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Abstract

The present study investigates the pulsed electrophoretic deposition of boehmite particles,
previously dispersed in an aqueous solution, into the pores of a model anodic film, prepared
using phosphoric acid electrolyte, on an aluminium alloy 1050 (AA1050) substrate. Particles
were successfully inserted into the pores, despite some limitations resulting both from the
barrier layer, which transpired to be semi-conducting, and from water electrolysis. To address
this issue, a pulsed electric field, set to above a threshold value, allowed a current to be sent
through the cell, this being accompanied by a reduction of water electrolysis; insertion of
particles thus became possible. Scanning Electron Microscope (FEG-SEM) observations, X-
Ray Diffraction (XRD) spectroscopy and Electrochemical Impedance Spectroscopy (EIS)
studies gave some clues as to the reality of particle impregnation into the pores. Furthermore,
an improvement in the porous anodic film filling was achieved using hydrothermal post-

treatment.
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1 Introduction

Porous anodic aluminium oxide films have been extensively used as a template for nanorod,
nanotube and nanowire growth [1,2]. Overall, growth of these materials is achieved after
having filled up the pores with a colloidal dispersion. Pore filling is usually achieved either by
dip-coating [3] or electrophoretic deposition (EPD) [1,2,4]. However, as anodic films exhibit
a more complicated geometry, the insertion of particles from colloid dispersion without an
electric field [5] is more problematic. In such cases, electrophoretic deposition has been
reported to be successful for nanoparticle deposition onto non-planar surfaces [6-8].

Usually organic media are used as they provide high ranges of electrode potential [9]. To
respond to environmental concerns, an aqueous medium remains a good option. Nevertheless,
due to water electrolysis, the cell potential is limited, with the release of hydrogen and oxygen
occurring on the electrodes and affecting the quality of the formed deposit [10,11].

To counter this phenomenon, a number of techniques have been studied in the literature. For
example, deposition on a palladium substrate is possible in an agueous medium thanks to the
absorption by the palladium of the hydrogen released by electrolysis [12]. Also, Sakurada et
al. [13] report that adding hydroquinone into the solution increases the deposition weight
thanks to its reaction with the O, gases released. Besra et al. [14,15] can also be cited as
having succeeded in reducing bubble formation using a pulsed electric field. So the sol
destabilisation due to higher pH is countered [16].

One key advantage of electrophoretic deposition over other processes such as dip-coating lies
in the ability to achieve deposits onto or into substrates characterised by tortuous or complex
surfaces. For example, Limmer et al. [1] used an anodic aluminium oxide membrane as a
template to ensure nanorod and nanotube growth. Meanwhile, Seo et al. [17] showed how
pores could potentially be filled using a dip-coating process, but only a reduced quantity at the

bottom of the pores was observed using this method. Kamada et al [5] studied the insertion of



SiO, particles into anodic films stimulated by an electric field. However, they used an
aqueous medium, so due to water splitting, only incomplete filling of the pores was obtained.
Fori et al. [18,19] responded to this issue by using an organic based dispersion of SiO,
particles, leading to complete filling of the pores, thus successfully avoiding side reactions
such as solvent electrolysis. Despite the difficulties encountered in using an aqueous medium
for EDP, Kusdianto et al. [20] reported the potential to fill pores of less than 1um in length
using a pulsed electric field to limit water splitting, while Escobar and al. [21,22] managed to
incorporate PTFE particles in 10pum thick anodic film.

It is usually considered that:

- anodic films are made of hydrated alumina (Al,O3,xH,0) [23-26]

- the usual hydrothermal sealing (performed just after anodisation in hot water at about
98°C) occurs only at the top (i.e. the first 1 or 2 microns) of the porous anodic films.
[27-30]

- the usual hydrothermal sealing of porous anodic films prepared in phosphoric acid
based electrolyte is extremely difficult [31], as compared with other types of anodic
films.

So there are now two main challenges:

- the first is to insert boehmite (AIOOH) particles all along the pores of the anodic films, in
order to promote on the one hand chemical interactions of these particles with the pore walls,
and on the other hand complete sealing during final hydrothermal post-treatment.

- the second challenge is to successfully conduct efficient sealing all along the pores of such
phosphoric anodic films.

The present work aimed at achieving pulsed electrophoretic deposition of boehmite
nanoplatelets dispersed in an aqueous solution into a model porous anodic film prepared by
anodisation in a phosphoric acid electrolyte. EPD of the boehmite particles into the anodic

film was studied and improved, especially through the investigation of various operational



parameters, such as colloidal dispersion conductivity and the type of electric field for
electrophoretic deposition. Then, filling of the boehmite particles and sealing of the anodic
film were respectively characterised by FEG-SEM observations and XRD analysis, and

evaluated by EIS, in relation to its global electrical behaviour.

2. Experimental methods

2.1. Preparation of a model porous anodic film on an AA 1050 substrate

Aluminium alloy 1050 substrates (99.5% Al, <0.40% Fe, <0.25% Si and <0.05% Cu) were
treated following a three step procedure (degreasing, etching and acid neutralisation). Firstly,
aluminium sheets (20 mm x 20 mm x 1 mm) were degreased with ethanol. They were then
etched by immersion in an NaOH solution (25g.L™) at 40°C for 5 min. and neutralised in an
HNO; solution (25% vol) at room temperature for 2 min. After rinsing in deionised water (10°
Q.m), the aluminium sheets were used as an anode while a lead plate (50 mm x 40 mm x 2
mm) provided a cathode. The specimens were galvanostatically anodised in a phosphoric bath
(0.4 mol.L'™") at 25°C and at a current density of 1.5 A.dm™ for 29 min. Finally, the anodic
film obtained was thoroughly rinsed in deionised water. This model porous anodic film,
presented in Figure 1, had a thickness of 9.5 + 0.3um with two layers. The first was made up
of linear (and orthogonal to the AA substrate) pores, showing a diameter of 129 + 3 nm, while

the second was a barrier layer with a thickness of 130 £ 6nm.

2.2. Electrophoretic deposition of boehmite nanoparticles

A synthesised colloid suspension of boehmite nanoparticles in aqueous media was used. This
suspension was prepared by hydrolysis of an aluminium alkoxide, according to the Yoldas
process [32]. A supplement of deionised water (H,O/Al = 100) at 85°C was quickly added to
25.3g of aluminium tri-sec-butoxide (AlI(OC4Hg)3) and stirred for 15 min. The white sol

obtained was peptised by adding 0.2 mol of nitric acid (HNO3) per mole of alkoxide in order



to control the surface potential on the particles and avoid agglomeration. The mixture was
then continuously stirred at 85°C for 24h using a thermostat system and finally showed a
concentration of around 0.5mol.L™. Electrophoretic impregnations of particles into the model
anodic film were performed with anodised aluminium as the cathode, while lead foil as the

anode was located at about 2.5cm.

2.3. Characterisations

A Transmission Electric Microscope (TEM) was used to measure the particle size and
characterise the morphology. The size population was defined by picture analysis using
ImageJ software.

Surface and cross-sectional views of the coatings were performed by Field Emission Gun
Scanning Electron Microscope (FEG-SEM) in order to prove the possible insertion of
particles into the model porous anodic film.

To determine the particle microstructure, the suspension was previously dried in the open air.
The xerogel thus obtained was then ground to obtain a powder, which was finally analysed by
X-ray diffraction (XRD). XRD analysis was performed with a Brucker AXS D4 ENDEAVOR
device using Bragg-Brentano 6-20 geometry with a copper anticathode (CuKa, A = 1.541 A).
XRD diagrams were obtained in the 20-100° (26) range. Peak determination was finally made
using the JCPDS card 21-1307, corresponding to an orthorhombic structure boehmite.

The anodic films were characterised by X-ray diffraction at grazing incidence (1°). The
measurements were performed in the 20-80° range using a SIEMENS D5000 device with a
copper anticathode (CuKa, A = 1.541 A).

The electric behaviour of the samples was monitored using Electrochemical Impedance
Spectroscopy (EIS) during immersion in a neutral solution of Na,SO,4 (0.5 mol.L™?) at room
temperature. A three electrode electrochemical cell was used, with a platinum foil as counter-

electrode and a mercury sulphate saturated (saturated calomel) electrode as the reference



electrode. The EIS measurements ranged from 10° to 5.10 Hz and were performed using an
SP-150 BioLogic Science Instrument.
Stokes diameters of the nanoparticles were measured by Dynamic Light Scattering using a

ZS90 Malvern nanosizer with Zetasizer software.

3. Results and discussions

3.1. Characterisation of boehmite nanoparticles

Boehmite particles in an aqueous medium were chosen for two reasons. Firstly, as an aqueous
based solution it responds to environmental concerns. Secondly, particle chemical
composition is very close to the chemical content of the anodic porous film, which may
improve chemical affinity. The boehmite particles were synthesised using the Yoldas process
and exhibited a needle-like morphology, as previously characterised by Alphonse et al. [33].
An average Stokes diameter for the boehmite particles was about 40 nm (Fig. 2), which is
below the mean pore diameter (129 nm).

Moreover, as observed in Figure 3, showing the particles’ electrophoretic mobility, a positive
value was noted (2.7umcm.V™.s™). The latter enables the particles to deposit on the negative
electrode (cathode) avoiding any further oxidation of the substrate (i.e. over-oxidation of the
anodised aluminium in this case).

Moreover, the XRD pattern (Fig. 4) shows on the one hand that the particles are crystallised,
at least partially. On the other hand, Bragg peak indexation is consistent [33] with
orthorhombic structure boehmite. In this case, peak (020) is higher than peaks (200) and
(002), which difference could be explained by the fact that the distances along the a and ¢
axes are greater than those along b, with boehmite having a platelet shape. The crystal
structure of boehmite particles could allow their potential identification after impregnation in

the anodic film, which is itself amorphous.



3.2. Particle impregnation into the porous anodic film

3.2.a Impregnation without polarisation

Impregnation without polarisation is equivalent to dip-coating. The aim is to determine
whether the insertion of particles by capillarity into the model porous anodic film is possible
spontaneously. To this purpose, dip-coating was performed with a withdrawal rate of 25
mm/min. The FEG-SEM cross-sectional view (Figures 5a and 5d) only shows a few particles
at the bottom of the pores with none at the top. Additionally, the XRD diffraction patterns
obtained, using grazing incidence, respectively for the bare anodic film (Fig 6a) and the
impregnated film (Fig. 6b), have very similar shapes. In both cases, there is only one peak
(located at about 64°), attributed to the underlying aluminum substrate. By contrast, the
possible presence of particles within the model anodic film was not demonstrated after dip-
coating, despite the crystallised character of the particles in comparison to the amorphous
anodic film. In the most optimistic case, the filling rate was so slow that the particles could
not be characterised. Particle impregnation by capillarity does not therefore allow anodic film
filling to be obtained.

As shown in Figure 3 and demonstrated by Diggle et al [34], as both particles and pore walls
are positively charged, particle insertion will be hindered considerably and the pores will
therefore only be filled by particle-free solvent. The presence of some particles inside the
pores would appear to result from the solvent drying, as already observed by some authors
[35,36]. This result is consistent with what was reported by Fori et al [18] and argues in
favour of using an electric field to improve the insertion of boehmite nanoparticles into the

pores.



3.2.b Impregnation by constant and pulsed electric field

Influence of the barrier layer

The challenge here was to determine the appropriate potential range to be applied. On the one
hand, too high a potential will lead to gas being released from water electrolysis; on the other
hand, anodic films are known to exhibit rather high impedance. As observed in Figure 7, the
current density measured is very low at cell potential lower than 3V. During the first few
seconds of deposition, an exponential decay is observed; this is typically observed behaviour
for a capacitive electrochemical interface.

This observation is readily explained by the presence of the barrier layer at the aluminium
interface, known to be a dielectric material. In addition, as reported elsewhere [37-39], this
layer behaves like an n-type semi-conductor with a specific threshold potential depending on
the electrolytic medium used during barrier layer formation. Indeed, during the formation of
anodic films, anions from the electrolyte (phosphate) and water are incorporated into the
barrier layer [34,40] and act as electronic trappers.

To define the threshold potential of the anodic film, an electrochemical impedance
spectroscopy study was performed at different potentials in a boehmite dispersion. Firstly,
Figure 8 shows the EIS curves for different applied potentials. As can be seen in the figure, at
f=10°Hz and whatever the applied potentials, the value is identical and is known to be the
resistance of the electrolyte [41-43]. A dispersion conductivity of 5.35mS.cm™ was calculated,
while the value measured using a regular conductimeter was 5.11mS cm™.

As reported elsewhere [41-43], the low frequency impedance is driven by the electric
behaviour of the barrier layer. This aspect is stressed in Figure 9 where the variation of the
low frequency resistance, extracted from the real part of the impedance, is plotted as a
function of the applied potential. As expected, the general trend is well described by an
exponential decay law (y=2.10° e®®, R2=0.982), typical for a diode-like behaviour as depicted

by other authors [37,38]. These results show that a minimum potential of -3V/SCE (defined



here as the threshold potential) is needed to cause the current to pass through the cell, with the
barrier layer becoming conductive. Overall, this kind of behaviour should enable the

migration of particles inside the pores.

Influence of dispersion conductivity on the threshold potential

Fori et al. [19] have already shown (although in organic media), that to obtain the migration
of particles into the pores it was necessary to increase the conductivity of the solution: the
interaction between particles and pore walls is reduced thanks to the electric double-layer
compression of both the pore/electrolyte and the particle/electrolyte interfaces. They also
demonstrated that increasing conductivity of the dispersion led to focusing the electric field
on the anodic film region, improving particle impregnation throughout the anodic film.
Surprisingly, in the case of water-based dispersion, things are rather more complex since the
threshold potential appears (Figure 10) to be related to dispersion conductivity. Somehow, the
physico-chemical characteristics of the barrier layer seem to evolve with the dispersion
composition. Figure 10 is obtained by measuring the impedance of an anodic film soaked in
dispersions exhibiting different conductivities, achieved by the dilution of a boehmite stock
solution with a certain volume of deionised water (10° Q.cm). As can be seen in Figure 10, a
significant threshold potential variation was observed (ranging from -2 to -5V vs SCE). This
is of importance since, when the applied electric field is lower than the threshold potential,
deposition into the pores is hindered. Conversely, deposition is possible at lower potential but
is accompanied by the reduction of water involving H; gas release.

On the cathode, a pH increase occurs (the isoelectric point is approximately at pH 8 [44,45])
leading to dispersion destabilisation and thus aggregation of the particles. Thus, the challenge
lies in obtaining sufficient potential to promote particle migration while also hindering bubble
formation detrimental to achieving an even deposit, especially with the impregnation of

particles into the pores. When conductivity is low, electrolysis is high (o < 1.5mS.cm‘1) and



most of the deposit is obtained at the surface of the anodic film with this deposit exhibiting
poor mechanical stability, whereas dispersion destabilisation is reduced at the interface for
high conductivity (lower current). This result suggests that an increase in conductivity limits
the influence of water electrolysis on the quality of deposition.

When a constant potential close to the threshold potential is applied, hardly any particle
insertion is obtained (Figures 5b and 5e). As observed previously, the presence of particles is
difficult to highlight clearly using FEG-SEM observations, and therefore additional XRD
analysis was performed (Fig. 6¢). The resulting spectrum was compared with that of the bare
anodic film and a small peak was observed at an angle of 38°, corresponding to the plane
(130) boehmite and suggesting possible insertion of particles within the pores (to be
confirmed).

To increase yield, a higher current is required, also meaning a higher potential. However,

greater gas release will result, this being detrimental to particle insertion into the pores.

Pulsed electrophoresis

To address this issue, Besra et al. [14,15] showed that a pulsed potential leads to a slowdown
in gas release while the increase in pH remained low. They found that a low duty cycle (DC =
Ton/(TontTor)) Was preferable to obtain an even deposit. Based on these results, EPD was
performed using a DC of 10%, and compared to EPD under constant potential.

In Figures 5¢ and 5f and Figure 11, FEG-SEM cross-sectional views of anodic porous film
(obtained after a pulsed electrophoretic deposition) show the presence of particles at the
bottom of the pores, on the pore walls, along the anodic film and at the top of pores.

The coating was also analysed by X-ray diffraction under grazing incidence (Fig. 6d). The
resulting XRD spectrum shows a peak at an angle of 38°, corresponding to the plane (130)
boehmite. This result would appear to attest to the possible insertion of particles within the

pores of the model anodic film. This peak is also identical (in location and intensity) to that
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obtained during an electrophoretic impregnation with DC voltage, which raises the question
as to the real contribution of a pulsed voltage on the quantity of inserted particles, compared
with a DC voltage. However, these characterisations do not allow for a rigorous quantitative
analysis of the particles within the pores. Nevertheless, FEG-SEM images (Fig. 11) show that
particles are present, and more conclusively so after impregnation under pulsed polarisation.
A mechanism for deposition into pores was proposed by Fukunaka et al. [46] as also by
Ponrouch et al. [47]. As application time T,, was limited, only a small amount of hydrogen
was produced, preventing any bubbles from coalescing and keeping them small enough to
ensure their evacuation during time T This phenomenon was well described by Ponrouch et
al. [47] for cathodic deposition of Ru in anodised aluminium oxide membranes.

The outcome is that using pulsed deposition appears to improve particle incorporation inside
the porous anodic film. To take matters further, hydrothermal post-treatment was applied to
increase hydration (and so the molar volume) of both the anodic film and the particles and

ideally improve pore filling [48,49].

3.3. Influence of hydrothermal post-treatment

Chang et al. [50] used hydrothermal synthesis in an autoclave to create aluminium oxy-
hydroxide (AIOOH) nanorods and nanotubes in the pores of an anodic film using a
phosphoric bath that included aluminium oxalate. The idea was to induce the particles to grow
within the pores using hydrothermal post-treatment. The present study pursued this idea by
studying the influence of hydrothermal post-treatment (water at 98°C for 2 hours) of the
previously prepared samples (i.e. bare anodic film) before and after dip-coating or EPD.
Figure 12 shows the model anodic film after post-treatment in hot water (i.e. without previous
EPD of boehmite particles). No change was observed, showing that the usual hot water
sealing is ineffective for this type of anodic film prepared in phosphoric acid electrolyte, as

previously claimed [31].
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By contrast, for a hydrothermal post-treatment after dip-coating, or continuous or pulsed
electrophoretic deposition, filling all along the pores was achieved (Fig. 13 and 14). XRD
analysis was also performed to detect the presence of boehmite particles after these various
treatments. The XRD spectrum corresponding to the pulsed EPD followed by hydrothermal
post-treatment (Fig.6e) showed several peaks, attributed to those of boehmite. This result
suggests that the particles detected after EPD crystallised during hydrothermal post-treatment.
These results seem to confirm either the presence of particles before post-treatment was
applied or a deep modification of the anodic film, since it has so far proven practically
impossible to clearly observe particles in FEG-SEM observations, whatever the chosen path
for insertion, i.e. dip-coating or constant electrophoretic deposition. Possibly, hydrothermal
post-treatment acted here as a developer. In all events, it would appear that filling after
constant EPD followed by post-treatment was less effective than dip-coating or pulsed EPD.
It can be assumed that the larger bubbles formed during the constant potential process may
limit particle impregnation. Nevertheless, no clear evidence was obtained regarding the
efficiency of pore filling depending on the process. An EIS study was then performed to
provide greater insight, since some variations in the impedance are expected with the filling
ratio of the pores. Figure 15 shows the Bode diagrams obtained in Na,SO, (0.5mol.L™) for
three different modified anodic films: the first by dip-coating and the others by constant or
pulsed EPD, all of them being hydrothermally treated in the same conditions.

In Figure 15, at low frequency (f < 10™Hz), a decrease in impedance modulus is observed for
each process in comparison with the bare anodic film. This value shows a reduction in the
barrier layer homogeneity. Electrophoretic and hydrothermal treatments may modify the
structure of the barrier layer and, as a result, its electric behaviour [51,52]. Moreover, for non-
modified anodic film, as well as modified anodic film by dip-coating and constant EPD, the
presence of one time constant only is observed. Mansfeld et al. [53] claimed that when only

one time constant is observed, the pores are not completely closed, this being the case for the
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non-modified porous anodic film. In the case of pulsed EPD, a second time constant is visible
in the Bode diagram phase; in the latter case a new time constant clearly emerges for a
frequency value close to 5.10? Hz and gives some clues as to the filling of pores by the growth
of particles under hydrothermal treatment.

In previous studies [41-43], the electric behaviour of the anodic film was modelled by an
equivalent electric circuit including resistances and capacitances. A classic model is presented
in Figure 16a, where the resistance Reec denotes the resistance of the electrolyte (bulk and
electrolyte entering the pores), R, and C, represent the resistance and capacitance of the
porous layer, and R, and Cy, the resistance and capacitance of the barrier layer. Capacitive
behaviour is best simulated by constant phase elements (CPE with a non-perfect capacitance
Q and a coefficient o), while Q is defined by C=(R.Q)"*/R where o is the frequency
dispersion factor (0 < a < 1) related to the heterogeneity of layers thanks to the incorporation
of alloying elements and penetration of electrolyte during anodisation. When o=1, Q is a
perfect capacitance. In the case of a non-filled porous layer, the equivalent circuit can be
simplified as shown in Figure 16b by the newly introduced resistance Ry, including Reiec, Rp
and Qp and, as the pores are only filled by electrolyte, R, and C, can be neglected.

As explained previously, low frequencies are associated with the barrier layer electric
characteristics, whereas the high frequency region concerns the porous layer and electrolyte.
To determine the electric behaviour of the porous layer after treatment, impedance curves are
fitted into the high frequency field (f > 10° Hz). Table 1 summarises the electric element
values obtained by fitting using the equivalent electric circuit previously described and
observation of the new slope at high frequency (f = 10° Hz) in the case of pulsed EPD. Table 1
highlights a new capacitance C, with a coefficient oy. In fact, the value of resistance Ry, is too
high and corroborates the fact that the electric behaviour is always driven by the barrier layer.
Sealing, in the case of dip-coating and constant EPD, is not efficient enough (Figure 15) but

the pores are at least partially filled.
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EPD allows the resistance of the porous layer to be increased thanks to the growth of particles
during post-treatment but proves more efficient when pulsed. These results suggest that there

is significant filling of the pores with particles effectively penetrating thanks to pulsed EPD.

4. Conclusion

The insertion of boehmite nanoparticles from an aqueous medium into a porous anodic film
proved impossible using dip-coating due to electrostatic repulsion between the pore walls and
the particles. However, using a combination of electrophoretic deposition and hydrothermal
post-treatment, impregnation became possible. This was achieved after assessing the
threshold potential of the barrier layer, known to behave like a semi-conductor. This
aforementioned threshold potential was found to depend on the conductivity of boehmite
dispersion. In an aqueous medium, water electrolysis was seen to be hindered when using
pulsed EPD with optimised boehmite dispersion (¢ = 3 mS.cm™). Hydrothermal post-
treatment resulted in complete pore filling, whether dip-coating or electrophoretic deposition
was performed, thus revealing the presence of particles within the pores. An additional EIS
study confirmed the presence of particles, since a high frequency time constant emerged; the
related resistance R, and capacitance C, were linked to porous anodic film filling. This was
only observed when a constant or pulsed electrophoretic deposition was applied, proving the
need to apply an electric field to assist particle incorporation. In addition, since a higher
resistance was measured during the pulsed EPD process, more efficient filling was assumed to

be achieved in that case.
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Table 1. Experimental values of different electric elements of the equivalent electric circuit

obtained by fitting of the EIS experimental curves

Rit (Q.cm?) R, (Q.cm?) ap C, (F.cm™)
Anodic film 1.77 2.98 10/ 0.96 0.92 10
Dip-coating
14.15 1.10 10Y 0.91 1.78 10°°
+ Post-treatment
Constant EPD
12.4 3.60 107 0.80 0.1710°
+ Post- treatment
Pulsed EPD
1.10% 2.18 10* 0.72 0.47 10

+ Post- treatment
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Figure captions

Fig. 1 FEG-SEM a) surface view, b) global cross-sectional view c), bottom cross-sectional
view of the model porous anodic film, prepared on AA 1050

Fig. 2 Particle size distribution

Fig. 3 Electrophoretic mobility of boehmite nanoparticle suspension

Fig. 4 XRD spectrum of boehmite nanoparticles after drying and grinding

Fig. 5 FEG-SEM cross-sectional views of the model porous anodic film after dip-coating (a)
top and d) bottom of the coating), after constant EPD (b) top and e) bottom of the coating) and
after pulsed EPD (c) top and f) bottom of the pores)

Fig. 6 XRD spectra of a) the bare anodic film, b) after dip-coating, c) after direct EPD, d)
after pulsed EDP, e) after pulsed EPD followed by hydrothermal post-treatment

Fig. 7 Current density changes during a constant electrophoretic deposition (3V, 5min) of
boehmite particles on/in the model anodic porous film

Fig. 8 Variations of impedance modulus (Bode plot) with applied potential, for the bare model
porous anodic film immersed in boehmite dispersion

Fig. 9 Barrier layer resistance according to the potential applied during the EIS measurements
Fig. 10 Threshold potential of barrier layer according to the boehmite suspension conductivity
Fig. 11 FEG-SEM cross-sectional (a) global view and (b) bottom view (with the contour of
the deposit highlighted in yellow) of the model porous anodic film after pulsed EPD

Fig. 12 FEG-SEM cross-sectional view of the model porous anodic film after a hydrothermal
post-treatment (deionised water at 98°C, 2h)

Fig. 13 FEG-SEM cross-sectional views of the model porous anodic film after dip-coating (a)
top and d) bottom of the coating), after constant EPD (b) top and e) bottom of the coating) and
after pulsed EPD (c) top and f) bottom f of the pores) and each time with hydrothermal post-
treatment (deionised water at 98°C, 2h)

Fig. 14 FEG-SEM cross-sectional view at the bottom of the model porous anodic film after
pulsed EPD and hydrothermal post-treatment (deionised water at 98°C, 2h)

Fig. 15 Variations of impedance modulus (Bode plot) in Na,SO, (0.5mol.L™) for the model
porous anodic film before and after dip-coating, or constant EPD or pulsed EPD followed
each time by a hydrothermal post-treatment (deionised water at 98°C, 2h)

Fig. 16 Equivalent circuits used for modelling the anodic film electric behaviour : a) classic

model and b) simplified model (for o = 1)
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Figure 4

A.U.

i L T T ] T T T I T L T ] L] T T I T L T I T i
- 020 .
[ |’ N
[ i
B | 021 N
i 1 30 i
i \ /i /H / 200 1 52 i
i L 1 L I 1 1 1 I L L 1 I 1 1 1 I 1 1 1 I 1 ]
0 20 40 60 80 100

20 (%)

24



Figure 5

25



Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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Figure 12

32



Figure 13

-

b) *

> S T LA™
v‘,,v\*'!\f\ﬁ‘ L e 0y

33



Figure 14
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Figure 15
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Figure 16
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Table 1. Experimental values of different electric elements of the equivalent electric circuit

obtained by fitting of the EIS experimental curves

Rit (Q.CM?) R, (Q.cm?) ap Cp (F.cm™)
Anodic film 1.77 2.98 10/ 0.96 0.92 10"
Dip-coating
14.15 1.10 10Y 0.91 1.78 10°°
+ Post-treatment
Constant EPD
12.4 3.60 10 0.80 0.17 10
+ Post- treatment
Pulsed EPD
1.10H 2.18 10* 0.72 0.47 10

+ Post- treatment
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Highlights

e Porous anodic film was successfully filled by boehmite nanoparticles using pulsed
electrophoretic deposition, followed then by a hydrothermal post-treatment
e Pulsed electric field allowed to limit the water electrolysis

e Dispersion conductivity modified the semi-conductor behaviour of the barrier layer
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