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The semiconducting and electrical properties of as-deposited and ex-situ irradiated hybrid films on FTO and en-
riched in Cu 2024-T3 Al alloy substrates, using hydrolyzed solutions of pyrrolyl- (PySi) and anilinyl-silicon (AnSi)
compounds, were investigated by means of photocurrent (PCS) and electrochemical impedance (EIS) spectro-
scopies. AnSi based film is p-type semiconducting while PySi is n-type due to OH-n interactions and charge pin-
ning by silanol (SiOH). The electrical properties depend on the extent and nature of donor-acceptor complexes

developed in solution, as well as on the propensity towards Cu™* (z-ligand) coordination during the surface treat-
ment step. The aniline derivative is more prone to Cu-n(N) complexation, which imparts stability to the buried
interface. This, however, turns reactive in the presence of aggressive Cl~ due to displacement reactions as the
penetration of these species throughout the p-type semiconducting AnSi films is facilitated, contrariwise to the

n-type PySi film.

1. Introduction

Anilynyl- and pyrrolyl-silicon derivatives (Fig. 1) as precursors of hy-
brid films to protect Al alloys against corrosion in chloride containing
solutions have been widely investigated by our group [1-9]. Films with
transparent appearance and thicknesses of 2-5pm are typically obtained
by direct-to-metal surface treatment with hydrolyzed methanol-based
solutions of PySi and AnSi. The hybrid films behave as “reservoir” (poly-
siloxane chains) of a “corrosion inhibitor” (aniline or pyrrole moieties),
which acts against metal substrate degradation as siloxane linkages fail
by back hydrolysis [1-5].

Hydrolyzed structures of PySi are stabilized by OH-n interactions
between electron-rich pyrrole ring and electron-deficient silanol group
(SiOH) [1,2,6,9]. Electropolymerization on inert substrates leads to hy-
brid films with mixed n-p doping behavior regardless the extent of hy-
drolysis [7-9], indicating that OH-n donor-acceptor complexes and the
charge pinning action on pyrrole (Py) ring by silanol (SiOH) are pre-
served in the hybrid network. OH-r interactions are less effective with
the more basic AnSi, which promotes deprotonation and self-conden-
sation of SiOH [3-5,8,9]. The p-type redox behavior of electrogrown
films involves anion and proton exchange [8,9], as typically obtained
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for polyaniline and derivatives [10,11]. Protonation/deprotonation is
more likely to involve semiquinoid/benzenoid aniline structures (N—
H - N) [9]. The electroactivity of the hybrid films supports the shift of
oxygen reduction reaction (ORR) to the film/solution interface in ag-
gressive Cl- environment. The better barrier action of PySi films could
be justified by the mixed n-p type redox behavior, limiting the penetra-
tion of C1~ through the film thickness towards the metal/film interface
[1-5]. Nonetheless, the labile protons of aniline moieties bring about a
buffer effect on local alkalization produced by the ORR [4,5]. In addi-
tion, the delocalized but not involved in the aromatization lone pair of
electrons on the N atom, and the strong specific orbital Cu-n(N) inter-
actions [12] make the metallo-complexation particularly relevant in the
case of Cu-rich Al 2024-T3 [5], leading to a decrease of Al-Cu microgal-
vanic coupling [4].

Solid state photoactive behavior of the hybrid films has been in-
dicated in Ref. [5]. In particular, AnSi and PySi films on different
Al alloys turned red-brown, and then progressively discolored during
exposure to natural light, in correspondence with the increase and
the decrease, respectively, of the absorption tail at wavelengths be-
low 450nm as monitored by solid UV-vis spectroscopy. These find-
ings point to light-induced photoexcitation of pyrrole and aniline moi-
eties within the hybrid network, promoting redox conversion reactions
that alter the doping level. Differently from (electro)chemical doping,
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Fig. 1. Schematic structures of (a) anilynyl-silicon and (b) pyrrolyl-silicon derivatives.

where permanent electrical conductivity lasts until the charge carriers
are purposely removed, photoconductivity lasts until charge carriers are
trapped or decay back to the ground state. The generation of free charge
carriers by local oxidation and nearby reduction of conducting polymers
has been represented by the general equation [10]:

(n-polymer)® + hv — [{n-polymer}*Y + {rn-polymer} Y], (¢))

where y is the number of electron-hole pairs. The fact that surface
discoloration was less important for the hybrid films deposited on Al
2024-T3 [5], in particular for the case of PySi films, suggests that cop-
per species act as redox promoters and favor charge trapping.

In this work, photocurrent spectroscopy (PCS) and electrochemi-
cal impedance spectroscopy (EIS) were used to investigate the semi-
conducting and electrical properties of AnSi and PySi hybrid films de-
posited on FTO and enriched in Cu Al 2024-T3 substrates. The effect
of controlled white light irradiation was studied in parallel. In addi-
tion to methanol-based hydrolyzed solutions of the silicon derivatives
(Fig. 1) [1-5,8], treatment solutions containing non-HAP, low-VOC and
bio-degradable methylacetate in excess were used for surface modifica-
tion of Al 2024-T3.

2. Experimental part
2.1. Materials and reagents

The materials used were glass slides (50mmx50mm x2.2mm) of
fluorine doped tin oxide (FTO) (~7Q/sq, Aldrich) and metallic spec-
imens (20x30x1.5mm) made from a commercial wrought sheet of
2024-T3 Al alloy (Aviometal Spa) with nominal composition (wt. %)
4.67Cu - 1.34Mg-0.63Mn - 0.25Fe — 0.15Si, bal. Al. Unless other-
wise specified, all solutions were prepared with commercially available
reagent grade substances and solvents. Aqueous solutions were prepared
using water of MilliQ quality.

2.2. Enrichment in Cu of Al 2024-T3

Before use, Al 2024-T3 surfaces were wet-ground up to 800 grit
with abrasive SiC paper, cleaned in ethanol, and artificially enriched in
Cu, according to a reported procedure [13]. Briefly, metallic specimens
were immersed in 1.5g/L NaOH solution for different times (t.., up to
30min), rinsed in large amounts of water and dried with hot air. The
enrichment in Cu was verified by cyclic voltammetry (CV) in pH 8.4
borate buffer solution (8.17 g/L Na,B,0, 10H,0 + 7.07 g/L H3BO3), us-
ing as-abraded pure Cu (99.99%) as reference material [13]. The cor-
rosion behavior was evaluated in 0.6M NaCl by electrochemical im-
pedance spectroscopy. Further experimental details and results are pro-
vided as supplementary information (Figs. S1, S2 and Table S1). For
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the alkaline etching time of 5 min, the enrichment in Cu of the surface
was significant while the consequent increase of surface roughness was
negligible in comparison to higher etching times as no capacitive cur-
rents at E > +0.1 V (vs Ag/AgCl) were recorded (Fig. S1). In addition,
the impedance response differed less from that of the as-abraded sub-
strate (Fig. S2, Table S1), indicating little contribution of flaws on the
mixed Al-Cu (hydr)oxide layer that are promoted with prolonged alka-
line etching [13]. For this condition, enhanced corrosion rather than
inhibition and steric hindrance effect slowing down diffusion of corro-
sion products was indicated [14]. Accordingly, t.., = 5min was used for
the enrichment in Cu of Al 2024-T3 surfaces prior to modification with
silanes.

2.3. Hybrid films deposition

Hydrolyzed solutions of silicon derivatives (Fig. 1), namely
N-[3-(trimethoxysilyl) propyl] aniline (AnSi) and N-[3-(trimethoxysilyl)
propyl] pyrrole (PySi) were prepared at 4vol% in solvent mixtures made
of either methanol and water (MeOH/H,0 95:5) or of methyl acetate,
ethanol and water (MeOAc/EtOH/H,0 50:25:25). The pH was adjusted
to 4 with acetic acid. Solutions were allowed to stand for 3 days for hy-
drolysis to occur. The typical pink and orange-brown colors of MeOH
based solutions of AnSi and PySi [1-5,8,9] were less intense in the sol-
vent mixture containing polar, aprotic MeOAc in excess, indicating less
favored formation of OH-n and N-H---N agglomerates [9]. In the follow-
ing, treatment solutions are identified by the solvent in excess.

Surface modification of enriched in Cu Al 2024-T3 was carried out as
in previous works [1-5,8]. Metallic specimens were preheated at 120°C
for 10min, immersed in a given silane hydrolyzed solution for 3min,
and finally placed in an oven at the temperature indicated above for
1h. The same procedure, excluding the pre-heating step, was used for
the surface modification of FTO substrates. Unless otherwise specified,
ex-situ irradiation with white light was carried out under air (O,) atmos-
phere for 2h, using a 450 W Xenon lamp (Newport) with maximum ex-
citation range between 400 and 700nm. Gold-colored surfaces resulted
more evident with enriched in Cu in Al 2024-T3.

2.4. Photocurrent spectroscopy (PCS) experiments

Substrates treated with PySi and AnSi solutions containing MeOH
in excess were used. The modified electrode was positioned vertically
in a one-compartment electrochemical cell containing 0.1 M LiClO, in
propylene carbonate (PC), a Pt wire as a counterelectrode, and Ag/AgCl
as a reference electrode. The monochromatic irradiation of the working
surface through the cell quartz window was provided by a 450 W tung-
sten lamp (Muller) coupled with a monochromator (Kratos). Photocur-
rent (I,) spectra were recorded at constant potential of —1V (Ue) and
irradiating wavelengths 4 from 250 to 450nmat intervals of 5nm, us-
ing a PAR 5206 lock-in amplifier interfaced with a computer and locked
to a mechanical chopper (frequency of 13Hz) to separate I, from the
total current circulating in the cell. The variation of I, with time dur-
ing dark/light cycles was recorded for excitation A between 280 and
400nm in the presence of O,. I, data were corrected for the efficiency
of the lamp-monochromator system at each wavelength. For selected
conditions, cyclic voltammograms between 0.0 and 0.6V (vs Ag/AgCl)
in 0.25M Na,HPO, (pH 8.4) were recorded using the electrochemical
system indicated above and a computer driven PARSTAT 2263 potentio-
stat. For some conditions, ex-situ irradiation and photoelectrochemical
experiments were carried under inert atmosphere (N,).
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2.5. Electrochemical impedance measurements

Experiments were carried out with FTO and enriched in Cu Al
2024-T3 treated with silane hydrolyzed solutions containing either
MeOH or MeOAc in excess. Ex-situ irradiation of some as-deposited
films was performed in air as indicated above. Impedance measure-
ments were performed at open circuit potential (E,.) after 10min of con-
ditioning in 0.25M Na,HPO, (pH 8.4), using the electrochemical cell
indicated above with electrodes connected to a computer driven PAR-
STAT 2263 potentiostat/frequency generator. The impedance spectra
were recorded from 0.1 Hz to 65000 Hz with an AC perturbation ampli-
tude of +10mV. From preliminary experiments using limits of 0.01 and
0.001 Hz also, similar spectral features with negligible scatter of low-fre-
quency data and reasonable time of data collection were obtained for
0.1Hz. EIS experiments in 0.6 and 0.01 M NaCl solutions were carried
out for as-deposited and ex-situ irradiated films on enriched in Cu Al
2024-T3. At least two replicated experiments were performed for re-
peatability check. Fitting of experimental points (goodness < 10~3) was
carried out with the help of the ZView™ software (Scribner Associates
Inc.).

3. Results
3.1. Photoactivity and semiconductivity of hybrid films

Fig. 2a shows the photocurrent spectra of ex-situ irradiated PySi and
AnSi films deposited on FTO substrates using MeOH solutions. A max-
imum in the photocurrent yield (Ipyy,y) at about 320nm indicates that
the hybrid films are photoactive due to the presence of aniline and
pyrrole moieties, supporting previous observations [5]. While the mag-
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nitude of I, is smaller for PySi film, the shapes of the spectra are very
similar. Photo-excitation is catalyzed in the presence of O, and depends
on the applied potential (Fig. 2a and b). That is, I ,y.x decreases if the
ex-situ irradiation and the photoelectrochemical experiment are carried
out under inert atmosphere (N,), whereas it increases if the applied po-
tential is made more negative. The effect of ex-situ irradiation and of
O, on the photo-doping processes was confirmed by the cyclic voltam-
mograms recorded in 0.25M Na,HPO, (pH 8.4) (Fig. 2c). At potentials
above 0.3V (vs Ag/AgCl), the current decreases more significantly with
white light exposure in the presence of O,.

The data of the photocurrent spectra were corrected for the effi-
ciency of the lamp-monochromator system in order to estimate the op-
tical band gap Eg"pt according to the equation [15,16]:

(Ippehv)" o (hv — E%) )

where I, is the photocurrent yield, assumed to be proportional to the
light absorption coefficient, hv is the photon energy, E,* the opti-
cal band gap, and the exponent n = 0.5 for indirect optical transitions
(amorphous materials). Extrapolation of the linear portion of (Iph-hv)Q5
- hv plots to (I,*h1)®5 =0 (Fig. 3) gives decreasing E,** in the or-
der: AnSi, O, > AnSi*, N, > AnSi*, O, = PySi*, O,. This trend con-
firms that photo-induced charge transfer and redox conversion reac-
tions are catalyzed by the action of O,. That is, upon the generation by
white light of holes h* and electrons e~ in the valence (VB) and con-
duction (CB) bands, O, interacts with electrons to form the radical an-
ion O,°~ which reduces to water, whereas the holes react with the aro-
matic system to form radical cations of N-substituted aniline (or pyr-
role). Nonetheless, the difference between E,** values estimated in the
presence of O, for non-irradiated and irradiated films is significant (Fig.
3a,c), which supports photoconductivity generated by electron-hole pair
creation and separation into “free” carriers (Eq. (1)) [10]. It is to
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Fig. 2. (a) Photocurrent spectra (—1.0V vs Ag/AgCl) in 0.1 M LiClO,/PC of ex-situ irradiated AnSi and PySi films on FTO substrates in the presence of Oy; (b) photocurrent spectra of
ex-situ irradiated AnSi film in the absence of O,; (c) cyclic voltammograms in 0.25M Na,HPO, (pH 8.4) of as-deposited and ex-situ irradiated (*) AnSi films in the presence and the absence
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Fig. 3. Plots of (I, hv)®5 vs hv derived from the photocurrent spectra (— 1V vs Ag/AgCl, 0.1 M LiClO4/PC) of as-deposited and ex-situ irradiated (*) hybrid films on FTO.
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be noticed further that E, for ex-situ irradiated films of AnSi and PySi
is almost the same (Fig. 3c and d). The smaller I, for PySi films
(Fig. 2a) could be attributed to a less defective hybrid film as a result of
long-range OH-x interactions and charge pinning by SiOH.

Eg"Pt was estimated also for the films deposited on pure Al (99.9%),
pure Cu (99.9%) and Al 2024-T3 (as-abraded and 5-min etched) sub-
strates. Ex-situ irradiation and photoelectrochemical experiments (—1V
in 0.1M LiClO,/PC) were carried out in the presence of O,. The char-
acteristic Fowler emission threshold of aluminum (Eg4, = 2.2eV) [17,18]
was obtained for pure Al and Al 2024-T3 substrates, pointing to inter-
nal photoemission processes at the buried metal/silane interface. E,*
values for as-deposited and ex-situ irradiated films on pure Cu were
about 3.6eV and 2.9eV, respectively, as shown for AnSi films in Fig. 4.
The similarity of E,** values with those obtained for the case of FTO
substrates (Fig. 3) suggests that Cu-n(N) interactions play a minor role
on photo-doping processes. Considering that silanol adsorption and het-
eronuclear oxane bonding are much less favored on FTO and Cu sub-
strates, the internal photoemission for the case of Al substrates might
result from traps generated at the Al-O-Si interface [19].

The time dependence of I, during dark/light cycles at different ex-
citation wavelengths (4 between 280 and 400nm) [17,18] was deter-
mined for the ex-situ irradiated films on FTO substrates in the presence
of O,. The shape of I, — t plots (Fig. 5) indicates that the photocur-
rent generation process is quite instantaneous and relatively stable for
a given 1. However, I, decreases with light and increases with dark for
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the case of AnSi film (Fig. 5a, inset). The cathodic I, generated with
light on is indicative of p-type semiconductivity, i.e., large h* concen-
tration. Conversely, L, increases as light is turned on (anodic I,) in
the case of PySi film (Fig. 5b, inset), corresponding to n-type semicon-
ducting behavior (large e~ concentration), i.e., the charge is accumu-
lated (or trapped) rather than depleted with photo-oxidation. The dy-
namics of the charging/discharging process is likely to be also different.
L, decreases less steeply as the light is turned on for the p-type AnSi
film, suggesting slow depletion of charge. Fast accumulation of charge
is indicated for the n-type PySi film by the sudden, rather than grad-
ual, increase of I, towards the steady state in a given light on/off cy-
cle. These results are consistent with the different chemical behavior
of hybrid silanes in solution, the structural properties of as-deposited
films, and the solid state processes of electrodeposited films [1-5,8,9].
As mentioned before, the more basic anilynyl silicon derivative pro-
motes deprotonation and condensation of SiOH. Thus, homo-functional
aggregation via propyl-tethered Si-O-Si chains and semiquinoid/ben-
zenoid aniline hybrid structures rather than hydrogen bonded O--H—
N complexes (i.e. nitrenium radical cations NH'* stabilized as zwitte-
rions [CgHs;NH®*(CH,)3Si(0~)(OH),]), prevails in solution and in the
condensed phases [2-5,9]. Conversely, non-covalent OH-r interactions
between electron-deficient SiOH and electron-rich pyrrole ring limit the
self-condensation of SiOH [1,2,6,9]. The n-type semiconducting behav-
ior of the chemically deposited films corroborates the predilection for
cooperative long-range OH-r interactions and charge trapping.
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Fig. 4. Plots of (I, hv)®5 vs hv derived from the photocurrent spectra (— 1V vs Ag/AgCl, 0.1 M LiClO,/PC) of (a) as-deposited and (b) ex-situ irradiated (*) AnSi films on pure Cu (99.9%).
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3.2. Impedance behavior of the hybrid films in Na,HPO,

The Nyquist diagrams in Na,HPO, (pH 8.4) for untreated and mod-
ified with hybrid silanes FTO substrates were collected at the open
circuit potential, which was closely equal for the different investi-
gated systems (E,. = —0.050+0.003V vs Ag/AgCl). One time depen-
dent process was indicated by the depressed capacitive semicircle domi-
nating the whole frequency domain, being related to double layer charg-
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Fig. 6. Equivalent circuits used for fitting EIS spectra. Circuit elements: Ru — uncompen-
sated resistance, R, — charge transfer resistance, CPE — constant phase element, L — induc-
tance. See the text for clarity.
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ing of bare and filmed surfaces. The equivalent circuit depicted in Fig.
6a fitted best the experimental points, where R, estimates the uncom-
pensated resistance of the electrolyte, R, represents the charge trans-
fer resistance of bare or filmed FTO, and the constant phase element
(CPE) stands for the non-ideal capacitive behavior of the correspond-
ing interface as a result of the distribution of reactivity due to surface
heterogeneity [20]. Fitting results are provided as supplementary data
(Table S2) while some representative spectra (Bode representation) are
reported in Fig. 7.

The fitting results are graphically compared in Fig. 8, where the val-
ues of R, and of CPE paramters Q and « of the uncoated substrate are
indicated by arrows near the y axes in (a,b) and by a dotted line in
(c). Surface modification with PySi gives a more resistive barrier sys-
tem, as indicated by the increase of R, and the decrease of Q (Fig. 8a).
Charge transfer properties tend to be restored with ex-situ photo-ox-
idation, in particular for PySi(MeOH)* with similar R, and Q values
to those of uncoated FTO (Fig. 8a). This is justified by the smaller
band-gap of OH-it domor-acceptor complexes that are promoted with
hydrolysis [6-9], leading to an interpenetrated o-n conjugated hybrid
network [6-9]. Less facilitated is the photo-oxidation of the films de-
posited using MeOAc solutions (Fig. 8a) containing higher amount of
non-hydrolyzed moities, unless electrochemically oxidized albeit the
electrodeposited films present p-type rather than mixed n-p redox be-
havior [7-9]. The differences above are supported by the smaller con-
tribution of the distribution of reactivity of PySi(MeOH) (o > 0.85) in
comparison to PySi(MeOAc) (a« < 0.85) (Fig. 8c).

The species developed with hydrolysis determine the charge trans-
fer behavior of the chemically deposited films of AnSi as well (Fig. 8b
and c). The variation of R, Q and « for the of AnSi(MeOAc) treat-
ment reproduces rather well that obtained for PySi(MeOAc) (Fig. 8a).
Conversely, for AnSi(MeOH), R, and Q values differ less from those of
uncoated FTO and change little with ex-situ photo-oxidation while the
distribution of surface reactivity is negligible (x> 0.9) (Fig. 8c). This
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Fig. 7. EIS spectra (Bode representation) recorded in 0.25M Na,HPO, for (a) AnSi and (b) PySi hybrid films on FTO. Top — Bode modulus, bottom — Bode phase. Empty symbols — as-de-

posited films; filled symbols - ex-situ irradiated films (2h); cross symbols — uncoated FTO.
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Fig. 8. Graphical comparison of the fitting parameters R, Q and « for FTO substrates modified with (a,c) PySi and (b,c) AnSi, using solutions containing either MeOH or MeOAc in

excess. The symbol (*) indicates ex-situ irradiation with white light. Arrows near the y axes in (a,b) and the dotted line in (c) indicate the values of R, Q and « for uncoated FTO.

points to smaller energetic barriers for charge transfer due to the pres-
ence of redox active semiquinoid/benzenoid aniline structures [3-5,9].

The origin of the CPE behavior, which may arise from the distri-
bution along or normal to the electrode surface of time-constants for
charge-transfer reactions, being associated to a distributions of physi-
cal properties (structure, reactivity, dielectric constants, and resistivity),
was further studied by considering the effective capacitance C. related
to surface and normal distributions of properties, according to the Egs.
(3) and (4), respectively [20]:

Ceff — Ql/rx X Ru (1-a)/ox

3

Ceff = Ql/“ X Rct (-w)/a (Ru << Rct) (4)

The trend of C.4 with ex-situ irradiation for a given treatment con-
dition reproduces rather well those of Q (Fig. 8a,b and 9), but the dif-
ferences between Q and C.4 calculated with Eq. (4) are smaller. Thus,
the CPE behavior arises principally from the distribution of reactivity
throughout the hybrid film. The higher charge exchange capability is
confirmed for the case of MeOH treatments, being in accordance with
the incorporation of donor-acceptor charge transfer complexes, namely
OH-n and N—H - N aggregates for PySi and AnSi, respectively within
the hybrid network.

Nyquist diagrams collected for modified Al 2024-T3 (t.., = Smin) at
E,. (—0.25+0.05V vs Ag/AgCl) showed two closely overlapped capac-
itive semicircles for all the treatment conditions except AnSi(MeOAc).
In this case, as for the uncoated substrate, a single capacitive loop
was obtained. The experimental data fitted best circuit models with
two R||CPE elements in series (Fig. 6b) and one R||CPE (Fig. 6a), re-
spectively. The Bode plots (Fig. 10) show an increase of the global
impedance with surface modification and closely overlapped ¢ peaks,
suggesting charge storage and internal charge transfer for equilibra-

for AnSi(MeOH) (Fig. 10a) point to faster charge transfer kinetics
(smaller relaxation time constants) for the resulting hybrid film. In addi-
tion, the breakpoint frequency (¢p~45°) at about 10*Hz manifests par-
ticipation of ionic species in charge transfer processes. The kinetics of
charge transfer is enhanced with ex-situ irradiation for PySi films (Fig.
10c and d).

Based on the fact that local alkalization by ORR does not drive
corrosion of Al 2024-T3 at open circuit in phosphate buffer solution
[13], the two time constants in the EIS spectra of the hybrid films
indicate the formation of a two-layer hybrid film upon modification
of enriched in Cu surfaces. The analysis of fitting results (Table S3)
indicated that the inner layer is more resistive than the outer layer
(R, > R;) (Fig. 6b), whereas the resistance of the latter layer differed
little from that of the unocated substrate (R; ~ R) for most conditions.
In addition, o > 0.80 > «a, (Table S3) which points to a less inhomoge-
neous distribution of active sites in the inner layer. For the case of
AnSi(MeOAc) treatment leading to hybrid films with one time depen-
dent process (Fig. 6a, Fig. 10b), the corresponding R and o were anal-
ogous to those of the inner layer (R, and ) of the films deposited us-
ing AnSi(MeOH) (Table S3). The variation of Q with the composition
of the treatment solution and with the ex-situ irradiation of the as-de-
posited hybrid films was less straightforward (Table S3). All Q values
were higher than that of the uncoated substrate, but Q;~Q, and in-
creased similarly with ex-situ photo-oxidation for the case of PySi films,
though by a higher amount for PySi(MeOH). Conversely, Q, > Q; and
both changed less with ex-situ irradiation for the case of AnSi(MeOH).
The above trends are manifested by the corresponding C.gr; and Cegr
calculated with eq. (4) for the outer and inner layers, respectively
(Fig. 11). By comparison with results obtained for FTO substrates (Fig.
9), the C. values are much smaller, but vary similarly with ex-situ
photo-oxidation, despite of Cqg 5 > Cef; in the case of AnSi(MeOH). For

AnSi(MeOAc) (Fig. 11b), the as-deposited and ex-situ irradiated films
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Fig. 10. EIS spectra (Bode representation) recorded in 0.25M Na,HPO, of enriched in Cu Al 2024-T3 (ty., = 5min) treated with silanes: (a) AnSi(MeOH); (b) AnSi(MeOAc); (c)
PySi(MeOH); (d) PySi(MeOAc). Left axe - Bode modulus |Z| (CJ, W), right axe - Bode phase ¢ (O),®). Empty symbols - as deposited films; filled symbols - ex-situ irradiated films; cross

symbols — Bode modulus and phase of the uncoated Al 2024-T3 (t, = 5min).
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Fig. 11. Graphical comparison of C.¢ (Eq. (4)) for as-deposited and ex-situ irradiated (*) hybrid films of (a) PySi and (b) AnSi on enriched in Cu Al 2024-T3 substrates (t,, = 5min). The

subscripts 1 and 2 indicate the outer and inner stratums, respectively.

present C. values closely equal to G, and Ce, respectively, of the
parent AnSi(MeOH) treatment.

Results point out that deposition of hybrid films on enriched in Cu Al
2024-T3 leads to a highly resistive and heterogeneous inner layer, being
consistent with the formation of heteronuclear oxane bonds (Al-O-Si)
at the metal/film interface during the surface treatment step. However,
this only does not justify the higher charge storage/exchange capacity
for the case of AnSi(MeOH) (Fig. 11b), unless Cu-t(N) complexation is
considered [4,5,21]. Copper species acting as redox mediators promote
Cu* (n-ligand) coordination in the presence of semiquinone moieties and
the consequent blocking of active sites. The structural and energetic het-
erogeneity throughout the film thickness is thus more significant. Re-
lease of n-ligand upon photoexcitation due to weaker Cu-n(N) complex-
ation is suggested for the case of AnSi(MeOAc) treatments (Fig. 11b).
The charge storage/exchange behavior of PySi films is primarily deter-
mined by the extent of interpenetration of the o-

n conjugated hybrid network, corroborating previous findings [6,9],
while Cu-n(N) interactions play a less important role.

3.3. Impedance behavior in aggressive NaCl solutions

The Nyquist diagrams collected in 0.6 M NaCl solutions for the en-
riched in Cu Al 2024-T3 treated with silanes (E,.~ —0.60V) were fea-
tured by a depressed capacitive semicircle and inductive points in the
limit of low frequencies (Fig. 12a and b). Similar results were obtained
in more dilute test solutions (0.01M NaCl, E .~ —0.50V), as shown in
Fig. 12 (insets) for some conditions. The corresponding Bode plots dif-
fered from those reported in Fig. 10 by the decrease of |Z| values at
f < 1Hz, in addition to the presence of only one peak in the ¢ - f plots
and ¢ values below —20° at f < 1Hz. The experimental points fitted
best the equivalent circuit in Fig. 6¢ (Table S4), where circuit elements
CPE||R,, and inductance L are related to the charge transfer behavior of
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the filmed surface and to localized processes at the buried metal/film
interface. No inductive points but a second capacitive loop was obtained
in the case of uncoated substrates (Fig. S2, Table S1), being related to
diffusion of charged species such as Al (hydr)oxychlorides and cooper
chloride complexes (e.g. CuCl,™) produced as a result of coupled ca-
thodic/anodic reactions at the metal/solution interface [22,23]. It is
well known that microgalvanic corrosion driven by ORR dominates at
open circuit in chloride solutions. Microgalvanic corrosion is enhanced
as local corrosion elements of galvanic type develop with Cu re-depo-
sition [24-26]., this being promoted with alkaline etching and during
corrosion (Fig. S2) [13]. The inductive phase shift in the current with
surface modification manifests cooperative electron-transfer steps that
block the diffusion of intermediates of corrosion products [27-31]. The
displacement of the dissolution path as a result of a kinetically-induced
blocking effect is consistent with the mixed barrier/active protection
of the hybrid films [1-5]. The higher contribution of the inductive re-
sponse obtained for the case of AnSi treatments (Fig. 12) correlates with
the interconversion between different redox states due to changes in lo-
cal pH and to metallo-complexation of the aniline moieties [3-5,10,11],
being assisted by the easier penetration of Cl~ through the p-type semi-
conducting film. Inductive loops have been reported for electrochemi-
cally deposited polyaniline on Pt in 1M HCI [32] and, more recently,
for iron oxide covered with phenyl-capped aniline tetramers in 3.5wt%
NacCl [33].

It is to be noticed that the diagrams collected in 0.6 M NacCl for the
case of AnSi(MeOH) treatments show some symmetry above and below
the Z’ axe (Fig. 12b), indicating that the concentration impedance of the
free sites adds to the faradaic impedance for an electrochemical reaction
involving different adsorbates [28]. Since the Cu* (x ligand) promoted
during the surface treatment should behave as a Lewis base, displace-
ment reactions due to protonic acid doping and formation of Al chloride
— aniline adducts may account for the significant reorganization of the
reacting interface with Cl~ attack. The decrease of the inductive points
with dilution of the test solution and thus with increasing dissolved oxy-
gen concentration is consistent with disfavored ORR at the buried in-
terface as reduced aniline units are stabilized by complexation.

Displacement reactions justify the structured “extraction” of cop-
per species observed for the as-abraded alloy surface modified with
AnSi (MeOH) during exposure in NaCl (Fig. 13 in Ref. [4]), in sup-
port to in-situ Cu-n(N) interactions decreasing the Al-Cu microgalvanic
coupling [1,4,5]. The barrier performance and thus the stability of
the metal/film interface are higher for the case of n-type PySi film,
as highlighted by the higher and smaller dimensions of the capac-
itive and inductive loops, respectively, for the case of PySi(MeOH)
(Fig. 12a). The environmentally-friendly MeOAc-based treatment ap-
pears promising, in partic-

ular for AnSi (Fig. 12b). Nonetheless, the conditions used in this work
simulate the first stages of localized dissolution processes. The effect of
prolonged exposure [1-5] on impedance is still to be studied.

4. Conclusions

The semiconducting and electrical properties of PySi and AnSi films
on inert FTO and reactive Cu-rich Al 2024-T3 substrates were investi-
gated using different approaches. The hybrid films are photoactive and
present semiconducting behavior due to the presence of pyrrole and
aniline moieties in the hybrid network. The n-type semiconducting be-
havior of PySi film corroborates the trend for cooperative non-cova-
lent OH-x interactions and the resulting charge pinning action of SiOH.
The more basic aniline derivative favoring the deprotonation of SiOH
leads to p-type semiconducting AnSi films, as typically obtained for
polyaniline and derivatives. Cu-n(N) interactions play a minor role in
the photo-doping processes.

The electrical properties of the hybrid films depend on the extent
of formation of OH-t and N-H--N donor-acceptor complexes with hy-
drolysis in the treatment solution. More resistive films for the treatment
solutions containing polar but aprotic MeOAc in excess correlates with
the smaller contribution to the hybrid film network of charge transfer
complexes. Specific interactions at the metal/solution interface during
the surface modification are of importance also. Differently from FTO,
a two-layer film structure is formed on enriched in Cu Al 2024-T3. The
highly resistive and heterogeneous inner layer is consistent with the for-
mation of heteronuclear oxane bonds (Al-O-Si) at the metal/film inter-
face during surface treatment step. The related charge storage/exchange
capacity depends on the propensity towards Cu-n(N) specific interac-
tions, the AnSi derivative being more prone to Cu™(r-ligand) coordi-
nation. The consequent blocking of the active sites makes the interface
more resistive but in non-aggressive to Al passivity Na,HPO,. In aggres-
sive chloride solutions, the interface reactivity increases markedly due
to the easier penetration of these species through the p-type semicon-
ducting film, contrariwise to the n-type semiconducting PySi film. Nev-
ertheless, cooperative redox transfer reactions hinder the diffusion of
corrosion products. The kinetically-induced blocking effect is attributed
to displacement reactions due to protonic acid doping and formation of
Al chloride - aniline adducts as the n-ligand is released.
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