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1. Introduction

A key difference between Intrinsically Conducting Polymers (ICPs)
and conventional non-conducting organic coatings lies in the ability of
the former to transport ions automatically through a switch of the redox
state from the conductive (half-oxidized) state to the partially reduced
state [1-3]. The penetration and transport of ions through the ICP films
are associated with weak intermolecular interaction and the absence of a
strong physical barrier. Based on this property, ionic mobility and
transport play an important role in many applications of ICPs, such as in
organic electrochemical transistors [1], separator membranes [4], bat-
teries [5] and biosensors [6]. In this work, however, the focus is on the
transport of ions in (partially) reduced ICPs films, as fast transport of
active agents is of particular importance for optimizing the overall
performance of self-healing coating in the field of corrosion protection, a
subject that is currently attracting a great deal of attention. Recently it
has been shown that optimized signal spreading can be achieved by the
use of an intermediate polypyrrole (PPy) film, applied directly onto the
metal surface and beneath the non-conductive coating containing the
corrosion inhibitor loaded capsules [7]. The capsules in that latter work
were also made from conducting polymer, which has been shown in
earlier works to work well in terms of safe storage and efficient corrosion
triggered release of corrosion inhibitors and monomers for the formation
of a new polymer coating at the defect [8,9].

Concerning improved transport of such active species the work of
Uebel et al. indicates that films of conducting polymer directly applied
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There are many studies on different concepts for so called smart self-healing coatings providing safe storage and
corrosion triggered release of inhibitors. However, achieving an efficient transport of the released inhibitor to the
defect is so far a widely neglected issue, although it is crucial for the overall performance. Hence, an in-depth
investigation was cairied out on inhibitor transpoit through the coating system into the defect, based on dedi-
cated model sample set-ups. The main focus was on the possible beneficial role of an interfacial polypyrrole layer
on the overall performance. Especially for some organic inhibitors huge effects were observed.

onto the metal, may not only enhance trigger signal spreading, but may
also may have a positive effect on transporting corrosion inhibitor to the
defect site [7]. To date, relatively little work has been published
regarding ion transport through ICPs and its application on corrosion
protection. As will be shown in the following, indeed ICPs play a crucial
role for designing coating systems with optimized smart self-healing
performance also because of the high transport capability for active
agents to the defect site.

ICPs are key materials from the point of view of both fundamental
research and practical applications. In general, an ICP film is a positive
charged polymer backbone in which the positive charge is associated
with the according amount of negatively charged dopant anions. The
redox reactions of the ICPs are controlled by the insertion or expulsion of
counterions [10], and anions as well as cations can be involved in the
charge compensation process. Two extreme cases can be considered for
the charge compensation during redox transitions: in the one case the
counter-anions are highly mobile and the main exchanged species dur-
ing the redox transitions (see eq. (1) below), in the other case the anions
in the ICP are highly immobile and mainly cations are exchanged
[11-14] (see Eq. 2):

PPy" (A7) +CT +e PPy + A~ 4 CF (1)
PPyt(A7) + C* + ¢« PPy°(AC) (2

where PPy' and PPy° represent the doped (oxidized) state and the
undoped (reduced, neutral) state of the PPy, respectively. PPyt (A7)
indicates that the anion A~ is incorporated in the polymer as a dopant.
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PPy° + A~ indicate that the A~ has been expelled into the electrolyte.
And C* represents the cation in the electrolyte and it is incorporated into
or expelled from the PPy® depending on the size of counterions of A™.

This coupling of electron transfer and the exchange of counterions in
the process of electrochemical oxidation and reduction is maybe one of
the most interesting aspects of ICPs. Transport of ions has been studied
in polymer electrolytes such as Nafion and ICPs using conductivity or
diffusion measurements [15]. These studies focus on examining the
electrochemical switching of ICP membranes by application of an elec-
tric field for the separations of ionic species. Murray et al. have been
pioneers to report that PPy deposited on a gold minigrid allows to
separate two different solutions, by a potential induced change of the
redox states of the PPy which affects the mobility of the ions [16,17].
The results showed a permselectivity for ions can be achieved resulting
in ion gate membrane transfer. Also, Ehrenbeck et al. [18] studied the
permselectivity of PPy as a function of the oxidation state. They found
that incorporation of immobile anions such as dodecylsulfate or n-sul-
fopropyl-pyrrole leads to modified membranes which exhibit distinct
cation permselectivity in the reduced state. Wallace et al. [19,20]
worked extensively on electrochemically controlled transport of ionic
species across ICP membranes. They reported that the transport of ion
species across ICP films can be switched on and off by means of appli-
cation of an appropriate electrical potential. Also, by the application of
different electrical potential waveforms control of the rate of transport
and the selectivity of the membrane can be achieved. They emphasized
that the exact parameters of the synthesis of the ICPs, especially using
different counterions, show a significant influence besides on the gen-
eral physical and chemical properties especially on the transport prop-
erties. Although the correlation between structure of the ICPs and their
ionic transport properties is still being developed, there is a wealth of
knowledge on factors that influence ionic mobility in ICPs. These studies
give a solid proof that ions can be well transport across ICPs and that
there is a selectivity for how well ions may move across the ICP matrix.
Hence, ICPs are not like conventional non-conducting polymers which
act just as barriers for ions, but they provide a means to control the
transport of ions.

Concerning redox transitions, usually there will be a mixture of the
processes according to Egs. (1) and (2). But especially, if redox transi-
tions are proliferating over larger distances within ICPs, then this usu-
ally results with increased progress of the transition in a preferentially
cation exchange-based process, turning the (partially) reduced ICP
matrix into a fast cation transport membrane [21]. This makes contin-
uous ICP coatings unsuitable for a triggered release of the
counter-anions stored within by corrosion induced ICP reduction,
because of the anion release rather cations are incorporated instead
[21].

This is also the reason for why although continuous ICP coatings
have a certain capability to inhibit corrosion in small pinhole sized de-
fects in the coating, especially in the immersed case, in the presence of a
large defect or in the case of a non-immersed sample, where just the
defect site is covered by electrolyte, they are observed to disastrously fail
[21-26]. However, capsules made of ICPs, incorporated into a matrix of
non-conducting polymer, for storing self-healing agents, i.e. corrosion
inhibitors or monomers and catalysts for the formation of a new organic
coating at the defect, were recently shown to be very promising for
realizing smart self-healing coatings which show high performance in
terms of safe storage and triggered release [8,9]. The transport of the
released active agents, however, was found to be still relatively limited.

Surprisingly the transport of self-healing agents from the coating into
the corroding defect site and how it can be optimized are not objects of
much research. Most of the current research work on self-healing coat-
ings just focuses on the synthesis of new capsules which are responsive
to suitable trigger mechanisms. But only if the released corrosion in-
hibitor effectively reaches the defect, sufficient self-healing will occur at
the defect. Hence, the study of the transport of ions and also of neutral
molecules from within the coating to the defect is of crucial importance
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for the development of high-performing self-healing coatings for
corrosion protection [8,27-33].

As mentioned, based on previous work [7] it is clear that continuous
ICP coatings can improve signal spreading and thus quickly activate a
high number of capsules, leading to effective release of large quantities
of active agents. A significantly enhanced transport of released active
agents into the defective site(s) would constitute a major step for
designing improved self-healing coatings. For these first studies PPy was
chosen for the conducting polymer layer and poly(vinyl butyral-co-vinyl
alcohol-co- vinyl acetate) (PVB) as non-conducting top-coat. In view of
the fact that in many applications, as for instance in the automotive
industry, steel is usually used as galvanized steel, Zn was chosen as
metallic substrate. A dedicated model sample geometry was used that
consisted of a defect in the coating through the PVB and the PPy layer
down to the Zn, separated by several millimeters from a reservoir con-
taining corrosion inhibitor ions (see Fig. 1 in Section 2.3). In this set-up,
ions and also neutral molecules are able to enter and exit the coating
only at the edges, i.e. at the interface with electrolyte at the defect site or
at the reservoir. This work is an effort for developing a better under-
standing of the role of ions transport on self-healing properties and
corrosion protection that can be achieved by using redox-active ICPs.

2. Experimental
2.1. Materials

Zn plates (thickness 1.5 mm, 99.95 %) were purchased from Good-
fellow and cut into pieces of 15 mm x 20 mm. Potassium chloride (KCI,
purity 99 %), hydrogen peroxide (H;03, 30 wt% in H30), p-Cyclo-
dextrine (B-CD, purity 97 %), sulfuric acid (H»SO4, 98 %), sodium hy-
droxide (NaOH, reagent grade 98 %), 8-Hydroxyquinoline (8-HQ, purity
99 %), cerium(IV) sulfate (Ce(SO4)s, reagent type), sodium molybdate
(NagMoOy, purity 99.9 %), cerium(Ill) nitrate hexahydrate (Ce
(NO3)3-6H0, 99.99 % trace metals basis), pyrrole (reagent grade, 98
%), potassium hydroxide (KOH, ACS reagent, >85 %), 3-nitrosalicylic
acid (3-Nisa, purity 99 %), ethanol and poly(vinyl butyral-co-vinyl
alcohol-co-vinyl acetate) (PVB) (molar mass 50000—80000 g/mol)
were supplied by Sigma-Aldrich (Steinheim, Germany). Microscope
glass slides were purchase from Hirschmann Laborgerate GmbH & Co.
KG. Pyrrole was purified by distillation under N, atmosphere. All other
chemicals were used as received unless otherwise noted. All aqueous
electrolytes were prepared using water from a USF ELGA water purifi-
cation system with a conductivity of less than 0.055 pS/cm.

2.2. Electrodeposition of PPy on Zn and Au substrate

Zn plates were ground with P2500 SiC paper (grinding direction
parallel to short edge of the specimen), cleaned with water and ethanol,
and dried under a nitrogen stream. Before electrodeposition of PPy, the
Zn plates were pretreated in a three electrodes set-up by cycling 5 times
from —1.1V to —1.4V vs Ag/AgCl(3M KCI) in NaOH (0.25M) with a
scan rate of 10 mV/s using a Voltalab 50 potentiostat. This results in the
formation of a protective oxide layer that was found necessary for
obtaining a homogeneous and strongly adherent PPy layer in the PPy
electrodeposition step [7,34]. The electrodeposition of PPy was realized
galvanostatically with a current density of 5mA/em? in a
three-electrode setup, with an area of 8 x 18 mm being exposed to the
electrolyte solution consisting of 0.3M pyrrole and 0.01 M 3-Nisa
(pH=2.5, adjusted with KOH). The thus obtained coatings were
washed thoroughly with distilled water and ethanol to remove any
excess of monomers. The thickness of the PPy films was about 1.2 pm,
controlled at a total passed charge (1.44 C/em?).

For quantification of the inhibitor transport, Au evaporated on glass
was used as substrate instead of Zn. Prior to the electrodeposition of PPy,
the microscope glass slides were pretreated in Piranha solution (with a
volume ratio of HaSO4 and HoO9 of 3:1) to remove the contamination
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and organic residues from the glass slides. Onto the thus cleaned glass
slides Au layers of 150 nm thickness were deposited by Physical Vapor
Deposition (PVD) on the microscope glass slides with a titanium inter-
layer of 10 nm (also by PVD). PPy was electrodeposited on the Au-coated
glass (8 x 18 mm) with a passed charge of 0.313 C/cm? for all samples,
with a current density 5 mA/cm? [7,34]. After the electrodeposition of
the PPy on the Zn plates or Au substrate, these samples were spin-coated
4 times with a 5 wt% PVB solution and then further spin-coated 3 times
with a 10 wt% PVB solution at 2000 rpm for 20 s, dried in an oven at
75 °C for approx. 10 min, respectively. Also, Zn plates without PPy layer
were spin-coated with PVB as reference samples. The samples are
denoted in the following as PVB|Zn, PVB|PPy|Zn and PVB|PPy|Au,
respectively.

2.3. The experimental model set-up for the ion transport

For the fundamental investigation of the ionic transport to the defect
site, a model sample with a separate source reservoir containing the ions
of interest was prepared. This reservoir was formed by the PVB|PPy|Zn
sample bonded to a piece of glass by using an epoxide paste [35,36]. The
edges of glass plates were surrounded by epoxy paste to form the
reservoir. A schematic drawing of the experimental set-up for measuring
the self-healing performance of ions transports illustrated in Fig. 1, also
indicating the measurement of the corrosion potential in the defect and
the delamination by SKP.

For the quantification of the corrosion inhibitor transport, a modified
set-up as described in Fig. 2 was used, in two variants.

Variant 1: To quantify the ion transport through the (partially)
reduced PPy, a PVB|PPy|Zn sample was placed between two reservoirs,
one, denoted here as source reservoir, was filled with an aqueous solu-
tion containing the corrosion inhibitor (100 pl) to be investigated and
the other, denoted here as receiver reservoir, was filled with aqueous
1 M KCl electrolyte (100 pl), respectively. Here the Zn edge exposed to
the chloride containing electrolyte corrodes, which causes delamination
of the coating. The small Zn area at the Zn edge reduces consumption of
inhibitor reaching the reservoir, facilitating its quantification by anal-
ysis of the electrolyte. The concentration of the inhibitor ions in the
receiver reservoir was then measured by analyzing a well-defined vol-
ume of electrolyte taken from the receiver reservoir at given intervals
(30 h).

Variant 2: In order to avoid the depletion of the corrosion inhibitor
due also to reacting with the Zn surface at the PPy|Zn interface, i.e. to
study the true transport through the PPy, also PVB|PPy|Au samples with
altogether three reservoirs were used.

One edge of the PPy was in contact with Zn covered by aqueous 1 M
KCl1 (100 pl) solution (with the Zn exposed to the electrolyte serving as
anodic defect to drive cathodic delamination, which would not occur for
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a defect down to Au), the other edge with inhibitor aqueous solution
(100 pl) applied on glass as source reservoir (filled with corrosion in-
hibitor solution, which also inhibits delamination from that side). An
artificial defect, serving for collecting the transported inhibitors in a
small volume of electrolyte, was inflicted between the two reservoirs
and covered with 40 pL 1 M KCl. After 30 h, the electrolyte covering the
defect was collected in order to determine the concentration of corrosion
inhibitor accumulated there.

For both variants, the distance of source reservoir to the receiver
reservoir (variant 1) or defect site (for variant 2: receiver reservoir) was
4.5 mm and the cathodic delamination was in both cases monitored over
a distance of 1.5mm. The concentrations of 3-Nisa, 8-HQ, p-CD, Ce
(804)2 and NayMoO,4 were 0.015, 0.003, 0.01, 1.0 and 0.2 M in aqueous
solution, which is close to the according solubility limit, respectively.
The concentration used for the investigations with Ce(NO3)3-6H;0 were
0.001, 0.05 and 4.0 M.

2.4. Characterization

Scanning Kelvin Probe (SKP)—To investigate the self-healing per-
formance and the cathodic delamination progress an artificial defect
(2.5mm + 0.2mm long, 30.5pm + 5.4 pm wide, and 42.5 pm + 6 pm
deep) was applied to the coating with a razor blade (see also Fig. 1). The
scratch was covered with 7.5uL 1 M KCI and the sample was subse-
quently introduced into the SKP chamber with a relative humidity of 93
%. The progress of cathodic delamination at the coating interface and
the electrode potential at the defect site were monitored in-situ alter-
natingly with a commercial SKP system. The SKP tip was calibrated
against a Cu/CuSO4 (saturated) reference electrode in air and all po-
tentials are referred to standard hydrogen electrode (SHE) [35,36]. It
should be noted, that the PVB|PPy coating cannot stop the progress of
cathodic delamination and typically 1.5mm of the coating was
delaminated within just 3 h.

For the progress of the delamination from the defect to the source
reservoir the delamination profiles obtained for the PVB|Zn and
PVB|PPy|Zn model samples were all quite similar, respectively, regard-
less of the inhibitors investigated. This is because in that initial stage the
situation was always the same: the PVB and PPy were always prepared
in the same way and delamination and reduction of the PPy occurred via
migration of the same kind of cation (potassium). Only upon onset of
inhibition caused by the different inhibitors transported to the defect
different behaviour was observed. Here the most notable difference was
the increase in corrosion potential. So, just a few typical initial cathodic
delamination profiles with different corrosion inhibitors in the source
reservoir are presented in the following.

X-ray photoelectron spectroscopy (XPS)—A commercial XPS system
(ESCA Quantum 2000 Microprobe) from PHI was used for analyzing the
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Fig. 1. Experimental setup for measuring the transport efficiency of the coating for ionic or neutral inhibitor molecules via SKP (not to scale). The inserted figures
show photos of the set-ups (the red circles represent the position of defect, i.e. a scratch down to the metal covered by a drop of electrolyte). (a) the PVB|Zn model
sample; (b) the PVB|PPy|Zn model sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 2. Experimental setups for quantifying the transport of ionic or neutral inhibitor molecules (not to scale). The inserted figures show photos of the set-ups (again
the red circle represents the position of defect). (a) the PVB|PPy|Zn model sample (variant 1); (b) the PVB|PPy|Au model sample (variant 2). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

Zn surface at the PPy|Zn interface after pulling off the coating and at the
defect site after removal of the electrolyte. The main interest here was on
the latter. The received XPS data were all processed and analyzed with
CASA XPS. For the PVB[PPy|Zn model samples with Ce®>" and Ce* ™ in the
source reservoir, the main focus was on the role of the different oxida-
tion states of the cerium ions for transport and defect passivation. After
the experiment on ion transport to the defect site, the PVB|PPy coating
was peeled from the Zn substrate and then the defect site was measured
with XPS to detect Ce. Note, after the delamination (de-adhesion), the
coating could be easily removed from the Zn substrate to expose the bare
substrate. The reason for pulling off the coating was to get better access
to the Zn surface at the defect.

Inductively coupled plasma mass spectrometry (ICP-MS, NexION
300X, PerkinElmer) and Inductively coupled plasma Optical Emission
Spectroscopy (ICP-OES, Iris Intrepid Duo HR) was used to analyze the
electrolyte and thus to quantify the amount of Ce®>* and Na™ which was
transported from the source reservoir to the small defect (variant 2) or
the receiver reservoir (variant 1) after 30 h, respectively.

3. Results and discussion

In the case of an ICP layer applied onto the metal substrate for
enhanced signal spreading [7], the according trigger signal is the
corrosion induced decrease of potential. Besides the reduction of the ICP
also deadhesion at the ICP|metal interface caused by cathodic delami-
nation needs to be considered, see e.g. [21]. Also at least a partial
degradation at the PVB[PPy interface is thinkable [26], although no
indications for a delamination at that interface were found. Hence, there
are potentially three pathways for the transport of active agents: (i) the
(partially) reduced ICP layer, which gets more hydrophilic by its
reduction and hence is expected to thus allows a much higher mobility of
species than in the initial state, especially for cations [19,20], (ii) along
the possibly (partially) delaminated PVB|PPy interface and (iii) along
the (partially) delaminated PPy|Zn interface [7,25]. Concerning (ii) and
(iii), it is, of course, important that the delaminated interface is also
self-healed upon inhibition of the defect. That this indeed can occur was
observed in earlier work [7]. Based on the results found here, the most
important pathway for the mass transport of inhibitor to the defect is
through the (partially) reduced PPy. The specific pathways are indicated
in Fig. 3. Note that the reduced PPy has only a low ionic resistivity and
hence the iR drop is low, once the delamination/reduction front has
passed. Thus, no electric field will oppose the movement of cations from
the source reservoir to the defect, ions can hence move in both
directions.

This is different from the common observation that during cathodic
delamination no anions migrate or diffuse from the defect to the
delamination front or cations in the other direction [35,36]. However,
this is only due to the electric field along the interface, which drives
cations and hinders anions. This field is related to the polarity of the

Fig. 3. The corrosion inhibitor species possible transport pathway from the
source reservoir to the defect site.

corrosion cell, but the main issue is just the magnitude of that electric
field. For the case of Zn as metallic substrate, this corrosion cell will not
remain with the delaminated interface as net cathode, as Zn at the
interface will to some extent start to corrode. However, reduced PPy
provides a quite low ionic resistance. Hence, the Ohmic iR drop is
negligible in the delaminated/reduced region. This is crucial for a
transport for cations from the source reservoir to the defect. During the
delamination process the initial iR drop drives cations from the defect to
the delamination front and inhibits anion migration in the same direc-
tion. The iR drop would also inhibit cation migration into the other
direction to the defect. But the finally negligible iR drop allows ionic
migration/diffusion in all directions. Since Zn may also corrode in the
delaminated area (unlike it would be the case for iron), the polarity of
the corrosion cell might not exist anymore. But regardless of this, the
important point here is the absence of an electric field between defect
and the delaminated area. So, in this case, both cationic and anionic
species can migrate/diffuse in both directions.

3.1. Ion transport along the PVB|Zn interface

Since it seems quite likely that the delaminated interface could play
an important role for transporting active agents to the defect, this
needed to be investigated first. Fig. 4(a) shows the typical cathodic
delamination behavior, monitored by SKP, of a PVB coating applied
directly on the surface of Zn. The potential difference between the
localized corrosion potential of electrolyte covered defect (actively
corroding Zn, typically -0.7 to -0.8 V vs. SHE) and the potential of the
intact PVB|Zn interface (passive Zn, typically more anodic potentials
near -0.4 V vs. SHE) is the driving force for the cathodic delamination
[37]. Where the interface is delaminated, the potential is pulled towards
the one of the actively corroding defects. Thus, between the delaminated
zone and the intact interface, a very sharp potential slope indicates the
delamination front, which over time further proceeds into the intact
coating. As can be seen from Fig. 4(a), the delamination of the PVB|Zn
model coating proceeds with a rate of about 850 pm/h and the delam-
ination front reaches the reservoir within 3 h. The same behavior was
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Fig. 4. Results obtained with the PVB|Zn model set-up (see Fig. 1(a)). a) A typically cathodic delamination potential profile between source reservoir and the defect
site was recorded by SKP. b-f) The electrode potential was monitored at the defect site for different corrosion inhibitors. The respective concentration of each
corrosion inhibitor was the maximum concentration possible, i.e. the concentrations of 3-Nisa, 8-HQ, p-CD, Ce(SO,), and Ce(503); were 0.015, 0.003, 0.01, 1.0 and

4.0 M in aqueous solution, respectively.

observed for an experiment where the source reservoir was filled with
just distilled water. Also, with the other inhibitors in the source reservoir
this initial delamination behavior was the same, as it is just determined
by the PVB|Zn interface.

Fig. 4(b-f) show the corrosion potential in the defect site for exper-
iments with different kinds of corrosion inhibitors in the source reser-
voir. The idea behind these experiments is to find out whether once the
delamination front reaches the source reservoir, the delaminated inter-
face may contribute to sufficiently high transport of corrosion inhibitor
towards the defective site in order to lead to any significant passivation
of the Zn. This should be visible for the here investigated inhibitors, from
which Ge*" and the organic inhibitors are quite efficient inhibitors on
Zn, as will be shown further below, in form of a significant increase in
corrosion potential.

However, in all cases investigated here the electrode potential sug-
gests unchanged ongoing active corrosion of Zn, as indicated by the
potential range of -0.7 to -0.8 V vs. SHE over a time of 20 h, which is
much larger than the about 3 h necessary to delaminate the coating
between the defect and the reservoir containing corrosion inhibitor. All
curves show an initial period in which the surface in the defect is
increasingly activated, which is indicated by a steady decrease of the
corrosion potential until a steady-state value is reached. In none of the
cases investigated here an increase from this active corrosion potential
can be observed, even after 20 h, i.e. the corrosion inhibitors do not
reach the defect site in sufficient amounts as to promote an anodic po-
tential shift towards more positive value characteristic for defect
passivation.

These findings fit well with the observation made by Williams and
McMurray et al. [38] that during cathodic delamination Ce>* could not
enter the delaminating PVB coating|zinc interface from the Ce*" con-
taining aqueous electrolyte in the defect. Although the delamination
process provides a driving force for cations from the defect site to
migrate into the delaminated interface, the high pH prevailing at the
delaminated interface caused its instantaneous precipitation at the
border between defect and delaminated interface Ce(OH)s. The formed
Ce(OH)s, however, caused the electrode potential in the defect to shift to

higher potentials, just as it was expected here, however, did not occur
yet.

These results proved that neither the conventional organic coating
investigated here, PVB, nor the delaminated interface can serve as effi-
cient ionic transport media over such large distance as investigated here.

3.2. Lateral ion transport investigated for the PVB|PPy|Zn samples

3.2.1. Anionic corrosion inhibitors

In the following the focus is on the ion transport properties of the
(partially) reduced PPy. At first transport of anionic corrosion inhibitors
shall be discussed. One anionic corrosion inhibitor chosen for this study
was molybdate. Molybdate (VI) is an efficient anionic corrosion inhib-
itor that works well on Zn, see e.g. [39], where Na;MoO4 containing
electrolyte in alkaline solution was observed to effectively decrease Zn
dissolution. If the MoO3~ could transport in sufficient amounts from the
source reservoir to the defect, it should cause an anodic potential shift
[39]. The other anionic corrosion inhibitor investigated here was 3-Nisa,
which is another very good corrosion inhibitor on Zn [40,41].

The same experimental set-up as described in section 2.3 (see Fig. 1
(b)) was used for these experiments, however, now a thin layer of PPy
was applied directly onto the Zn surface and then a PVB coating was
applied on top. Fig. 5(a) shows the potential profiles providing infor-
mation about the propagation of the delamination front as a function of
time. Also, here very well-defined and homogenous delamination curves
are observed, with a reduction and delamination rate of about 800 pm/
h. Due to the presence of the PPy layer the potential of the intact
interface is now much higher than for the PVB|Zn interface, in the range
of 0.2 to 0.4V vs. SHE, and the delaminated zone is between -0.4 to
-0.6 V vs. SHE. As explained above for the case when a continuous PPy
layer is applied, both PPy reduction and delamination occur and are
proceeding simultaneously [21]. Obviously, the corrosion inhibitor in
the source reservoir has no effect on the reduction/delamination process
at the interface.

Most importantly, also no or only little effect on the corrosion po-
tential in the defect is observed for both kinds of anionic corrosion
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Fig. 5. Results obtained with the PVB|PPy|Zn model set-up (see Fig. 1(b)). a) A typically representative figure of the cathodic delamination potential profiles. b-c)
Electrode potential was monitored by SKP at the defect site with different corrosion inhibitors. The respective concentration of each corrosion inhibitor was the
respective maximum concentration possible, i.e. the concentrations of 3-Nisa and Na;MoOy4 were 0.015 and 0.2 M in aqueous solution, respectively.

inhibitor in the source reservoir (see Fig. 5(b) and (c)), as the potentials
remain at the typical low values characteristic for active corrosion of Zn.
This means that no sufficient transport of anionic corrosion inhibitor
occurred from the source reservoir to the defect. This is interesting in
view of the fact that in an earlier works, for both PVB|Zn [8] as well as
PVB|PPy|Zn [7], it was observed that e.g. 3-Nisa released from poly-
aniline (PANI) capsules could reach the defect in sufficient amount in
order to lead to its passivation. However, in these cases the released
anionic corrosion inhibitor molecules did not have to diffuse over
several millimeters, as is the case in this experiment. Instead in these
cases the capsules containing the anionic corrosion inhibitor were
distributed in relatively high density at the interface. Hence, it can be
assumed that the main part of corrosion inhibitor reaching the defect
will originate from capsules relatively close to the defect. Here, how-
ever, all corrosion inhibitor reaching the defect has to overcome the
several millimeters distance separating defect and source reservoir. In
fact, that is the intention of these experiments, to evaluate how the
transport of active agents can be improved.

Previous studies have demonstrated the insertion of cations into and
release of ions from PPy coating during it reduction depend on the size of
the ions in the electrolyte and of the counterions in the PPy coating [19,
20]. If the counterions are small enough, they are released from the PPy
coating to into the electrolyte solution during the reduction for charge
compensation. In the case of large counterions, the charge compensation
takes place preferentially by cation insertion. In most cases, a mixed anion
release/cation incorporation process is observed depending on the size of
the counterions and the cations in the electrolyte solution. However, if the
reduction has to proceed over extended distances, such as for the case of
reduction spreading laterally from a defective site into a PPy layer, then
even for ICP coatings with relatively small counter-anions the overall
reduction process will be mainly supported by charge neutralization via
cation incorporation, because anions remaining in the matrix increasingly
turn the matrix cation permselective, leading to a high mobility for cations
and a low one for anions [21]. This is in accordance with work showing
that from a PPy(3-Nisa) coating the 3-Nisa cannot be released or just to a
small amount, and instead cations from the defect were incorporated
during the reduction process [25]. This cation permselectivity could be the
reason why anionic corrosion inhibitors do not reach the defect in high
enough quantity as to lead to significant passivation. However, it should
be pointed out that for 3-Nisa in the source reservoir still a small shift
towards higher potentials by about 200 mV can be observed. Moreover,
the potential is not even reaching the low values characteristic for full
activation of the corrosion. This indicates that different from the case
without the PPy layer some amount of 3-Nisa has reached the defect
before full activation occurred, inhibiting full activation. But the effect is
much weaker than in the mentioned previous work where release of
3-Nisa occurred from PANI capsules distributed at high density at the
interface [7,8].

3.2.2. Cationic corrosion inhibitors

For the investigation of cationic transport besides monitoring the
corrosion potential in the defect also a quantification of the amount of
inhibitor reaching the defect from the source reservoir was carried out. A
special PVB|PPy|Au sample set-up (variant 2, see Fig. 2(b)) was designed
for these experiments targeted at providing quantified information of
achieved concentrations of corrosion inhibitor having reached from the
source reservoir to the defect. The advantage of this set-up avoids the
depletion of corrosion inhibitor on the Zn surface at the delaminated
interface during the transport process and thus allows obtaining more
reliable data about the principal transport properties of especially the
PPy layer for corrosion inhibitor. After 30 h, the solution of transported
corrosion inhibitor was collected and measured by ICP-MS(OES). For
comparison also experiments with a variant 1 set-up (see Fig. 2(a)) were
catried out, i.e. with a PVB|PPy|Zn configuration.

The partial reduction/delamination of the PPy layer in the
PVB|PPy|Au sample (Variant 2) set-up was monitored by SKP and a
typical example is shown in Fig. 6(a). The progress of the delamination is
clearly visible and its rate was about 750 pm/h. The result shows that the
potential of intact interface is between 0.2 and 0.4V vs. SHE and the
potential at the reduced/delaminated area is in the range between -0.4
and -0.6 V vs. SHE. The progress of the delamination front was recorded
by SKP and the delamination was found to proceed with a homogeneous
rate, similar as the cases discussed above. Ce®" as a well-known corro-
sion inhibitor has been widely investigated for application in aqueous
environment [42-45]. The inhibition mechanism of Ce®*" is based on
interacting with OH™ to form hydroxide precipitates, thus relying partly
on the cathodic oxygen reduction reaction to form OH ™ and to cause a
local pH increase at cathodic sites. Here, Ce>* was chosen as cationic
corrosion inhibitor to study the ionic transport of cationic corrosion
inhibitor from the source reservoir to the defect and whether that will be
sufficient to significantly passivate the defect site.

Fig. 6(b) shows the accumulative concentration of ce3t having
reached the defect after diffusing from the source reservoir laterally
across the PVB|PPy|Zn sample (Variant 1, see Fig. 2(a)) once the
reduction/delamination has reached the receiver reservoir, as measured
by ICP-MS. The delamination behavior in this case is again as shown in
Fig. 5(a). In this series of experiments, the initial Ce3* concentrations in
the source reservoirs were adjusted to 0.001, 0.05 and 4.0 M, respec-
tively. After 30 h of duration of these transport experiments, the Ce*!
concentration in the receiver reservoir (Variant 1) were 8, 11 and
288 nM, respectively. These results indicate a very limited successful
Ce** transport through the delaminated zone to reach the receiver
reservoir (Variant 1). Although there does not seem to be a simple
correlation between the concentration of Ce>* in the source reservoir
and the one found in the receiver reservoir (Variant 1), it is obvious that
the highest concentration in the source reservoir also resulted in a cor-
responding higher concentration in the receiver reservoir (Variant 1).
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Fig. 6. a) Example for a typical delamination profile for PVB|PPy|Au sample (here with Na,MoO, aqueous in source reservoir, Variant 2, see Fig. 2(b)). b) Cumulative
transport of Ce®* from the source reservoir to the receiver reservoir in the PVB|PPy|Zn sample set-up (Variant 1, see Fig. 2(a)). The concentrations of Ce(NQ3); in the
source reservoirs were 0.001, 0.05, and 4.0 M, respectively. ¢) Cumulative concentration of Na* and Ce®>" from the source reservoir to the defective site in the
PVB|PPy|Au sample set-up (Variant 2, see Fig. 2(b)). The concentrations of Ce®*" and Na* were 4.0 and 0.4 M, respectively.

The results clearly indicate that Ce>" can move through the (partially)
reduced PPy layer, but not at a significant rate.

Of course, it is expected that transfer from the source reservoir to the
defect across the reduced PPy will depend especially on charge of the
ions and ionic radii. For more complex species also, interaction of
certain functional groups with the reduced PPy matrix might play a role.

Although, no detailed study was carried out yet on the question of
relative transfer numbers for different kind of ions, a direct comparison
between Ce>* and Na® shows that huge differences can be expected.
Although the maximum concentration of Na* (owing to the solubility of
the NayMoOy, as in the source reservoir always corrosion inhibitor has to
be used, in order to prevent delamination also from that side) was only
about a tenth of the one investigated for Ce>*, the amount of Na™ found
accumulated after 30 h in the defect sites was about eight times higher (see
Fig. 6(c), Variant 2). Although the volume of the electrolyte in the receiver
reservoir is different (see in Section 2.3, Variant 1 and Variant 2), it should
be also noted that here indeed the Ce®" concentration is significantly
higher than in the experiments carried out with variant 1 (see Fig. 6(b)),
which might be due to less consumption on the Au surface compared to the
Zn surface during transport at the PPy|metal interface.

Nevertheless, for the higher Ce®>* concentrations in the source
reservoir Ce>" enrichments in the receiver reservoir were found to reach
levels that are already relevant for many corrosion inhibitors. Hence,

(2) 0.001 M Ce(NOy);(b) 0.05 M Ce(NOy); (e)

also experiments were carried out with a focus on the effect on the
corrosion potential, using the PVB|PPy|Zn model set-up (see Fig. 1(b))
and monitoring the corrosion potential by SKP.

Fig. 7(a—d) shows the evolution of the potential in the defect for the
cases of Ce®" and for Ce** as a function of time for PVB|PPy|Zn model
set-up (see Fig. 1 (b)). For Ce3t in the source reservoir, the potential at
the defect just stays at the potential of active corrosion of Zn, whatever
the concentration of Ce>* in the source reservoir. After the experiments
with Ce>*, the reduced/delaminated PVB|PPy coatings were peeled off
from the Zn surface, which was positioned left from the source reservoir
(see description in the Section 2.4) and XPS analysis of the surface of the
former Zn defect was carried out. No Ge*" was found on the surface in
the defect (see red curve in Fig. 7(e)). Obviously, no Ce(OH); precipi-
tation occurred in the defect. This looks like that the Ce®* transportation
results (Fig. 6(b)) measured by ICP-MS disagree with these results ob-
tained by XPS. As we mentioned before, when using the PVB|PPy|Zn
model coatings connected with two reservoirs (Variant 1, see Fig. 2(a)) it
was possible to detect the Ce®T in the receiver reservoir although the
concentration was quite low. Due to this very limited amount of Ge>",
the Zn at the defect is not passivated. That means that the low amounts
of Ce>* having reached there will be diluted in the volume of corrosion
products that are forming uninhibited. Hence, the concentration
remained below the detection limit of XPS.

Ce peak at the defective site
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Fig. 7. a-d) Corrosion potential as monitored by SKP at the defect for Ge®* and Ce** present in the source reservoir. These results were obtained with the PVB|PPy|Zn
model set-up (see Fig. 1(b)). Note, the initial concentration of Ce3* in the source reservoirs are 0.001, 0.05, and 4.0 M, for (a), (b) and (c), respectively. The initial
concentration of Ce** is 1.0M for (d). e) XPS survey spectra obtained on the defect at the indicated concentration in the source reservoir after stopping the
experiment and removal of electrolyte and coating. The insert shows a high resolution of the Ce 3d*? peak of the Ce*" in the defect.
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One key factor for the low Ce>" transfer to the defect (for example
compared to Na™, see Fig. 6(c)) is proposed to be its likely precipitation
during transport by reacting with OH ™ that is produced at the delami-
nated interface and according precipitation of the hydroxide, as at the
delaminated interface the pH is quite high, much higher than in the
defect (which is well below pH 8) where hence precipitation is not ex-
pected [46]. This might be even the main reason why no passivation
occurred.

Hence, also Ce*t was investigated as a cationic corrosion inhibitor
and its transport was studied with a PVB|PPy|Zn set-up (see Fig. 1(b))
and also the correlated self-healing performance was investigated. Due
to the low solubility of Ce*" in aqueous electrolyte, there is up to date
only a very limited number of reports on Ce*" as corrosion inhibitor for
corrosion protection, and these are limited to strong acid conditions
[47-51]. According to the Pourbaix diagram of cerium, Ce* combines
with OH™ to form Ce(OH)*", Ce(OH)3" Ce(OH)4 when the pH below 4.
If the pH further increases, Ce*" will react with OH™ to form stable Ce
(OH),4 precipitates [46]. Hence, significant loss of Ce’" is therefore ex-
pected during its transport from the source reservoir to the defect, but
different from Ce>* at the defect it should readily precipitate as Ce
(OH)4.

Fig. 7(d) shows that a huge anodic potential shift of more than
350 mV is observed when Ce** is put as corrosion inhibitor into the
source reservoir. Once the PPy is completely delaminated between the
defect and the source reservoir, within 3 h the electrode potential at the
defect shows a quick response and increases towards more positive
values. After about 5h the electrode potential does not further change
and stays at about —400 mV vs. SHE, which is characteristic for passive
Zn. After the experiment, XPS was used to further trace the path of Ce**
and it was found that Ce** passivated the defect. Indeed, a clearly visible
Ce*" peak was found by XPS at the defect, as can be seen in Fig. 7(e)
(black curve and insert). Thus, it is proven that Ce'" has a sufficient
transportability and can passivate the defect.

This good performance is attributed to the good cation transport
properties of the (partially) reduced PPy. This is due to the fact that most
of its 3-Nisa doped into it as counter-anions during its electrodeposition
is not released during delamination (as discussed above), which leads to
high cation mobility [21], leading to still sufficient transport despite
high loss by precipitation.

The here observed striking difference in the performance of Ce>* and
Ce*" is proposed to be mainly due to the much higher inhibition efficacy
of Ce*" at the neutral to slightly alkaline pH levels prevailing in the
defect in comparison to Ce>". Hence, Ce*t shows the better performance
although it should suffer considerable loss by precipitation already
during transport from the source reservoir within the PPy layer and/or
at the PPy|metal interface. Ce®" is present mainly in the form of free
ce®", and no precipitation occurs in the defect. So, some loss during its
transport may be expected, as already mentioned, but only little pre-
cipitation at the defect. Only above pH values of 9, the precipitant Ce
(OH)5 will form to passivate the defect. However, Ce** is mainly present
in the form of free hydrated Ce*t ions. Precipitation of Ce(OH), is
already expected to start above pH 2 [46]. It is assumed that the
(partially) reduced PPy film with its high cation permselectivity at least
partially prevents that, most likely also by a not too high pH, due to some
acidity retained from the deposition process and by smearing out oxygen
reduction across the layer (see [21] and especially [26]). The Ce*t in-
hibits the corrosion in the defect by forming cerium metal hydroxide and
oxide passive layer over the defect and thereby blocking the cathodic
reaction site.

This example shows, that it is not sufficient that inorganic corrosion
inhibitors can be transported relatively well. It is of course also impor-
tant that under the conditions at the defect they lead to effective inhi-
bition of corrosion. However, obviously the (partially) reduced PPy
allows for quite efficient transport of cations. As the number of inorganic
cationic corrosion inhibitors is not very high, organic corrosion in-
hibitors, that are expected, however, to be in their uncharged form
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under the conditions investigated here, were also investigated in this
work. The mobility of uncharged inhibitor molecules is expected to be
significantly improved in the (partially) reduced PPy by its increased
hydrophilicity compared to the (half) oxidized one.

A number of organic compounds have been described as efficient
metal corrosion inhibitors. Some of these were chosen to study their
transport and passivation performance in our PVB|PPy|Zn model sample
set-up (see Fig. 1(b)). p-CD has been widely used in the field of phar-
maceutical and biomedical research as a supramolecular host, but
recently a few reports were published about using it also as corrosion
inhibitor for corrosion protection [52-55]. 8-HQ is a of mixed type
corrosion inhibitor that is widely used for corrosion inhibition for Al, Cu
and Mg. The inhibitory mechanism has been studied and the results
indicate that 8-HQ adsorbs on the metal surface to form a metal-HQ
complex chelate which slows down the corrosion rate and blocks
aggressive species [56].

Fig. 8(a and b) shows that the anodic potential shift in the defect,
upon successful transport from the source reservoir, is more than
600 mV for all two investigated organic corrosion inhibitors, especially
for 8-HQ the electrode potential increases more than 700 mV. These
results indicate that 8- HQ and p-CD both have a good transportability
from the source reservoir to the defect through the (partially) reduced
PPy coating. For the electrode potential curves, within the first 10 h just
the active corrosion potential of Zn is observed, and then a progressive
increase of the electrode potential. Finally, a stable and very high po-
tential value is reached, indicating very efficient passivation of the
defect.

Very surprising is the extremely high anodic shift of the corrosion
potential as a consequence of passivation. Such high anodic shifts could
not be observed in separate studies on the passivation of Zn with these
organic corrosion inhibitors. It is hence proposed that the observed
strong passivation behavior is due to a synergy between the passivating
effect caused by the corrosion inhibitor and an anodization effect caused
by the re-oxidized PPy, that in turn is caused by the passivation of the
defect and the delaminated interface.

This effect is not only observed for organic inhibitors. For instance, it
is well known that 3-Nisa can effectively passivate Zn in aqueous chlo-
ride solution [8,40,41]. For composite coatings of PVB and 3-Nisa
loaded PANI capsules applied on Zn a significant passivation of a
defect inflicted into the coating, caused by corrosion induced smart
release, was observed in an earlier work [8]. The anodic potential shift
in the defect observed in that work was about 340 mV, as monitored by
SKP [8]. This is different when a PPy layer is electrodeposited onto the
Zn, with 3-Nisa counter-anions. In that case not enough 3-Nisa release
from the PPy(3-Nisa) coating is observed for a passivation of the defect,
due to preferred incorporation of cations [7]. For the PVB|PPy|Zn model
samples investigated in this work some effect was observed for the
transport of the 3-Nisa from the source reservoir to the defect, where the
corrosion potential showed an anodic shift by almost 200 mV (Fig. 5(c)),
showing that even across this quite significant distance some 3-Nisa can
reach the defect and can cause some degree of passivation, but not
enough for re-oxidation of the PPy. However, experiments showed that
PVB|3-Nisa@PANI|PPy|Zn coatings, where 3-Nisa loaded PANI capsules
and PVB were coated onto a PPy layer electrodeposited onto Zn, caused
the corrosion potential at the defect site to increase by more than
670mV [7]. The result showed that a layer of PPy combined with
3-Nisa@PANI capsules, which lead already to a significant 3-Nisa supply
to the defect [8], can significantly improve the passivation [7], in a
similar way as is now observed here for the two investigated organic
inhibitors.

From these observations it is obvious that combining sufficient
supply of the corrosion inhibitor with the redox-active PPy can lead to
strong synergetic effects. Obviously, the amount of Ce** that was
transported to the defect in the experiments described above was not
high enough to enable that synergetic effect (see Fig. 7(d)).

Hence, the good self-healing performance observed for the organic
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Fig. 8. Results obtained with the PVB|PPy|Zn model set-up (see Fig. 1(b)). a-b) Electrode potential monitored by SKP at the defect with two different organic
corrosion inhibitors in the source reservoir. Again, the concentrations were the respective highest soluble concentrations, i.e. the concentrations of 8-HQ and p-CD

were 0.003 and 0.01 M in aqueous solution, respectively.

corrosion inhibitors (8-HQ and p-CD) is proposed to be due mainly to
sufficient transport, allowing high enough concentrations to accumulate
in the defect that are sufficient to directly passivate the Zn which in turn
enables the PPy to re-oxidized, which then triggers further anodic po-
larization. When the organic corrosion inhibitor is used alone or just the
PPy coating, such a high inhibition efficiency is not observed.

4. Conclusions

The focus of this work is the lateral ionic transport as an important
prerequisite for successful passivation and/or self-healing of defects by
smart self-healing coatings. Based on previous works one focus was on
the delaminated interface, another on the (partially) reduced con-
ducting polymer (here PPy), applied as a layer directly onto the metal
surface. Here, several model set-ups (denoted as PVB|Zn, PVB|PPy|Zn
and PVB|PPy|Au) were used to investigate the transport of active agents.
A combination of localized corrosion monitoring and chemical analysis
was applied to provide comprehensive information about the quantita-
tive ion transport for optimization of intelligent self-healing coating
systems. The following conclusions can be made:

1) A layer of (partially) reduced PPy provides superior inhibitor trans-
port to the defect site compared to a delaminated interface.

The mobility of cationic corrosion inhibitors through the (partially)
reduced PPy seems to be higher than the one of anionic ones, which
is proposed to be due to the cation-permselectivity of the (partially)
reduced PPy matrix, with quite immobile counter-anions. Also, the
transport of (uncharged) organic inhibitors was found to be high in
the (partially) reduced PPy, most likely due to its increased
hydrophilicity.

The (partially) reduced PPy layer even enables transport of species
precipitating at already quite low pH.

Finally, and unexpectedly it was found that the use of a PPy layer
does not only lead to an improved corrosion inhibitor transport to the
defective site, but also results in a synergetic improved defect
passivation by the combined effect of the corrosion inhibitor and an
electrochemically driven passivation through the re-oxidizing PPy,
once sufficient corrosion inhibitor has reached the defect. Potential
shifts by up to 700 mV were observed, which is much higher than
what can be provided by the inhibitors alone.

2

—

3

—

4

—

In summary, a model set-up was used to investigate the transport of
corrosion inhibitors along delaminated interfaces and through
(partially) reduced PPy. As could be shown, the PPy layer can signifi-
cantly enhance the corrosion inhibitor transport, which is important to
passivate defect and design self-healing coating. It will be useful to study
in more detail the relationship of structure vs. ion transport properties in
this important class of self-healing coating.
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