

0.002Vs�1. Electrochemical impedance spectroscopy

(EIS) was performed modulating 0.005V rms in a fre-
quency range of 20kHz to 0.01Hz. Impedance fitting

was performed using a Zplot software [26].
3. Results

3.1. Physical and chemical characterization

All the sols obtained were transparent, colorless when

using Ce(III) and red for Ce(IV) salts. Cerium doped sil-

ica coatings prepared 30min after sol preparation ap-

peared transparent and colorless when prepared with

Ce(III) salt, and transparent faintly yellow with Ce(IV)

salt. The thickness of coatings prepared with the Ce(III)

salt was about 900nm, and about 500nm for Ce(IV)

sols, due to the smaller solid concentration used in this
sol. Although most films are homogeneous, defects were

detected by optical microscopy in some Ce(III) coatings.

Fig. 1 shows the absorbance spectra of 90Si–10Ce

coatings prepared with the Ce(IV) salt on glass sub-

strates treated at 450 �C in three atmospheres and the

band analysis of them. The deconvolution of the spectra

showed two main bands centered around 32000 and

36500cm�1, assigned to Ce3+ and Ce4+ ions, respec-
tively [27,28]. The semiquantitative evaluation of the

Ce3+/Ce4+ ratio, calculated taking into account the area
of these bands, are 1.5, 1.8 and 2.9 for the samples trea-

ted in air, N2 and 90N2–10H2 atmospheres, respectively.

The absorbance spectra of the coatings prepared with

the Ce(III) salt in the same atmospheres and the band

analysis of the spectrum of the air treated coating are

shown in Fig. 2. In this case, the band analysis of the

spectra showed three main bands centered on 32200,
36300 and 42600cm�1. The 36300cm�1 band is as-

signed to Ce4+ ions as well as that appearing at

42600cm�1, while the absorption at 32200cm�1 is due

to Ce3+ ions [27,28]. The semiquantitative Ce3+/Ce4+

ratio for the 90Si–10Ce coating treated in air is 1.7.

On the other hand the Ce3+/Ce4+ ratios for the 95Si–

5Ce coatings are 1.1, 1.5 and 2.1 for the samples treated

in air, N2 and 90N2–10H2 atmospheres, respectively.

3.2. Electrochemical characterization

Corrosion potential for the bare aluminum alloy was

�0.75V after 7min of soaking in 3.5% NaCl, meanwhile

when the alloy is coated with the cerium containing

coatings the potential is shifted cathodic reaching a con-

stant �1.0V after 10min.
Figs. 3 and 4 show experimental frequency dependant

impedance (EIS) collected for Ce(III) and Ce(IV) single

and two layer coatings, and bare aluminum after 1 and

72h of exposure in 3.5% NaCl solution. EIS change with

exposure time is due to corrosion progression of the

coated system.

Potentiodynamic polarization curves achieved for

bare aluminum alloy showed a material in active disso-
lution with no signs of passivity in the potential range



0

0.25

0.5

0.75

1

1.25

20000 25000 30000 35000 40000 45000

Wavenumber(cm-1)

A
bs

or
ba

nc
e

0

0.5

1

1.5

20000 25000 30000 35000 40000 45000

Wavenumber(cm-1)

A
bs

or
ba

nc
e

10% Ce, air

5% Ce, N2-H2

5% Ce, N2

5% Ce, air

Fig. 2. Absorbance spectra of 90Si–10Ce and 95Si–5Ce coatings

prepared with the Ce(III) salt and treated at 450�C: influence of the
atmosphere treatment and deconvolution of the air treated 95Si–5Ce

coating spectrum.

Frequency (Hz)

Z
 (

oh
m

 c
m

2 )

10-2 100 102 104
101

103

105

107

-90

-75

-60

-45

-30

-15

0

Frequency (Hz)

T
he

ta
 (

de
g)

10 -2 10 0 10 2 10 4

Fig. 3. Bode impedance plots of substrates coated with Ce(III) salt sol:

one layer with NaCl immersion for 1h (h) and 72h (�), and two layers
with NaCl immersion for 1h (j) and 72h (d). The curve of original

aluminum with NaCl immersion for 1h (·) is drawn for comparison.

Frequency (Hz)

Z
 (

oh
m

 c
m

2 )

10-2
10

0 102 104
10

1

103

10
5

10
7

-90

-75

-60

-45

-30

-15

0

Frequency (Hz)

T
he

ta
 (

de
g)

10-2 100 102 104

Fig. 4. Bode impedance plots of substrates coated with Ce(IV) salt sol:

one layer with NaCl immersion for 1h (h) and 72h (�), and two layers
with NaCl immersion for 1h (j) and 72h (d). The curve of original

aluminum with NaCl immersion for 1h (·) is drawn for comparison.

A. Pepe et al. / Journal of Non-Crystalline Solids 348 (2004) 162–171 165
under study. Potentiodynamic polarization curves meas-

ured on single and two layer Ce(IV) coatings after 1h
and 72h of immersion and their comparison with bare

aluminum alloy are shown in Fig. 5. Although both sys-

tems have a region of potentials of quasi stable current

density after 1h of immersion, the single layered sys-
tem�s density current is one order of magnitude larger
than two layer systems, 3 · 10�7 to 4 · 10�6Ampere
(A)cm�2 for one layer and 10�8 to 10�7Acm�2 for

two layers. The potential breakdown, Eb, defined as

the potential in which passivity breaks and current den-

sity increases in a monotonic way with potential, reach

�0.71 ± 0.01 and �0.61 ± 0.015V for the single layer

and two layer coatings, respectively.
After 72h of soaking in NaCl, Ce(IV) single layer

coatings have smaller current densities and an increase

of Eb (�0.32 ± 0.01V) with respect to the initial immer-
sion time, indicating an improved performance of the

coating with time. Similarly, the Ce(IV) two layer coat-

ing had better properties than that at the initial stage of

immersion: a very stable current density ((1.91 ± 1.25) ·
10�7Acm�2) is maintained over a potential range, shift-
ing the breakdown potential to �0.12 ± 0.01V.
Polarization curves held on one layer Ce(III) coatings

after 1h of soaking are shown in Fig. 6(a). There is a

range of potential, 0.17 ± 0.01V, where the current re-

mains unchanged. After 72h of immersion, potential

shifts anodic and the polarization curve resembles the

aluminum one, showing no protection effect. The curves
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obtained for the two layer coating after 1h of immer-

sion in NaCl (Fig. 6(b)) had a range of current den-

sity varying from (3.61 ± 0.46) · 10�8Acm�2 to (1.00 ±

0.02) · 10�6Acm�2 in a potential range of 0.2V. After

72h of immersion, the potential shifts to more positive

numbers, but current density remained constant at
(3.8 ± 1.81) · 10�8Acm�2 in a narrow potential range

(0.07 ± 0.01V). Potential breakdown remained un-

changed following after this point the features of the

bare alloy.
4. Discussion

4.1. Physical and chemical characterization

Cerium is present in trivalent or tetravalent state by

losing its two 6s electrons and one or both of its 4f elec-

trons. The electron donation ability of Ce(III) facilitates

the excitation of an electron from the 4f to the 5d shell,

showing several characteristic broad bands in the UV re-

gion between 30000 and 50000cm�1nm, although the
main absorption band is around 32000cm�1 [27]. The

positions and intensities of these bands are affected by

the metal ion site symmetry and the chemical species

coordinated to the metal ion which in turn affects the lig-

and field. On the other hand, Ce(IV) favors charge

transfer (CT) transitions from ligands to the ion, show-

ing an intense band at around 43000cm�1 in most of

glasses [27], although a band around 37000cm�1 has
been also detected in some compositions [29–32]. The

corrosion of Ce3+ and Ce4+ ions can be estimated by

its affinity for oxygen through the standard free energy

of formation of oxides. These energies for Ce2O3 and

CeO2 are �411.5 and �230.0calmol�1, respectively,
showing that Ce3+ has a larger potential as corrosion

inhibitor [10].

All the coatings had bands from both Ce4+ and Ce3+

ions, although the kind of cerium salt used as precursor

and the treatment atmosphere had an effect on the rela-

tive intensities. From the Ce3+/Ce4+ ratio, we observed

that Ce3+ is predominant over the Ce4+, especially when

using Ce(III) salt and reducing atmosphere. The more

oxidant the atmosphere, the smaller is the redox ratio,

showing that by changing the precursor and/or the treat-

ment atmosphere it is possible to control the relative ra-
tios of the ions.

On the other hand, we also observed that the redox

ratio changes with the cerium content. As described

for other redox pairs in glasses, such as Fe2+/Fe3+ or

Mn2+/Mn3+, the redox equilibrium of cerium is affected

by the total content of the ion. Contradictory results

have been reported for Ce3+/Ce4+ ratio in different glass

compositions [32]. In this work, the larger the concentra-
tion of cerium the larger is the ratio Ce3+/Ce4+, a similar

effect as reported for Fe and Mn pairs.
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Summarizing the UV–vis results, we concluded that

independent from the cerium precursor, the cerium con-

centration, and the firing atmosphere, both Ce3+ and

Ce4+ always are present in the coatings. Thus, for stud-

ying the electrochemical properties of cerium containing

coatings, an unique concentration of 10% Ce with both
precursors, and a single treatment condition in air have

been applied.

4.2. Electrochemical characterization

The corrosion potential shifting to more negative

numbers can be attributed to the property of cerium

ions to be cathodic inhibitors against uniform and local-
ized corrosion. It is achieved mainly by the decreasing of

the oxygen reduction reaction [6]. This improvement is

likely to the creation of a cerium oxide–hydroxide film

that acts as a barrier to either the supply of oxygen to

the metal or the supply of electrons from the metal sur-

face. As a result of the reduction of cathodic sites, the

overall corrosion rate is decreased [33].

To get more information about the corrosion feature
occurring on the samples, EIS spectra were analyzed

using equivalent electric circuits. In the simulation of

impedance plots, the constant phase element (CPE)

was used instead of an �ideal� capacitor to explain the
deviations from slope �1 in the modulus Bode plot.
CPE can be described by the expression

ZCPE ¼ 1

Y 0ðjxÞn ð1Þ

with �1 < n < 1 [34]. In this equation, n is a coefficient

associated to system homogeneity (being 1 for an ideal

capacitor), x is the frequency, and Y0 is the pseudoca-

pacitance of the systems that can be represented by

Y 0 ¼
ree0A
d

: ð2Þ

In Eq. (2), e0 is the permittivity of free space, e the die-
lectric constant of the surface film, d the thickness coat-

ing, A the exposed area and r the roughness factor [35].

Impedance spectra for the bare material after 1h of

immersion shows one time constant (Fig. 3). A simple

equivalent circuit including a resistance and a constant

phase element in parallel and the electrolyte resistance

in series, can be adapted for the spectral fitting of the
one time constant spectra (Fig. 7(a), Table 1).

Impedance results from one and two layer Ce(IV)

coated samples after 1h and 72h of immersion are

shown in Fig. 4. After 1h of soaking, two time constants

can be observed. That appearing at higher frequency is

associated with the coating while the other one is re-

ferred to the metal alloy. The appearance of two maxi-

mum in the phase angle plot is related to the existence
of defects in the coating. That means that the coating

is acting as a �leaky� dielectric, and showing that the elec-
trolyte can access the surface through the defects and

contact the substrate [36]. Ionic conductivity seems to

diminish with exposure time, as observed when compar-

ing the increase in phase angle below 1Hz for samples
with different immersion times. In the single layer coat-

ing some electrolytic conductivity is revealed as the

phase angle decreases below 10Hz. After 72h of immer-

sion, the phase angle plot does not have maximum for

the two layer coating. That may mean that the film

has a capacitive feature, although not fully capacitive,

because the phase plot does not reach 90�. This change
in the phase angle plot with the immersion time can be
explained by the blocking of micro pores by corrosion

products, followed by the reduction of the access of

aggressive species to the metal interface. The slope in

the low frequency range could also be associated to dif-

fusion in solid phase. Nevertheless, according to the

modeling, the controlling mechanism is charge transfer

control indicating that charge transfer mechanisms are
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occurring slower than diffusion processes. The equiva-

lent circuit shown in Fig. 7(b) was used to model the

coated system and it consists of the following elements:

RX represents the electrolyte resistance, CPEc is related

with the non-ideal capacitance of the coating, Rpo is

the resistance of the electrolyte porosity, CPEd is related
with the non-ideal capacitance of the double layer of the

bare metal, and Rt is the charge transfer resistance.

Table 1 shows the fitting of the data for the above

named model. The increase in Rpo we associate with

the cerium inhibition effect and the plugging of corro-

sion products into the pores causing a decrease in the ex-

posed area. The charge transfer resistance also increases

due to the decrease of this area. The coating pseudoca-
pacitance (Yco) decreases with immersion time due to

pore area decrease, and the exponent effect, nco, in-

creases probably due to surface smoothing.

Ce(III) sols applied as single layer have a different ef-

fect in the low frequency range with immersion time

(Fig. 3). At the first stage of soaking, the system�s re-
sponse is similar to that obtained for the Ce(IV) coatings

and the same equivalent circuit (Fig. 7(b)) can be used.
Rpo for Ce(IV) coating are larger than those of Ce(III)

(Table 2) probably due to pre-existing defects in the

Ce(III) coating, as was observed in the microscopy anal-

ysis (Fig. 8). After 72h of immersion in sodium chloride,

data reveal a capacitive component at high and medium

frequencies followed by an inductive response at low fre-

quencies. The equivalent circuit shown in Fig. 7(c) was

used for data fitting. Tomcsanyi et al. [37] demonstrated
that the inductive response may be caused by chloride

ions that do not enter into the oxide film but are chemi-

sorbed onto the surface oxide film formed on aluminum

alloys, acting as a reaction partner aiding dissolution via

the formation of oxychloride complexes. Fitting param-

eters are shown in Table 2.

The impedance data shown in Fig. 3 for the two

layer Ce(III) coating after 1h of immersion present a
Warburg effect [34] we attribute to diffusion process

taking place in the solid phase. This diffusion effect

is probably more marked in the case of Ce(III) coat-

ings than Ce(IV) ones because the former are thicker

as explained in Section 3.1. The Warburg impedance

and the CPE with n around 0.5 (the last known as

�infinite diffusion�) [34] are used to model increasing

ionic conductivity due to corrosion process occurring
in the pores and increasing diffusivity into the pores.

If the coating is thin (approximately below 2lm),
low frequencies will penetrate the entire thickness, cre-

ating a finite length Warburg element. Only if the

material is thick enough so that the lowest frequencies

do not penetrate the layer, it is interpreted as infinite

(Eq. (3)) [26]

Zw ¼ RDO
ðjTxÞn tanhðjTxÞn: ð3Þ
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Fig. 8. Optical microscopy photograph of a 90Si–10Ce coating

prepared with the Ce(III) salt showing the presence of cracks.
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In Eq. (3), RDO is associated with solid phase diffusion

and T is related to diffusion coefficient and porous

length.

The impedance can be fitted by a circuit that includes

a finite Warburg element (Fig. 7(d)). The phase angle de-
creases at low frequencies not reaching zero, which we

suggest is due to the presence of pores in the outer part

of the coating and diffusion effects inside them [38].

After 72h of immersion porosity and/or defects seemed

to be blocked with corrosion products making diffusion

more difficult and increasing corrosion resistance of the

sample. Thus, fitting results shows that both Rpo and

RDO (resistance associated to diffusion in solid phase) in-
crease, increasing the resistance into the pores and the

diffusion resistance of the ionic species in solid phase

or the diffusion of oxygen or anions into the coating.

Fitting parameters are given in Table 3.

The electrochemical parameters derived from the

polarization curves together with the EIS results, re-

vealed the protective role of Ce(IV) coatings that per-

sists with immersion time, a protective effect that is
improved for the two layer coating system. Ce(III) coat-

ings can only reach a protective feature when the coating

is made in two steps, probably due to sealing of pre-

existent porosity or defects.

Sol–gel coatings used as protection of different metals

against corrosion do not usually improve with the

immersion time. In fact, depending on the composition

and structure of the coating (totally inorganic or hy-
brid), the electrolytic medium and the soaking time,

deterioration of the coatings occurs, permitting the con-

tact of the electrolyte with the substrate and thus

decreasing the protector effect [21–24]. However, the

application of sol–gel coatings in this work leads to an

improvement in the corrosion protection. The increase

of immersion time probably leads to the release of cer-

ium in the defects of the coatings. Then, cerium pro-
duces insoluble hydroxides when it reacts with
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hydroxyl groups from cathodic reactions [10,12,13].

These hydroxides together with corrosion products de-

crease the cathodic current and, therefore, reduces the

overall corrosion rate. Future work is in progress to

study the mechanism proposed using coatings with dif-

ferent cerium concentrations and thickness.
5. Conclusions

Cerium doped silica sol–gel coatings on glass and

aluminum substrates were obtained using Ce(III) and

Ce(IV) salts. The UV–vis spectra obtained with coatings

prepared on glass substrates showed that both Ce3+ and
Ce4+ are always present, although the kind of cerium

salt used as precursor and the treatment atmosphere af-

fect the relative intensities.

The electrochemical properties of the system demon-

strated the protective role of the cerium when incorpo-

rated in sol–gel coatings, both in single and two layer

films. The improvement of coating performance in time

is related to the plugging of corrosion products into the
pores and the inhibition effect of cerium, causing a de-

crease in the exposed area and reducing cathodic

current.
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