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Silica  mesoporous  films  were  synthesized  via  Evaporation  Induced  Self-Assembly  (EISA)  using  Pluronic
P123 as templating  agent  and  were  applied  on 2024  aluminum  alloy  for surface  treatment  applications.
The  removal  of the  P123  from  the  film  required  to convert  the mesostructured  film  into  a mesoporous
film  was particularly  studied  and optimized  in  order  to  be  compatible  with  the  use  of  an  aluminum
substrate.  In  this  work,  two  different  kinds  of removal  treatments  were  compared:  calcination  at  high
temperatures  and  UV/ozone  treatment.  Indeed,  a  minimum  temperature  of  275 ◦C has  to  be  reached  to
completely  remove  the  templating  agent  from  the  film.  However,  this  treatment  also  leads  to  a  decrease
in  mechanical  properties  of  the  aluminum  substrate.  In opposition,  the  removal  by  UV/ozone  illumina-
tion  allows  getting  mesoporous  films  at room temperature  with  important  pore  volume  and  high specific
emplate removal
uartz crystal microbalance
orrosion protection

surface  area  without  impacting  mechanical  properties  of  the  aluminum.  The  effect  of these  treatments  on
mechanical  properties  of bare  aluminum  was followed  by microhardness.  The  development  of  the  poros-
ity inside  the  film  due  to the  elimination  of  the  P123  was  measured  by  combining  analytical  techniques
(Fourier  transform  infrared  spectroscopy  FTIR,  radio-frequency  glow  discharge  optical  emission  spec-
troscopy  RF-GDOES),  electrochemical  impedance  spectroscopy  (EIS)  and  adsorption  porosimetry  using a
quartz  crystal  microbalance.
. Introduction

Since the end of the 1990s, the synthesis of ordered mesoporous
lms and their use for different applications such as catalysis, drug
elivery, sensors, low-k dielectrics and other electro-optical tech-
ologies have been reported in many papers [1–8]. These materials
re obtained by using surfactant molecules, which act as templates
uring the synthesis of the sol-gel film, through the evaporation

nduced self-assembly (EISA) process. The transformation of the
esostructured film into mesoporous film is then achieved by

liminating the templating agent from the sol–gel matrix. The

ttractiveness of these films is mainly due to their ordered nano-
etric porosity (2–50 nm)  and to their high specific surface area.

urthermore, the flexibility of the synthesis process allows getting
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film properties adapted for each application. Intensive scientific
efforts have been devoted to understand the influence of synthesis
[4–6] and dip-coating [6–8] parameters on mesophase formation
and to understand mechanisms of EISA process [5,8]. Films with
controlled pore size, orientation and connectivity are now com-
monly obtained.

The removal of the templating agent is an important step just
like the synthesis to obtain films of controlled morphology. It
was already reported that the drying method could modify the
mesostructure and consequently the accessibility to mesopores [9].
A thermal treatment with a slow heating rate up to a plateau tem-
perature (around 400 ◦C) in air is generally achieved to transform
micelles into mesopores. Alternative treatments, such as solvent
extraction [10], supercritical fluid extraction [11] or UV/ozone [12],
were also developed for applications which do not match with
thermal treatment.

In recent years, a new application of mesoporous coatings has
emerged in the field of anticorrosive protective coatings [13,14].

This technology was  inspired by other applications using meso-
porous films as carrier materials for prolonged or even controlled
release of active substances (for example, in drug delivery). The
approach consists in employing mesopores to host corrosion
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nhibitors and to obtain a self-healing coating to replace chromates
ased surface treatments which are very carcinogenic. The term
self-healing” here means a partial recovery of the initial properties
f the coating after destructive action of the external environment
15].

For this application, mesoporous films are then applied on
etallic substrates and more especially on 2024 aluminum which

s particularly used in the aeronautical field due to its good strength
o weight and cost ratio. For aircraft construction, one of the hard-
ning treatments of 2024 aluminum (T6) consists in solution heat
reating, quenching and peak aging at 177 ◦C for 4 h. However, it is
ell known that this type of aluminum loses its mechanical prop-

rties [16], such as tensile and yield stresses (Fig. 1), and develops
n oxide layer on the surface when heated afterwards at a temper-
ture higher than 177 ◦C. So, a particular attention has then to be
aid for the removal of the templating agent from the film. Espe-
ially, a calcination process at high temperature could damage the
etal.
In this work, silica mesostructured films have been synthesized

hrough EISA process using Pluronic P123. A heating treatment
n parallel with a UV/ozone process have been investigated to
liminate the templating agent and to obtain mesoporosity. The
nfluence of the removal treatment on the porous structure and
n the interface sol–gel/aluminum has been systematically stud-
ed. The goal was to control the removal of the P123 from the
lm to obtain an important open porosity and consequently an

mportant volume for inhibitive molecules, without affecting the
echanical properties of 2024 aluminum. The effects of the heating

r UV/ozone treatments on the mechanical properties of alu-
inum were studied by micro indentation and compared. Fourier

ransform infrared spectroscopy (FTIR) and radio-frequency glow
ischarge optical emission spectroscopy (RF-GDOES) have been
sed in combination to follow the chemical composition of the
lm with thermal and UV/ozone treatments. Electrochemical

mpedance spectroscopy (EIS) has also been used to detect the
limination of P123 and the formation of mesopores. Pore size
istribution of films has been measured for each condition of
emoval by means of adsorption porosimetry using a quartz crys-
al microbalance. Moreover, the necessary interconnectivity of the
ores was studied.

. Materials and methods

.1. Materials

The precursor solution was prepared by mixing absolute ethanol
Merck), structure-directing agent (Pluronic P123 (PEO)20-(PPO)70-
PEO)20 from Sigma–Aldrich), tetraethylorthosilicate TEOS (Merck)
nd concentrated hydrochloric acid (Baker, 36 wt.%), used as
eceived. In molar ratio, the composition was 1 TEOS: 0.005 P123: 6
2O: 0.001 HCl: 9 EtOH. The quantity of water was chosen in order

o promote hydrolysis of the alkoxide species and the pH value was
et at 4 in order to slow down condensation reactions. The sol was
eft to react under stirring for 30 min  at room temperature.

Mesostructured silica films were deposited by dip-coating at
0%RH/25 ◦C, with a withdrawal rate of 60 mm min−1. After dip-
oating, the films were maintained in the deposition chamber in
he same conditions of temperature and high humidity for 24 h.

orking in a wet environment (>50%RH) promotes the periodic
rganization of micelles under mesophases inside the film [17]. The
tabilization of the mesostructure is then achieved by drying films

t 150 ◦C in air for 30 min  on a thermalized plate.

The last step of the synthesis consists in removing the tem-
lating agent from the film and to transform mesophases into
esoporous network. In this work, two different ways were used
Fig. 1. Mechanical properties at room temperature of 2024-T3 aluminum after heat-
ing at indicated temperature for 10 h.

to remove the Pluronic P123: a thermal treatment at high temper-
ature or a treatment under UV/ozone. The calcination treatment
was performed in a furnace under air during 4 h with a temperature
slope of 1 ◦C/min. Different maximal temperatures were tested in a
range between 150 ◦C and 350 ◦C in order to determine the minimal
temperature allowing the P123 removal. UV/ozone treatment was
achieved by using a UV-ozone cabinet (PR-100 from AppliTek) for
24 h. The lamp spectrum contains two wavelengths at 185 nm and
254 nm which respectively forms ozone (about 50 ppm) and disso-
ciates it in order to initiate the oxidization of organic substances.

2.2. Methods

Microhardness testing was  performed on the matrix of bare
2024 aluminum (provided by Sonaca company, initially in T3 state:
solution heat treated and then cold worked) to study the impact of
removal treatment on mechanical properties of the substrate. The
given values are the average of ten measurements taken at different
places on the substrate. Tests were performed with a 136◦ Vickers
diamond pyramid indent (nanoindenter M400 – Leco France) at
100 g load.

For the different characterizations of the films mentioned below,
polished silicon substrates (Winfab Belgium), previously oxidized
in a furnace, were used.

The thickness of mesoporous films was determined by ellip-
sometric measurements on a multiskop (Optrel GBR, Germany)
with a 632.8 nm He–Ne laser beam as the light source. The data
were evaluated and simulated by the program Elli. The morphol-
ogy of mesoporous films was  observed with a Philips CM200 TEM,
equipped with a tungsten filament. The acceleration voltage was
set at 120 kV. In that case, the films were scratched off the sub-
strate, dispersed in ethanol and placed on copper grids covered
with carbon micromesh coating.

Complementary techniques were used to detect the removal of
Pluronic P123 from the film.

Thermogravimetric analyses (TGA) were achieved with a TGA
Q50 apparatus (T.A. Instruments) under air flow at a temperature
scan of 2 ◦C/min until 600 ◦C.

Composition profiles were recorded in depth by RF-GDOES using
a Horiba-Jobin Yvon GD profiler (4 mm diameter anode, 28 acquir-
ing channels polychromator, 13.6 MHz  RF-generator and Quantum

XP software). The Ar pressure was  set at 650 Pa and the source
power was applied at 40 W for the analysis. The instrument was
equipped with a 0.5 m Paschen Runge polychromator with nitrogen
purged optical path. For the calibration of the analysis method, 25
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RMs (certified reference materials) and SUSs (setting up samples)
ere used.

FTIR spectra (average of 10 scans) were recorded on a Perkin-
lmer 2000 spectrophotometer with a resolution of 4 cm−1 in the
ange of 4000–370 cm−1.

EIS measurements were used for two different purposes. Bare
luminum was firstly characterized in order to highlight the forma-
ion of an oxide layer on the surface due to the removal treatment.
luminum coated with sol–gel was secondly analyzed to confirm

he presence of a porous layer. A three-electrode cell consisting
f a silver chloride reference electrode, a platinum foil counter
lectrode and the sample as the working electrode (exposed area
f 4.5 cm2) were used. The cell was placed in a Faraday cage to
void electromagnetic interferences. 0.1 M Na2SO4 was used as
lectrolyte to characterize layers without inducing corrosion pro-
esses on the metallic substrate. Measurements were performed
fter one hour of immersion using an AMETEK Parstat 2273 com-
uter controlled using Powersuite® software. The frequency was
anged from 100 kHz to 10 mHz  using a 10 mV  RMS  amplitude sig-
al voltage vs. open circuit potential. Impedance plots were fitted
ith different RC equivalent circuits by using ZsimpWin® software

nd by replacing pure capacitances by constant-phase elements
CPE) to describe the frequency dependence of non ideal capacitive
ehavior and to improve the goodness of fitting. A constant phase
lement can be written as in Eq. (1).

CPE = 1
(jw)n · C

(1)

hen n tends to 1, the CPE corresponds to a pure capacitance and
n the opposite, a n value close to 0 indicates a resistive behavior.
he error of the fitting, expressed by chi square �2 was lower than
.01. The quality of the fit is expressed by this parameter. The lower
he value of �2, the better the fitting of the calculated data to the
xperimentally measured.

For these characterizations (FTIR, RF-GDOES and EIS),
esostructured films were dip coated on polished 1050 aluminum

ubstrates (provided by Sonaca company). For EIS measurements,
he use of polished 1050 aluminum allows focusing on oxide
ayer and sol–gel layer properties due to the low reactivity of this
ind of aluminum. In that case, no interfering corrosion current
s expected. For FTIR measurements, polished aluminum was
ecessary to operate in reflection mode. More generally, the use
f polished 1050 aluminum, which is more stable, in place of 2024
luminum allows carrying out measurements in ideal conditions.
n order to promote adhesion of the sol–gel, aluminum was
egreased in an alkaline bath (TURCO 4215-NC-LT – pH 9) during
0 min  at 50 ◦C. This pretreatment promotes the formation of OH
roups at the aluminum surface which ensure a better uniformity
nd adhesion of the film [18]. It is also worth noting that due to
he presence of the surfactant, the sol perfectly wets the substrate
urface.

Due to the limited quantity of matter available from this kind
f thin films, it is very difficult to obtain porosity from liquid
itrogen adsorption–desorption at 77 K, which is more adapted

or bulk materials and powders. For this reason, another adsorp-
ion porosimetry method, developed by Baklanov [19], was used to
btain porous characteristics of the film. The technique is based on
he use of a quartz crystal microbalance (QCM) to measure vapor
dsorption and desorption quantities for different partial pressures
n gas. QCM is indeed able to accurately detect very tiny mass
hanges (about 10−8 g/Hz) by measuring variations of frequency.

For this measurement, mesoporous films are dip coated on the

urface of an AT-cut quartz resonator (6 MHz) and placed in a closed
hamber in which water vapor partial pressure can be controlled
rom 0 up to the saturated vapor pressure P0 at room temperature.
ig. 2 depicts the experimental set up.
Fig. 2. Schematic diagram of the instrumentation for measuring adsorption
porosimetry.

Unlike Baklanov’s work, a mix  of water vapor and nitrogen was
used as adsorbate and pressure was measured in the chamber with
a humidity sensor. Before each test, samples were exposed to dry
air for 90 min, to ensure that water was  completely desorbed. The
speed at which water partial pressure is changed was  chosen in
order to be sure that adsorption/desorption equilibrium is reached
for each weight measurement.

Given that the analysis is directly achieved on the supported
film, the measurement is adapted for the study of thin films. More-
over, the technique is non destructive and can be carried out at
room temperature. In comparison with the environmental ellip-
sometric porosimetry [20], this method, which is based on mass
measurements, also allows to avoid the use of indirect determina-
tions based on mathematic models.

Finally, contact angle measurements were carried out with a
GDX digidrop goniometer with a video camera system and the
Visiodrop software. Teflon-coated needles were used to dispense
water. The advancing contact angles of water were measured after
deposited 5.6 �l on the sample surface. The reported data are the
average of contact angles obtained from ten drops measured on
both sides.

3. Results and discussion

3.1. Influence of the removal treatment on bare aluminum
substrates

3.1.1. Formation of an oxide layer
It is well known that heating aluminum at high temperature

induces an increase of the Al2O3 film thickness [21]. The UV/ozone
treatment should also lead to the same phenomenon due to the
strong oxidizing ability of O3 (superior to O2). Alumina is an oxide
which is stable, continuous and adherent. The presence of this pas-
sivation film, as a barrier against aggressive species, provides then
superior corrosion resistance. The formation of this oxide was put
in evidence by EIS achieved on bare 1050 polished aluminum sub-
strates which were submitted to the different removal treatments.
Fig. 3 shows the EIS spectra of bare aluminum treated at differ-
ent temperatures (between 150 ◦C and 350 ◦C) and under UV/O3.

Only phase bode plot allows observing a difference. At low frequen-
cies (10−2 Hz), the aluminum treated at higher temperatures or
exposed under UV/ozone for 24 h present an almost pure capacitive
behavior while reference bare aluminum (without treatment) and
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Fig. 3. Bode plots in modulus (a) and in phase angle (b) of bare polished 1050 aluminum
0.1  M Na2SO4 solution.
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ig. 4. Electrical equivalent circuit used to model the impedance behavior of bare
luminum.

he aluminum treated at 150 ◦C during 30 min  present a resistive
omponent.

The spectra were also fitted with the electrical equivalent cir-
uit shown in Fig. 4. This model has been widely accepted in the
iterature for natural aluminum oxide layers [22]. Rs and Rox are
espectively electrolyte and oxide layer resistances and Qox is the
xide layer capacitance.

The results of the fittings are shown in Fig. 5.
The resistance of the alumina film is around ten times higher

hen a treatment is achieved and even fifty times higher when
emperature of 350 ◦C is reached. Treatment under UV/ozone also
ives a reinforcement of the passivation film with a resistance simi-
ar to the resistance obtained at intermediate temperatures (around
25 ◦C). Capacitance values also show the same tendency, with a

rst decrease when a treatment is applied and a second decrease
hen higher temperatures are reached. It is worth noting that nox is

n the range 0.96–1.00, meaning that the system can be described

ig. 5. Resistance Rox (a) and capacitance Qox (b) of oxide layer of bare polished 1050 a
mmersion in 0.1 M Na2SO4.
 treated at different temperatures and under UV/ozone after 1 h of immersion in

almost by a pure capacitance. Capacitance values can be used to
calculate the thickness of the oxide using Eq. (2).

C = ε · ε0 · A

d
(2)

where C is the capacitance, ε is the dielectric constant,
ε0 = 8.85 × 10−12 F/m, A is the area of the sample and d is the thick-
ness of the oxide. These values, reported in the Fig. 6, may differ
from the reality as an assumption has to be taken for the value of ε
(fixed at 10 in this work in agreement with the literature [23]).

The thickness of the oxide layer increases with the temperature
of the thermal treatment, consistent with the trend observed for
capacitances. However, in the case of UV/O3, the value of the thick-
ness is surprisingly high compared to the relative resistance which
is quite low, suggesting that the passivation layer is less dense than
for films induced by treatment at high temperature.

3.1.2. Mechanical properties
In addition with the development of an oxide layer on the

surface, the treatment achieved to remove the templating agent
mainly modifies mechanical properties of aluminum. While the
effect of elevated temperatures on 2024 aluminum alloy is already
known [16], the influence of a UV/O3 treatment on mechanical
properties of this alloy has never been studied. Vickers microhard-
ness measurements were consequently achieved to compare both
As seen in Fig. 7, an increase of the removal treatment
temperature for a constant period of time (4 h) reduces the hard-
ness. This variation in mechanical properties is explained by a

luminum treated at different temperatures and under UV/ozone after one hour of
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ig. 6. Oxide layer thicknesses of aluminum treated at high temperatures and under
V/ozone.

ransformation of nanoscale precipitates, which are introduced into
he microstructure during the aging step. According to the Al–Cu
hase diagram, 2024 aluminum is suitable for age hardening as
he solubility of the copper is high at the eutectic temperature
nd decreases rapidly at lower temperatures. In fact, the heating
reatment of aluminum is comprised of three main stages which
re solution heat treatment, quenching and aging. The first step
s achieved at temperature higher than eutectic temperature and
ims at dissolving the copper elements into the matrix. A supersatu-
ated solid solution of copper in aluminum is obtained when room
emperature is obtained after quenching. The last stage, which is
alled aging, consists in controlling the decomposition of the super-
aturated solid solution to form a fine dispersion of precipitates
nd finally an equilibrium structure. This transformation occurs
t any temperature below the solvus temperature, even at room
emperature.

For 2024 aluminum, different intermediate stages occur before
eaching the equilibrium compound Al2CuMg:
upersaturatedsolidsolution  ̨ → Guinier–Preston–

Bagaryatsky(GPB)zones → �′′ → �′ → �(Al2CuMg).

ig. 7. Influence of different (thermal and UV/O3) treatments on hardness of 2024
luminum.
cience 277 (2013) 201– 210 205

Diffusion during aging results in localized concentrations of
copper atoms on specific planes of aluminum lattice which are
called GP zones. Coherent intermediate phases �′′ are then formed
from these GP zones which provide nucleation sites. The aluminum
atoms round this plane distort to accommodate this new phase
leading to coherency strains. As precipitates become larger, for-
mation of dislocations occur at the interface with the matrix and
semi-coherent �′ precipitates are formed. Upon sufficient aging, the
equilibrium phase is finally formed. Al2CuMg has a different crys-
tal structure from the matrix and coherency strains are completely
eliminated.

Depending on the time and temperature, the aging process
results in formation of one of these stages which offer different
hardenings. The phase which is the most hardening is the �′ phase
(semi-coherent). However, once the critical temperature or aging
time are exceeded, � precipitates begin to be formed and hardness
drastically decreases due to the complete incoherence of � phase
with the aluminum matrix [24].

In opposition, the UV/O3 treatment does not seem to impact
mechanical properties. The hardness measured after the treat-
ment is similar to the hardness obtained without any treatment.
The UV/ozone removal treatment could then be investigated to
decompose the templating agent without modifying mechanical
properties of the alloy.

3.2. Synthesis of mesoporous films and morphology
characterization

Silica mesostructured films were produced through the EISA
process using P123 from Pluronic family as templating agent. Films
obtained by dip coating on silicon substrates for TEM imaging uni-
formly cover the surface and present optical quality. Based on the
uniform coloration of the surface, the thickness seems to be homo-
geneous. Ellipsometric measurements determine that the thickness
is about 280 nm for a mesoporous film calcinated at 350 ◦C during
4 h (with a refractive index set at 1.37 according to literature [25]).

The choice of P123 as structuring-agent is due to multiple rea-
sons:

1. From the literature [4], it was  already shown that cubic
mesostructure can be obtained using P123 in suitable quantity
in the sol (based on phase binary diagram of P123 in water). For
applications such as hosting, cubic mesophase is crucial to obtain
pore accessibility and through-film pore connectivity [26]. If
hexagonal structure is synthesized, pore channels are aligned
within the substrate plane and do not provide easy accessibility
to corrosion inhibitors.

2. Uniform pore size about 5–7 nm is obtained with P123 and this
dimension is compatible with the average diameter of corro-
sion inhibitor molecules (for example, benzotriazole which is
a well known inhibitor for aluminum has an average diame-
ter of 0.6 nm). The incorporation of active molecules inside the
mesopores could then be considered in a next step.

3. P123 belongs to the Pluronic family and is a non ionic block
copolymer ((PEO)20-(PPO)70-(PEO)20). In opposition with other
ionic templating agents which can be used to structure the film,
interactions, created between silica matrix and surfactant, are
hydrogen bonds which are more easily cleaved than electrostatic
bonds. The removal of surfactant from the film is then enhanced
when P123 is used.

The morphology of the films synthesized in this work was char-

acterized by TEM. In order to detect the modifications induced by
the removal treatment on the structure, different kinds of films
were imaged: (a) a mesostructured film stabilized at 150 ◦C for
30 min  but still containing P123; (b) a mesoporous film obtained
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ig. 8. TEM pictures of a mesostructured film (a), a mesoporous film after thermal 

fter thermal treatment at 350 ◦C for 4 h and finally (c) a meso-
orous film obtained after UV/O3 treatment for 24 h.

All the TEM images present similar cubic structure with well-
rdered pores, as expected from the literature [4]. For Fig. 8(a), the
ontrast in image is due to the difference between inorganic and
rganic phases which respectively constitute the silica matrix and
icelles of P123. In opposition, for Fig. 8(b) and (c), the contrast

hould be due to difference between silica matrix and void if the
xtraction of P123 is successful. This fact shall be checked in a next
ection with adsorption porosimetry. However, assuming that P123
s well decomposed, the film structure is still present after removal
reatment showing that the silica matrix does not collapse when
123 leaves the film. Pore sizes are comprised between 5 and 7 nm,
hich is in good agreement with previous works [4].

.3. Removal of P123 templating agent from the film and
ransformation of micelles into mesopores

As said previously, a special treatment must be applied to the
lms to degrade P123 inside the film and to transform micelles

nto mesopores. This treatment is particularly important for our
pplication as the mechanical properties of 2024 aluminum are
ery sensitive to elevated temperatures. Thermogravimetric anal-
sis (TGA) was firstly used to determine if the P123 is degraded in
he same way when used alone or in the silica film. For this pur-
ose, analyses were recorded firstly on pure P123 and then on a
esostructured gel containing P123. The mesostructured gel was

btained by leaving the previously described sol without stirring
ntil a complete cross-linking of the silica network (around two
onths). Fig. 9 shows the weight loss (a) and the derivative curves
b) of pure P123 and mesostructured gel containing P123.
When used alone, Pluronic P123 is decomposed at 177 ◦C. In

pposition, when P123 is incorporated in the sol–gel mesostruc-
ured film, a slight shift is observed toward higher temperature

Fig. 9. Thermogravimetric analyses of pure P123 and of mesostructured gel 
ent at 350 ◦C for 4 h (b) and a mesoporous film after UV/O3 treatment for 24 h (c).

with a maximum decomposition rate at 200 ◦C. The decomposition
also seems to extend over a larger temperature range. Furthermore,
a second peak is observed at 37 ◦C and is relative to the residual
ethanol in the film. This result shows that the copolymer included
in the sol–gel bulk matrix needs higher temperatures to be com-
pletely eliminated. In fact, when P123 is used as templating agent in
the sol, hydrogen bonds are created between copolymer and silica
precursors. The creation of this hybrid interface between organic
and inorganic species is a fundamental requisite for the formation
of micelles in the film [27] but also implies that more energy is
needed to remove P123 from the matrix.

In opposition with TGA analyses, Rf-GDOES measurements can
be applied directly on thin films and allow obtaining chemical com-
position in relation with layer depth. Mesostructured films (treated
at different temperatures) were analyzed in conjunction with clas-
sical sol–gel films that do not contain P123 in order to determine
if the technique is sufficiently sensitive to trace the presence of the
templating agent. The carbon signal obtained at a constant thick-
ness of 0.08 �m for each film is reported in the Fig. 10 according
to the temperature of the thermal treatment. This thickness was
chosen in order to avoid the carbon pollution occurring at the sur-
face of the sample. As expected, a difference in carbon content is
observed between classical films and mesostructured films treated
at 150 ◦C during 30 min, due to the presence of P123.

For classical sol–gel films, the carbon content is very low and
constant with the heat treatment. In opposition, for mesostructured
films, the quantity of carbon continuously decreases until 275 ◦C, in
agreement with the removal of P123 from the film. For this temper-
ature, the carbon signal is similar to the value obtained for a classical
sol–gel film, meaning that the P123 is completely eliminated from

the film. As previously observed with TGA measurements, more
elevated temperatures (minimum temperature of 275 ◦C) appear
to be required to decompose P123 when the latter is linked
to silica inorganic species. Nevertheless, as seen previously, this

containing P123 with (a) the weight loss and (b) the derivative curves.
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Fig. 10. Evolution of carbon signal (at a fixed thickness) according to removal tem-
perature for classical sol–gel films that do not contain P123 and mesostructured
sol–gel films.
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ig. 11. FTIR absorption spectra, in the range, 4000–370 cm−1 of (a) pure P123, (b)
lassical sol–gel film w/o P123 and (c) silica mesostructured films treated at different
emperatures and under UV/O3.

emperature is too high and induces a drop of about 30% in mechan-
cal properties of 2024 aluminum.

FTIR measurements were consequently achieved to evaluate
he efficiency of the alternative UV/ozone treatment to remove
123. Fig. 11 shows the FTIR absorption spectra in the range
000–370 cm−1 for (a) pure P123, (b) classical sol–gel film which
oes not contain P123 and (c) mesostructured films treated at dif-
erent temperatures and under UV/O3.

The main peaks observed for pure P123 are assigned and
eported in Table 1.

The absorption band observed in the range of 3000–2800 cm−1

or mesostructured film stabilized at 150 ◦C for 30 min is due to
bsorption of Pluronic P123 methyl groups still present in the film.
or classical non mesostructured sol–gel films (b), these peaks are

issing, demonstrating that this absorption band can be taken

s a signature of the presence of the block copolymer within the
lm. As already confirmed by RF-GDOES analyses, these peaks

able 1
ssignment of important bands for FTIR spectra of P123.

Wavenumbers [cm−1] Assignment

3000–2840 CH stretching
2962 Asymmetrical CH3 stretching
2872 Symmetrical CH3 stretching
1400 CH3 bending
1150–1085 Asymmetrical C O C stretching
cience 277 (2013) 201– 210 207

also disappeared when a temperature of 275 ◦C is reached for
mesostructured films, due to the complete removal of P123. Aside
from the temperature effect, detection of P123 removal from the
film by ozone treatment was also possible. After UV/O3 treatment,
the C H peaks are no longer observed whereas peaks relative
to Si OH (960 cm−1) and to Si O Si (1100–1000 cm−1) are still
detected, meaning that the sol–gel matrix is not destroyed by the
treatment. The elimination of organic molecules and the transfor-
mation of mesostructured film in mesoporous material are then
possible at room temperature. Optimization of the duration under
UV/O3 treatment should be achieved in a further work.

While FTIR and RF-GDOES measurements are based on the
chemical composition of the film, the monitor of the removal of the
P123 from the film is also possible by EIS measurements. Indeed, if
the film presents an open and interconnected porosity, the metal
should be exposed to the solution that can penetrate the film. We
should then observe a low frequency behavior close to that of the
metal without treatment. This can be evidenced by the EIS mea-
surements presented in Fig. 12.

From Bode plots in modulus (Fig. 12(a)) and in phase angle
(Fig. 12(b)), it can be seen that the removal treatment induces a
modification. A reference relative to non coated bare aluminum is
also added. As expected, all samples, except the mesostructured
film stabilized at 150 ◦C/30 min, present a relaxation time constant
in the range of low and medium frequencies (around 2 Hz) which
can be attributed to the oxide film present on the aluminum sur-
face and show a behavior very close to that of the bare metal. The
film without removal of the template presents an additional bar-
rier against electrolyte represented by the second relaxation time
constant at a frequency about 2.5.104 Hz which can be related, as
already seen in literature [22], to the sol–gel layer present on the
aluminum surface. As soon as the thermal treatment at 275 ◦C or
the UV/O3 treatment is applied, this second time constant disap-
pears due to the weakening of the barrier properties of the film.
After these removal processes, P123 is completely decomposed, as
already demonstrated by FTIR and Rf-GDOES, and the impedance
behavior moves toward that of bare aluminum with the apparition
of a resistive contribution at low frequencies. It is then possi-
ble to conclude that pores are interconnected and form pathways
open on the aluminum surface. By comparing these results with
EIS measurements obtained on bare aluminum and based on low-
frequency behavior, it is also possible to see that oxidization of the
substrate does not seem to appear when the aluminum is coated
by the sol–gel film. The time constant relative to oxide layer seems
not to be reinforced by the removal treatment at 275 ◦C or under
UV/O3.

3.4. Determination of pore characteristics of the film

The determination of film characteristics, such as the specific
surface area or the pore volume, is particularly important for its
application as nanocontainer for active molecules. The effect of the
removal treatment on porosity of the sol–gel film was thus also
studied by adsorption porosimetry to obtain quantitative informa-
tion on the pore network.

Fig. 13(a) and (b) depict results obtained during water adsorp-
tion and desorption isotherms respectively for a blank QCM and
for a QCM covered with a mesoporous film (calcined at 350 ◦C for
4 h). The y axis “frequency difference” corresponds to the differ-
ence between the measured frequency at a certain pressure and
the frequency of the dry film at the initial stage (of the dry QCM for
case (b)). This response is consequently due to the adsorption or

desorption of water from the film or from the surface of the QCM.
Variations are larger for the mesoporous film due to the possible
condensation of water inside the mesopores. In opposition, for bare
QCM, water can only adsorb on the surface.
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Fig. 12. Bode plots in modulus (a) and in phase angle (b) of mesostructured films submitted to different removal treatments after one hour of immersion in 0.1 M Na2SO4

solution.
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ence of a neck) or if a swelling or shrinkage occurs during the
adsorption/desorption cycle [30]. In this case, the increase and the
decrease in relative mass uptake are very steep, demonstrating
ig. 13. Typical frequency response curves for water adsorption and desorption iso

Frequency variations of the quartz crystal resonator can be con-
erted into mass uptake �m,  using the Sauerbrey equation [28] (3).

f  = −2 · f 2
q · �m

(�q · �q)1/2 · A
(3)

here fq is the resonant frequency of the quartz, �q the quartz den-
ity, �q the shear modulus of quartz and A the surface area between
lectrodes. In order to get the relative amount of adsorbed water
apor and to be able to compare isotherms of different films, the
ass uptake was also divided by the mass of the film. Fig. 14 reports

he dependence of this relative amount of gas on relative pressure in
ater for films calcined at different temperatures or treated under
V/ozone.

Two main behaviors are obtained according to the presence
f mesopores. For mesostructured film stabilized at 150 ◦C during
0 min, adsorption and desorption isotherms are superimposed. In
his case, the P123 is still present in the porosity and the amount of
dsorbed water is low. For the other films, a hysteresis loop appears
ue to the capillary condensation. As described in the Kelvin equa-
ion [20] (4), the adsorbate can indeed condense in the pores of an
dsorbent even if the vapor pressure P is less than the equilibrium
ressure of a flat liquid surface P0.

T ln
(

P

P0

)
= −2�VL cos �

1
rm

(4)
ith rm is the curvature radius (close to the pore radius), � is the
iquid–air surface tension, VL is the molar volume of the adsorbate
fter capillary condensation and �, the solid/liquid wetting angle.
ccording to I.U.P.A.C. classification [29], this shape of adsorption
s on bare QCM (a) and QCM coated with a mesoporous sol–gel (350 ◦C/4 h) (b).

and desorption isotherms corresponds to the type IV which is
typical of mesoporous adsorbents. The hysteresis loop is due to
the curvature radius of the meniscus of the condensing liquid
which is different for adsorption and desorption. The phenomenon
can happen if pores present shape with two dimensions (pres-
Fig. 14. Adsorption and desorption isotherms of water vapor on films calcined for
4  h at different temperatures or submitted to UV/O3 during 24 h.
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Table 2
Porous properties of films submitted to different removal treatments.

Removal treatment Ratio of H2O
adsorption [wt%]

Porosity, ε
[vol%]

Specific surface
area [m2/g]

B.E.T.
coefficient, R2

150 ◦C/30 min 7.4 13.9 140 0.9438
200 ◦C/4 h 12.9 21.1 118 0.9870
225 ◦C/4 h 35.1 38.7 279 0.9950
250 ◦C/4 h 34.9 43.4 365 0.9914
275 ◦C/4 h 33.9 40.8 359 0.9920
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300 C/4 h 29.7 39.
350 ◦C/4 h 26.9 37.
UV–O3/24 h 32.3 41.

hat pores present regular shape and dimensions and so that the
esostructure is well defined. For the mesostructured film treated

t 200 ◦C during 4 h, the hysteresis appears but is shifted toward
igher relative pressure and the relative mass uptake in water is

ess important. By combining this result with previous analyses, it
s possible to conclude that P123 is not yet completely removed
rom the film at this temperature. The shift at higher pressure is
xplained by the presence of residual P123 inside the film which
eads to an increase of the solid/liquid wetting angle � and conse-
uently to an increase of the pressure at which liquid condensates
ccording to Kelvin equation. For the film calcined at 200 ◦C during

 h, the wetting angle was indeed 72.8◦ ± 1.2◦ while the meso-
orous film calcined at 350 ◦C during 4 h presents a wetting angle
f 13.7◦ ± 1.4◦.

Table 2 reports the mass ratio obtained at the maximum value
f pressure in water (close to the saturated vapor pressure) for
ach sample. These values correspond to the ratios of adsorbed
ass of H2O to the amount of film deposited and already provide a

ood estimate of the ability of the film to host molecules. However,
orosity is generally expressed in terms of volume. To calculate this
orosity in ratio in volume, �m1 and �m2, corresponding respec-
ively to the mass of the dry film and to the mass of the wet  film (at
he highest pressure in water), were used.

m1 = VSiO2
· �SiO2

+ Vair · �air (5)

In Eq. (5), �SiO2
was assumed to be equal to 2.2 g/cm3 and the

erm Vair·�air was neglected due to the low density of air in com-
arison with silica.

m2 = VSiO2
· �SiO2

+ VH2O · �H2O (6)
After capillary condensation process, water is assumed to be
iquid inside the mesoporosity and �H2O is assumed to be equal to

 g/cm3 in equation (6). If all pores open at the surface are filled by
ater, VH2O corresponds to the opened pore volume of the film Vp.

ig. 15. Pore size distributions of mesoporous film calcined at 275 ◦C during 4 h (a) and m
esorption isotherms (b).
306 0.9973
296 0.9941
325 0.9949

By combining Eqs. (5) and (6), it is then possible to obtain the
porosity in volume ε (Eq. (7)) which is also reported in Table 2 for
each sample.

ε = Vp

VSiO2
+ Vp

= 1
1 + (�m1/2, 2.(�m2 − �m1))

(7)

The Brunauer–Emmet–Teller [31] (BET) method was  also
applied to the data obtained for water relative pressure between
0.05 and 0.3 to get the specific surface area of adsorption. Molecular
cross-sectional area of 0.114 nm2 was  used for H2O. Table 2 sum-
marizes the resulting specific surface area SS according to removal
treatment. The coefficient of determination R2 of the regression line
of BET data was  also added for each sample.

It is worth noting that a part of water molecules are adsorbed on
the surface of the film as well as on uncovered area by the film of
the gold electrodes and that the porosity is consequently slightly
overestimated. Porosity obtained is in good agreement with the
quantity of P123 added in the sol which is 30% in volume when only
taking into account nonvolatile components of the solution. As soon
as a temperature of 225 ◦C is reached, the film presents an interest-
ing pore volume coupled with a high specific surface area. The film
treated under UV/ozone during 24 h presents similar porous prop-
erties as the film calcined at 275 ◦C during 4 h, demonstrating the
good efficiency of the process to oxidize P123 into gaseous prod-
ucts and to remove it from the porosity. The decrease in porosity
observed from 250 ◦C could be due to a slight collapse of the silica
walls due to thermal treatment.

The pore size distribution was  also calculated using Kelvin equa-
tion and BJH (Barret, Joyner, Halenda) method for mesoporous films
(calcined at 275 ◦C for 4 h and treated under UV/O3 during 24 h).

In this case, BJH was  applied both to adsorption and desorption
branches of the isotherm to compare results (Fig. 15).

Pore size distributions are similar for both removal treatments.
Data collected from adsorption and desorption isotherms are

esoporous film treated under UV/ozone during 24 h obtained from adsorption and
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Table 3
Comparison of pore diameters obtained by different ways for films treated at 275 ◦C during 4 h and films treated under UV/ozone.

Removal treatment Dpore (BJHads) [nm] Dpore (BJHdes) [nm] Dpore (d = 6·V/S) [nm] Dpore (TEM) [nm]
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275 ◦C/4 h 6.3 2.4 

UV–O3/24 h 6.8 2.6 

ifferent. The pore size seems to be smaller when data are collected
rom desorption isotherm. This fact can be due to the presence
f the so-called pore restrictions or necks which are in fact the
penings joining one pore to another pore (where the desorption
egins). In opposition, the adsorption firstly occurs inside the meso-
ore, providing a value closer to the actual pore diameter.

A second method which is based on simple geometric assump-
ions was also used to estimate the pore size. By assuming that
ores are quite spherical (in view of TEM results), an average diam-
ter can also be determined by combining both pore volume and
urface developed by the film using Eq. (8).

 = 6 · V

S
(8)

Table 3 reports the comparison of pore size obtained by BJH
ethod (adsorption and desorption), by geometric method and by

EM imaging.As previously suggested, data collected from desorp-
ion isotherm seem to be less suitable to estimate pore size
ontrarily to the usual procedure. Values obtained by BJH method
nd by geometric method are in good agreement with TEM imaging.

. Conclusions

This work shows that it is possible to optimize the synthesis of
ilica mesoporous thin films to make them compatible with the use
f a 2024 aluminum substrate. This result is made possible by avoid-
ng calcination treatment and by using, as an alternative, UV/ozone
llumination to remove the templating agent from the film at room
emperature. Mechanical tests have indeed shown that the treat-

ent based on UV did not impact mechanical properties of 2024
luminum. The oxidization of the substrate due to UV/O3 treat-
ent and evidenced by EIS measurements on bare aluminum is also

voided when sol–gel film is applied on aluminum. The removal of
he Pluronic P123 from the film was shown by FTIR analyses. Fur-
hermore, the treatment provides mesoporous film presenting high
ore volume and high specific surface area, as demonstrated by
EM imaging and adsorption porosimetry. It was also shown by EIS
easurements that pores are interconnected and form pathways

pen on the aluminum surface.
The mesoporous thin film, as synthesized in this work, will be

oaded with corrosion inhibitors and will constitute the first layer of
 protective coating regarding the replacement of chromates based
urface treatment. For the further step of incorporation of corrosion
nhibitors inside mesopores, the film characteristics determined in
his work are very promising. Corrosion inhibitors could be added
n the film close to the metallic surface, promoting the healing of
he aluminum surface in case of corrosion processes.
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