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Smart self-healing coatings for corrosion protection safely store active substances which are only released when corrosion occurs.
This type of case-sensitive release has to be triggered by parameters that change as a consequence of corrosion. Examples are a
change of pH, ionic strength, and electrochemical potential. In most technically relevant applications, a global release of active
substances is not possible, i.e. the spreading of the signal which triggers the release of active substances is restricted to a lateral
transport through the coating. Hence, the ability of the trigger signal to spread quickly through the coating from the local corroding
area is crucial to create highly responsive and effective self-healing coatings. Here we show how the velocity at which the trigger
signal spreads laterally along the metal|coating interface can be accelerated and how a penetration of the signal vertically into the
coating, i.e. far away from the metal|coating interface, can be achieved.
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Preventing corrosion of metals is of significant importance for
many industries, such as automotive, appliances, aerospace or con-
struction, and is associated with safety, economic and ecological
issues.! The global cost of corrosion in 2013 was approx. 2.02 trillion
€ (~2.5 trillion US$), which is ~3.4% of the global gross domestic
product.”

The protection provided by current industrial coatings is still based
on technical developments dating far back into the 20 century.? The
prevailing strategy in the coatings industry is to create coatings that
are as delamination resistant as possible. Usually, active pigments that
leach inhibitors upon the uptake of water are added to the coatings
to further increase the corrosion resistance. However, most inhibitors
are chemically active. An uncontrolled release of active substances
poses a serious ecological problem and can also endanger the public
health after prolonged exposure times. This has led to a legal ban on
the use of hazardous corrosion inhibitors, such as chromates, in many
industrial sectors.*> Most likely the number of restricted inhibitors
will expand in the future and might also include inhibitors that are
currently still in use.® Therefore, new concepts or improved strategies
for corrosion protection are urgently needed.

Smart self-healing coatings are a feasible way to overcome the
mentioned drawbacks.”® The challenge here is the safe long-term
storage of healing agents, such as inhibitors or monomers and cata-
lysts, within the coating and to ensure their sufficient release in case
of a damage event. Various delivery systems for self-healing coat-
ings have been reported and recently reviewed in literature.'® The
most suitable system may depend on the specific application and the
relevant environmental conditions and in some cases combining com-
plementary approaches might be favorable.

For many practical relevant applications, metallic components are
exposed to atmospheric corrosion conditions and require strong barrier
type topcoats. A global activation of the coating and transport of the
released inhibitors via the bulk electrolyte is then not possible.

If under these conditions a penetrative coating defect arises, for
instance by a scratch, the barrier function is locally lost, and corrosion
could set in at this defect site. In that case, the release and transport of
inhibitors has to occur laterally through the coating, and an immediate
and strong response of the surrounding coating is required to stop
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corrosion. The self-healing performance is in general directly linked
to the amount of active substances released and transported to the
damaged area. Hence, in the stated scenario the velocity at which
the trigger signal spreads through the coating is a crucial parameter.
It is proposed here, that self-healing (SH) coatings which enable
a fast spreading of the trigger signal will feature superior healing
performance, especially in the presence of larger defects, as compared
to delamination resistant SH coatings with a slower velocity of trigger
signal spreading (Figure 1).

The highly challenging conditions often experienced in technically
relevant applications are often neglected in studies reporting on self-
healing coatings. Here, we present a counter—intuitive concept that
targets on increasing the velocity at which the trigger signal spreads
laterally and vertically through the coating.

Trigger signals related to corrosion and their ability to spread
through the coating.—Recently, possible trigger signals exclusively
related to corrosion were reviewed and discussed.!! Here we focus on
their ability to spread through the coating.

The trigger signal that is probably the easiest to implement and
which is widely investigated is mechanical damage.”!'>!3 In fact, it is
not a consequence of corrosion, but often initiates it. However, this
trigger signal will not spread into the coating as it will only lead to
opening of inhibitor loaded containers at the edges of the defect. Be-
sides that, mechanical damage may not always result in corrosion,
e.g. if the defect is not completely penetrating the coating to the metal
surface. Furthermore, corrosion may also start without a mechanical
impact, e.g. at weak and contaminated sites at the metal|coating inter-
face, i.e. this trigger signal is not sensitive for corrosion induced by
other mechanisms.

The local change of the pH value conditioned by local corrosion
processes represents a prevailing trigger signal which is more advanta-
geous. Usually, the pH will increase at the delaminating metal|coating
interface, because OH™ ions are formed during the partial cathodic
reaction, the oxygen reduction reaction.'* The release of inhibitors
upon changes of the pH value can be achieved by different mecha-
nisms, such as structural changes of polyelectrolytes'>!” or conduct-
ing polymers,'® ion-exchange reactions,'® e.g. by the use of Layered
Double Hydroxides (LDH),?>>? and pH dependent solubility of in-
hibitor pigments*?* or the container material itself.>>*® However,
for all pH triggered systems, the lateral spreading velocity along the
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Figure 1. A global activation of self-healing coatings via the bulk electrolyte can trigger a huge release of active substances quite easily. However, the signal
which triggers the release of active substances has to spread through the coating (even under full electrolyte immersion conditions), if barrier type topcoats are
applied (upper row). Then the velocity at which the trigger signal spreads becomes the crucial factor: Delamination resistant self-healing coatings weakly trigger
the release of active substances, which might be insufficient for self-healing of corrosion (middle row). On the contrary, a rapid trigger signal spreading velocity
can enable sufficient release of active substances leading to self-healing of corrosion (lower row).

metal|coating interface is limited, and the extent of vertical propa-
gation into the coating is questionable (especially when hydrophobic
coatings are used). One possibility to direct the propagation of the
change in the pH value more far away from the metal|coating interface,
may be achieved by a suitable release system, e.g. by transport facil-
itating channels provided by hollow fibers containing pH responsive
containers.”’” However, the magnitude of change in the pH strongly
depends on the environmental conditions and the type of metal, and
often the applied release mechanisms are irreversible.”*° Even if the
applied release mechanism is reversible, it is still not switched com-
pletely case-sensitively (intelligent release) since the release will only
stop when the pH value has dropped sufficiently again, but corrosion
might have stopped much earlier.

Therefore, the by far most reliable and case sensitive trigger sig-
nal related to corrosion is the change in electrochemical potential
for the following reasons: the electrochemical potential will only
decrease significantly as compared to the passive metal|coating in-
terface’s potential upon onset of corrosion. As soon as the corrosion
is stopped, the electrochemical potential will change accordingly. In
that way an immediate switching of release or safe storage of in-
hibitors is possible. This fact is independent of the type of metal,
coating and the environmental conditions.!' The most important as-
pect, however, is that the change in electrochemical potential probably

represents the only trigger signal for which the velocity of spreading
(laterally as well as vertically within the coating) can be specifically
adjusted.

Background and approach of this work.—In this study
(nano-)capsules are used, which consist of an intrinsically conducting
polymer (PolyAniline, PAni) shell with the organic corrosion inhibitor
(3-nitrosalicylic acid, 3-NisA) safely stored inside a hydrophobic sol-
vent core,’! here denoted as PAni(3-NisA) capsules.

The mechanism by which 3-NisA is released from the PAni capsule
is based on the capsules shell (thickness ~ 50 nm), which becomes
permeable upon electrochemical reduction.

Positive charges within the polymer backbone are present when
PAni is in its oxidized state and these are counterbalanced by dode-
cyl sulfate anions (DS™). Upon electrochemical reduction of PAni,
small cations (K™) will be incorporated within the PAni capsules shell
(Figure 2). The hydrophilicity increases and uptake of water leads
to a swelling of the PAni shell.*> The PAni capsules shell becomes
porous, creating at some points water|oil interfaces which connect the
hydrophobic core of the PAni capsule with the surrounding aqueous
electrolyte. The concentration gradient of corrosion inhibitor at the
created oil|water interface drives a diffusion assisted release of the
corrosion inhibitor from the PAni capsules.
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Figure 2. Reaction scheme of the electrochemical reduction of polyaniline (PAni) (adapted from Ref. 35). The oxidized groups within the polymer backbone are
counterbalanced with dodecyl sulfate anions (DS™). The reaction scheme shows the incorporation of small cations upon reduction of PAni for charge compensation.

The release was quantified and proven to be reversible and a
successful self-healing of a defect inflicted to an organic coating
on zinc was demonstrated.>'** In the afore-mentioned work, the
PAni(3-NisA) capsules needed to be modified with conducting spacer
particles (for ease of preparation here gold nanoparticles (AuNPs)
were used) to prevent the formation of an insulating layer at the
zinc|capsules interface.?® This effect is usually observed when chem-
ically synthesized Intrinsically Conducting Polymer (ICP) is applied
directly onto zinc (more detailed discussions can be found in the
literature®* and below) and it would hinder the capsule’s permeability
from being switched on or off, here denoted as addressability.

However, the release rate of inhibitors from the PAni(3-NisA)
capsules directly applied onto zinc is limited for two reasons: first, the
lateral trigger signal spreading velocity is limited by the delamination
rate, and secondly only the PAni(3-NisA) capsules in direct contact
with the metal substrate can be electrochemically reduced, thus only
a limited release of inhibitors can be triggered.®

Here we demonstrate that the trigger signal spreading velocity can
be accelerated by introducing an intermediate layer of ICP (PolyPyr-
role, PPy) between the metal and PAni(3-NisA) capsules. This re-
sults in an increased release of active substances leading to enhanced
passivation by ~100% as compared to a reference system due to
faster lateral spreading of the trigger signal. Furthermore, a restora-
tion of the activated coating after passivation of the defect site is
achieved, and the coating provides an increased interfacial stability
with inherent self-healing ability of very small defects,® such as
pinholes, without the need of inhibitor release from PAni(3-NisA)
capsules. It will also be shown that the spreading velocity of the elec-
trochemical potential indeed can be specifically adjusted, and that
this affects the amount of released substances. Finally, embedding of
PAni(3-NisA) within PPy overcomes the limitation of vertical ad-
dressable capsules.

The mechanism by which PAni capsules release corrosion in-
hibitors and the approach of this work (and our previous work)™>
are schematically summarized in Figure 3: The electrochemical re-
duction or re-oxidation of the PAni capsules shell, which will be
accompanied by the uptake or expulsion of small cations (K*), allows
an immediate switching between release or safe storage of corrosion
inhibitors, respectively (Figure 3a). The release of inhibitors from
the PAni(3-NisA) capsules as part of a coating is directly linked to
the delamination rate, as the coating delamination is associated with
a decrease of the electrode potential in the delaminated region. The
drop of the electrode potential followed by a thin electrolyte layer
penetrating the delaminated interface leads to the electrochemical re-
duction of PAni(3-NisA) capsules. Hence, the coating delamination
rate represents the lateral trigger signal spreading velocity, which is
fixed to a certain value according to the delamination Kinetics of the
metal|coating interface (Figure 3b). The concept of this work is to ac-
celerate the reduction rate of PAni capsules and the associated release
of inhibitors by the introduction of a continuous layer of polypyrrole
between the metal and the PAni(3-NisA) capsules, which accelerates
the mobility of small cations (Figure 3c). Finally, the vertical address-
ability of the PAni(3-NisA) capsules can be improved by embedding
into PPy (Figure 3d).

We prove the proposed concept by demonstrating (multiple) self-
healing of macroscopic defects within an organic coating applied
on zinc (a model system for galvanized steel that is widely used).

K+
deuction
oxidation Q

Key: | electrolyte [l polypyrrole [ polyaniline
e corrosion inhibitor 4™ inhibitor release topcoat
spacer particle ww - trigger signal & metal

Figure 3. a) Schematic illustration of the mechanism by which capsules re-
lease corrosion inhibitor. Trigger signal spreading and the associated release
of inhibitors for b) capsules directly applied onto the metal (note, in this case
capsules have to be decorated with conducting spacer particles),>> ¢) with
interlayer of conducting polymer (polypyrrole), d) with capsules additionally
embedded within polypyrrole.



C1020

Our findings are proposed to have general validity for self-healing
materials based on triggered release of active substances.

Experimental

Materials and chemicals.—Zinc foils (thickness 1.5 mm, purity
99.95%) were purchased from Goodfellow. Potassium chloride (KCl),
sodium hydroxide (NaOH), potassium hydroxide (KOH), ethanol
(EtOH) and Poly (vinyl butyral-co-vinyl alcohol-co- vinyl acetate)
(PVB) (MW =~ 50 000-80 000 ¢ mol~") were purchased from Sigma—
Aldrich in p.a. quality and used without further purification. 3—
nitrosalicylic acid (used without further purification) and pyrrole were
purchased from TCI. Pyrrole was distilled twice under nitrogen be-
fore use. Water used for preparation of solutions was taken from USF
ELGA water purification system (conductivity o < 0.055 uS cm™=1).

For the synthesis of polyaniline capsules, ammonium peroxydisul-
fate (APS, analytical grade), sodium dodecyl sulfate (SDS, p.a.),
3-nitrosalicylic acid (3-NisA, = 99%,) were purchased from Sigma
Aldrich and used without further purification. Polyvinyl alcohol (PVA,
~98%) was purchased from Alfa Aesar, and ethylbenzene (EB, p.a.)
from ACROS Organics, both used without further purification. Ani-
line was purchased from Sigma Aldrich and distilled under vacuum
prior use. Hydrogen tetrachloroaurate(Ill)trihydrate (HAuCl, - 3H,0,
99.99%) and trisodium citrate (C¢HsNa;O;, 99%) were purchased
from Alfa Aesar and used as received.

Synthesis, characterization and application of polyaniline
capsules.—The synthesis of PolyAniline (PAni) capsules (with and
without encapsulated corrosion inhibitor 3-nitrosalicylic acid), syn-
thesis of gold (Au) NanoParticles (NPs), and the decoration of PAni
capsules with AuNPs were carried out according to the mini—emulsion
technique described elsewhere.’!? In brief, as dispersed phase 0.5
ml aniline, 1.2 ml ethylbenzene and 48 mg 3-nitrosalicylic acid are
mixed by stirring at 1000 rpm for 15 minutes. The dispersed phase
was dropped into the continuous phase consisting of 62.5 mg sodium
dodecyl sulfate and 6 g water and stirred at 1000 rpm for 1 h. Emul-
sification was initiated by ultrasonication of the ice—cooled mixture
for 240 s at 90% amplitude using a Branson sonifier W450. After
ultrasonication, a stabilizer solution consisting of polyvinyl alcohol
dissolved in water was added while stirring the solution at 500 rpm
for ca. 5 minutes. The stabilizer solution was prepared before by mix-
ing 1.5 g PVA in 15 g water at 90°C while it was stirred at 500 rpm
for approx. 2 h (until PVA was completely dissolved), followed by
cooling down to room temperature. Then a solution consisting of 1.23
g ammonium peroxydisulfate and 2 g water was slowly added drop-
wise to the solution, which initiated polymerization at the interface
of dispersed phase droplets and continuous phase. The color of the
solution turned to dark green. The capsules were washed repeatedly
with ultrapure water until the supernatant appeared clear and collected
by centrifugation at 8000 rpm. The purified capsules were finally dis-
persed in ultrapure water to a solid content of ~2 wt-%. The content
of encapsulated inhibitor was ~3.1 wt-%, which was dissolved in
ethylbenzene in the core of the capsules. Inhibitor free capsules were
prepared the same way, but without addition of 3-nitrosalicylic acid
to the dispersed phase.

AuNPs were prepared by mixing 2.4 g hydrogen tetrachloroau-
rate(IIDtrihydrate in 0.6 1 ultrapure water. The solution was stirred
and heated until it started boiling and then quickly 60 ml of a 2.5 mM
trisodium citrate solution was added. The change of color from yellow
to deep red indicated the formation of nano—sized gold particles (d &~
13 nm). The solution was kept stirring while the solution cooled down
to room temperature.

The PAni capsules were decorated with AuNPs by stirring PAni
dispersion together with AuNPs at 600 rpm for ca. 12 hours. The
weight ratio of PAni to AuNPs was ~7:1. During this procedure
the AuNPs adsorbed onto PAni capsules as it was proven by TEM
observations.

The morphology of the PAni(3-NisA) capsules was investigated
with a Transmission Electron Microscope (TEM) (JEOL 1400) oper-
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ated at an accelerating voltage of 120 kV. TEM samples were prepared
by dropping the dispersion with capsules on a copper grid (300 square
mesh) coated with a carbon layer. The average diameter of the cap-
sules was 1237 (£ 689) nm, and the capsules shell is about 50 nm
thick.

PAni capsules were deposited on the substrates (PPy or zinc) via
drop—casting of 50 wl cm~2 if not stated otherwise from an aque-
ous dispersion and dried in an oven at 75°C until the solvent was
evaporated. Then a hydrophobic topcoat (PVB) was applied.

Treatment of zinc substrates.—Zinc foils were cut to specimens
with a dimension of 25 x 15 mm and ground to a P1000 finish using
SiC paper (grinding direction parallel to short edge of the specimen),
cleaned with a detergent solution using cotton wool, rinsed and soni-
cated with deionized water and EtOH, respectively, and dried under an
air stream. Zinc samples were pretreated prior to polypyrrole (PPy)
layer electro—polymerization in a 3 electrode set—up with platinum
counter electrode by cycling 5 times from —1.1 V to —1.4 V vs
Ag/AgCI(3 M KCl) in NaOH (0.25 M) with a scan rate of 10 mV/s
using a Solartron Schlumberger 1286 potentiostat. This treatment in-
creased the ZnO layer thickness by about 30 nm as measured by XPS
sputter depth profiles before and after the pretreatment. The ZnO layer
protects Zn against dissolution during the electro—polymerization pro-
cess for which anodic potentials are applied to the Zn sample. This is
particularly necessary when pyrrole is electro-deposited on zinc at a
low current density (~ 1 mA/cm?) at a correspondingly low deposition
rate.

X-ray photoelectron spectroscopy (XPS) of pretreated zinc.—XPS
sputter depth profiles were obtained for Zn samples prior and after the
pretreatment using a Quantum 2000 from Physical Electronics Inc.
XPS was performed at a takeoff angle of 45° with a pass energy of
23.5 eV, a monochromatic Al Kal source (1486.7 eV) operating at
15 kV and 25 W on a spot size of 100 wm by 100 pwm upon a base
pressure smaller than 5 x 10~° mbar. The software CASA XPS was
used for processing the data.

Electro—polymerization and characterization of polypyrrole coat-
ings on zinc.—The electro—polymerization of PPy was realized gal-
vanostatically with a current density of 1 mA cm™2 or 5 mA cm ™2
in a 3 electrode setup with zinc used as working electrode, platinum
as counter electrode and Ag/AgCl(3 M KCl) as reference (purchased
from Metrohm GmbH). An area of 8 x 18 mm was exposed to the
stirred aqueous electrolyte solution (~70 mL) consisting of 0.3 M
pyrrole and 0.01 M 3-nitrosalicylic acid (pH = 2.5, adjusted with
KOH). 3-nitrosalicylic acid was chosen as supporting electrolyte as
3-nitrosalicylate is an effective corrosion inhibitor for zinc and thus
provides additional protection against dissolution of the zinc substrate
during the anodic electro—polymerization process.*’” The samples were
rinsed immediately after electro—polymerization with H,O and EtOH
and dried in a N, stream.

The solution used for electro-polymerization was prepared as fol-
lows: water was heated to 60°C and 3-nitrosalicylic acid (3-NisA) was
added under stirring until it was completely dissolved. Then pyrrole
was added dropwise, and the solution was stirred overnight. After
cooling to room temperature, the pH was adjusted to 2.5 using KOH.

The relationship of the resulting thickness s to the passed charge Q
was obtained by synthesizing 3 samples at 5 mA cm~? current density
for different times. It was proven that the s:Q ratio holds still true for
applied current density of 1 mA cm™2.

Cross—sections were prepared by using a Hitachi Ion Milling Sys-
tem E-3500 operated at an acceleration voltage of 6 kV, a discharge
voltage of 4 kV and a discharge current of 400 pwA. The morphol-
ogy and thickness of PPy layers and the pretreated Zn were measured
with a Field Emission Scanning Electron Microscope (FE-SEM) from
ZEISS (Model LEO 1550 VP, GEMINI) operated predominantly at
an acceleration voltage of 15 kV and a working distance of 6-9 mm
using the software SmartSEM v5.06.
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Self-healing samples with embedded PAni(3-NisA) capsules were
prepared in the following sequence: Zn was prepared as described in-
cluding the pretreatment procedure, followed by electrodeposition of
~1.2 wm PPy, drop casting of 30 pl/cm? PAni(3-NisA) capsules dis-
persion, electrodeposition of ~1 pwm Ppy onto PAni(3-NisA) capsules,
drop casting of 30 wl/cm? PAni(3-NisA) capsules, electrodeposition
of ~1 wm Ppy onto PAni(3-NisA) capsules, drop casting of 70 pl/cm?
PAni(3-NisA) caspules dispersion and application of PVB topcoat.

Preparation of PVB topcoats.—Poly (vinyl butyral-co-vinyl
alcohol-co- vinyl acetate) (PVB) coatings were prepared by spin-
coating from an ethanolic PVB solution using a spin-coater from
Speciality Coating Systems (Model P6700). The samples were spin-
coated 4 times with a 5 wt-% PVB solution at 2000 rpm for 20 s, dried
in an oven at 75°C for approx. 5 minutes, and then spin-coated 3 times
with a 10 wt-% PVB solution at 2000 rpm for 20 s, again followed by
drying at 75°C for approx. 5 minutes.

Scanning Kelvin Probe (SKP) measurements.—An artificial de-
fect was inflicted to the samples according to literature®® directed
parallel to the short edge of the sample using a razor blade. The de-
fect dimension is approx. 2300 (£ 500) pm x 170 (£ 20) pm x
40 (& 10) pm (length/width/depth) as measured on 5 scratches with
a confocal microscope and the software psoft control. This scratch
was filled with 7.5 pL of 1 M aqueous KCI solution. The electrode
potential at the defect site and the potential of the surrounding coat-
ing was monitored in-situ with a commercial SKP system from KM
Soft Control in an alternating fashion: first, the potential at the defect
site was measured for 1 min. by positioning the SKP-tip centered
over the electrolyte drop and then line scans were started close to the
electrolyte droplet covering the scratch. For this purpose, the SKP-
tip was scanned at a constant distance to the sample surface for a
distance of 4-10 mm in a line normal to the scratch with a step
size of 50 wm or 100 wm away from defect. The SKP was oper-
ated with a paraffin coated 100 wm Ni(80)/Cr(20) SKP-tip*® with an
oscillation frequency of 934 Hz. Prior to every experiment the SKP
was calibrated against a Cu/Cu?* reference electrode in air at ~93%
relative humidity (RH). For Fermi level misalignment tests surface
scans of 2 x 2 mm (x x y) with a step size of 200 pm in x- and
y-direction were measured while the atmosphere was changed from
dry air (RH<0.2%), to humid air (RH ~93%) and finally to humid N,
(RH ~93%).

Processing of SKP data.—For calculation of the delamination
rates, a distinct potential £, was chosen manually in such a way that
it intersects all potential-distance curves in the steepest region, the
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delamination front. For this purpose, a MATLAB program was devel-
oped that enables a quick graphical assessment of this procedure. The
position values x4 corresponding to Ky, for each potential-distance
curve were determined by interpolation of the two data points closest
to E4.. From the x4,-1 plots the linear region was selected and fit-
ted with a linear function to yield the delamination rate including its
standard derivation.

Results and Discussion

Conception and implementation to produce highly responsive
self-healing coatings restricted to lateral trigger-, release- and trans-
port processes.—To release more inhibitors, PAni(3-NisA) capsules
must be activated (reduced) at a faster rate. In principle, the defect
site, serving as the net anode, galvanically couples with the delaminat-
ing interface, the net cathode.*® The corresponding reduction rate of
capsules applied directly onto the metal is thus directly linked to the
delamination rate, which in turn is determined by the zinc|coating in-
terface. To enhance the release of inhibitors, here a strategy is proposed
that is counter-intuitive, namely the acceleration of the delamination
(reduction) rate. This approach appears contrary to the prevailing
opinion in the industry on how a corrosion protection coating should
be designed. However, it will be shown that for self-healing coatings
a fast delamination (reduction) rate, thus fast trigger signal spreading,
can lead also to a superior corrosion resistance.

This is achieved by introducing a polypyrrole (PPy) layer between
the underlying metal (zinc) and the PAni(3-NisA) capsules layer. The
electro-polymerization process of PPy is performed in the galvano-
static polarization mode since it allows an accurate control of the
Ppy layer thickness (Figure 4a). The charge Q ( = i-1) passed dur-
ing electro-polymerization correlates with the resulting polypyrrole
layer thickness s. The PPy layer thicknesses were directly measured
in a cross-section of the samples (inset in Figure 4a). The s:Q ra-
tio is seemingly unaffected by the current density as the PPy thick-
ness electro-deposited at 1 mA/cm? (1.5 C/cm?) matches the linear
regression based on PPy electro-deposited at 5 mA/cm?. However,
the current efficiency for the electro-polymerization of polypyrrole
onto (reactive) zinc substrate is expected to be below 100%, as the
passed charge required for electro-deposition of 1 micron of PPy
is significantly higher as reported for electro-deposition of ICP on
inert substrates such as Au or Pt (~0.2-0.4 C/pm-cm?).* This
may also be related to the partial over-oxidation of PPy used in this
study.

The electrochemical stability of the zinc|PPy interface, which is a
crucial requirement for the electrochemical addressability of capsules
in contact with PPy, was tested in gas exchange experiments performed
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Figure 4. Synthesis and characterization of polypyrrole layers. a) Polypyrrole layer thickness as a function of passed charge (inset shows SEM image of PPy
cross-section deposited for 2.5 C/cm?). b) Qualitative study of the interfacial reactivity of Zn|PPy conducted with a Scanning Kelvin Probe (SKP) in gas exchange

experiments: response of electrode potential upon varying atmosphere.
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potential at the defect site.

with a SKP. During this test the atmosphere is changed from dry air to
wet air and finally to wet nitrogen while the corresponding changes in
the electrode potential are monitored, revealing the interfacial reactiv-
ity. Three different cases can be distinguished: active corrosion, Fermi
level misalignment and a passive interface. An actively corroding sys-
tem would show a clear potential difference upon transition from hu-
mid air to humid nitrogen.> For chemically synthesized ICP applied
directly onto zinc, a significant potential difference would be detected
upon switching the atmosphere from dry air to humid air, indicating
the formation of an insulating interface accompanied by Fermi level
misalignment.>**! In contrast, a passive interface can be observed for
zinc|PPy(electrodeposited) as it is reflected by a quite constant poten-
tial during all three atmospheric conditions (dry air, humid air, humid
nitrogen, Figure 4b). Obviously the active electro-polymerization pro-
cess ensures the formation of a conductive and stable passive interface,
as already observed in other works.*? The high corrosion resistance at
the interface is certainly also enhanced by the 3-NisA counter anions
incorporated within the PPy, which are effective corrosion inhibitors
for zinc.’” This layer allows the application of capsules without the
need to use conducting spacer particles, which was necessary in our
previous work,* since the electronic coupling is now maintained
via the zinc|PPy interface. Moreover, a protection against interfacial
degradation due to radicals formed during the oxygen reduction re-
action, an important key reaction during cathodic delamination,* is

likely because of a possible shift of the oxygen reduction site beyond
the zinc|PPy interface laterally into the coating.*® Thus, the reduc-
tion of the conductive coating can be distinguished from the cathodic
driven delamination of a non-conductive coating with respect to in-
terfacial degradation. Furthermore, this protective PPy layer not only
provides passive but also active protection, as it is also able to self-heal
small defects in the passive metal oxide layer or pinholes within the
coating. 3%

Relationship of trigger signal spreading velocity and self-healing
performance.—Several model coatings were prepared and used for
investigating the effect of different trigger signal spreading velocities
as shown schematically in Figure 5a. Again, zinc is used as a substrate
metal which is covered with electro-deposited polypyrrole.

Poly(vinyl butyral-co-vinyl alcohol-co- vinyl acetate) (PVB) is
used as a hydrophobic topcoat. An artificial defect site is inflicted to
this coating system and subsequently filled with an electrolyte solution
(7.5 p1 1 M KCI) that initiates corrosion. Using the SKP technique,
the time-dependent evolution of the electrode potential £ at the defect
site and the cathodic driven delamination progress were monitored
in-situ under atmospheric corrosion conditions (for detailed informa-
tion about the SKP technique and the realized type of experiments see
previous publications).*>*® In brief, the SKP-tip serves as a natural
reference electrode for a contactless measurement of the electrode
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potential of metals covered by a thin layer of electrolyte or a coating.
This allows it to monitor the electrode potential at the defect site,
which is a penetrative coating defect covered with a little droplet of
electrolyte, by positioning the SKP-tip close over the surface of the
electrolyte. By scanning the SKP-tip close over the coating in a line
away from the defect site, the electrode potential at the metal|coating
interface is measured as a function of distance to the defect site.
The potential-distance curves can be distinguished into 3 regions:
lower potentials represent the delaminated region, higher potentials
represent the intact metal|coating interface, and the sharp increase in
potential from the delaminated region to the intact one indicates the
current position of the delamination front. Repetitive performed line
scans yield the delamination profile, which reveals the time dependent
evolution of the measured potential-distance curves. The progression
of the delamination front for example represents the delamination
rate.

Figure 5b summarizes the effect of PPy layer thickness and the
pretreatment of Zn on the delamination rate. Note, at this point no
inhibitor loaded PAni capsules are added to the coatings. It is ob-
served for pretreated Zn coated with electro-deposited PPy, that the
delamination rate increases with increasing PPy layer thickness. The
reduction rate of PPy crucially depends on the transport of cations.
With decreasing PPy layer thickness the mass transport of cations in
the reduced ICP decreases. This was also found in the past for thin PPy
layers (< 1m).>' While in N, atmosphere the reduction front pro-
ceeds for all PPy films independent of the thickness at the same rate,
in air the ORR at the low potentials of the reduced PPy has to be en-
abled by sufficient cation flow. Thin PPy coatings cannot provide that,
as the mass transport is proportional to the PPy film thickness. That
retards the progress of the reduction front, because for thin coatings
the delamination of interface has to occur first for providing sufficient
cation transport also along the delaminated interface. For very thick
coatings, the mass transport through the reduced PPy is sufficient and
the reduction progress in air is similar to the one in N, atmosphere.
Hence, in a certain thickness range the reduction progress will in-
crease with the PPy layer thickness as it is presented here. Thus, the
thickness of the PPy layer is an ideal parameter for investigating the
interplay between trigger signal spreading velocity and self-healing
performance: adjusting different thicknesses of PPy layers leads to
different trigger signal spreading velocities (delamination rates), thus
enhancing the release of inhibitors while the chemistry of the system
remains the same. The kind of pretreatment of zinc shows only a slight
effect on the delamination rate due to inhibition of the oxygen reduc-
tion reaction (ORR): the delamination rate decreases only by approx.
5% when zinc is pre-oxidized.

The mean delamination rate of inhibitor free polyaniline cap-
sules decorated with gold nanoparticles (AuNPs@PAni) applied
directly onto pretreated zinc is 330 (& 20) wm h~! This value
serves as a reference for the trigger signal spreading velocity,
which can be accelerated by application of a polypyrrole layer
(Figure 5b).

As an example, the delamination profile corresponding to a zinc
substrate covered with a 1.2 wm thick PPy layer is shown in Figure Sc.
The delamination profile shows a very homogenously proceeding
delamination front with a rate of 380 (£ 5) pm h~'. Due to the
preferential incorporation of small cations (e.g. potassium or sodium
cations which are typically present in deicing salt or sea spray) during
prolonged reduction, the PPy layer provides no self-healing capability
for larger defects, since the counter-anions (inhibitor) will not be
released from the PPy layer. The corresponding potential at the defect
site matches the free corrosion potential of zinc (Egppz(pH = 7) &
—750 mV vs SHE) throughout the experiment, proving that the PPy
layer itself does not provide protection to the macroscopic defect site
(Figure 5d), as already found in other studies.*> Hence, with respect to
self-healing of macroscopic defects in such smart corrosion protection
coatings it is important to focus on the release and transport of anodic
inhibitors from the capsules.

In the next step, self-healing coatings with accelerated trigger sig-
nal spreading were prepared as displayed schematically in Figure 6a.
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Here, additional polyaniline capsules containing the inhibitor 3-
nitrosalicylic acid (PAni(3-NisA)) were added in equivalent amounts
for every experiment onto the polypyrrole layer. The trigger signal
spreading velocity is tuned via the thickness of the polypyrrole layer as
demonstrated before. The interplay between the trigger signal spread-
ing velocity and the amount of released inhibitors from PAni(3-NisA)
capsules is presented in Figure 6b. The results confirm that the release
of inhibitors from the capsules, reflected by the maximum anodic
shift at the defect site AE,q, increases with increasing delamina-
tion/reduction rate. The reference system without tuned trigger signal
spreading velocity, which is polyaniline capsules decorated with gold
nanoparticles containing the corrosion inhibitor 3-nitrosalicylic acid
(AuNPs @PAni(3-NisA)) applied directly onto zinc (data at x-axis =
0), generates a AE,,,, of 340 mV at a delamination rate of 290 (£ 40)
wm h~!. The potential at the defect site for this reference system is
shown in Figure 6c¢.

The delamination profile in Figure 6d shows the acceleration of
the delamination rate to 980 (& 50) wm h~! by the use of an inter-
mediate PPy layer (thickness 2.9 pm), which triggers an increased
release of inhibitors as reflected by the AE,,,, of 670 mV at the defect
(Figure 6e). The potential at the delaminated/reduced interface of the
corresponding delamination profile starts to shift to more noble values
stepwise after about 7 h. This time corresponds to the time at which
the potential at the defect turned passive (£ > —400 mV vs SHE),
implying that after passivation of the defect site the reduced ICP in
the coating is re-oxidized by the atmosphere and thus polarizes the
zinc|PPy interface after ~2 days finally to a constant value of ap-
prox. 200 mV vs SHE (green solid line in delamination profile). The
underlying mechanism by which the intermediate polypyrrole layer
increases the release rate of inhibitors from the PAni(3-NisA) cap-
sules is explained in the following (Figure 7): The electrodeposited
polypyrrole (PPy) layer is doped with 3-nitro salicylate counter anions
(3-NisA ™). Electrochemical reduction of the bipolaron states within
the PPy polymer backbone occurs as a result of the decrease of elec-
trode potential associated with zinc corrosion at the defect site. Charge
neutrality is then maintained either by expulsion of counter anions
(3-NisA) from PPy (Equation 1) or by migration of cations into PPy
(Equation 2):4%-0

PPY*3NisA™ + ¢~ — Ppy° + 3NisA~ (1]

PPy"3NisA™ +e¢ + KT — Ppy’3NisA K" [2]

The high mobility of small cations (K*) at the defect sites means
that cation incorporation will be the predominant reaction and the
expulsion of the rather large counter anions from PPy is not expected
to be significant.*? This was also proven to be true for the system
(PPy/3-NisA) used in this work as no shift of the electrode poten-
tial at the defect site to more positive values was observed upon
reduction of the connected PPy/3-NisA layer. During prolonged cor-
rosion driven reduction of PPy, a steadily increasing amount of 3-NisA
counter anions will be taken up into the ICP matrix, i.e. remain im-
mobile, leading to steadily increasing cation incorporation and thus
to a cation-selective behavior.*>>! This eventually leads to a very fast
hopping-transport of small cations and thus in the presence of large
defects to a very fast coating failure.’! Because of this, continuous
layers of ICP should not be used alone in coatings for corrosion pro-
tection. Nevertheless, a continuous layer of PPy is applied here, as
the fast cation transport also results in an accelerated reduction rate of
PAni(3-NisA) capsules in contact with PPy due to galvanic coupling.
In other words, the rate limiting step for the electrochemical reduc-
tion of PAni(3-NisA) capsules has been accelerated. Accordingly,
the subsequent release of inhibitors from PAni(3-NisA) capsules sig-
nificantly increases, which is reflected by the much greater shift of
electrode potential at the defect site (compare Figures 6a and 6c).
After passivation of the defect site, the reduction current reduces sig-
nificantly so that the polypyrrole layer and the PAni(3-NisA) capsules
get re-oxidized by the atmosphere. With that step, the release of in-
hibitors from the PAni(3-NisA) capsules stops since the capsules shell
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and e) the corresponding electrode potential at the defect site.

turns again into the impermeable oxidized state, and the Zn|PPy inter-
face gets re-passivated as well. As passivation of the defect site alone
might not be sufficient for initiating passivation of the delaminated
interface, this might also indicate the presence of released inhibitors
at the interface.*’

1MKCI

Key: O 3-nitrosalicylic acid

small cation (K")
@®/@© Bipolaron ox./red. € counter anion (3-NisA)

In Figure 8 the long-term stability of the presented self-healing
coatings is evaluated. Here, polypyrrole layers with a thickness of
about 1.2 wm were electro-deposited onto zinc, polyaniline capsules
containing the inhibitor 3-nitrosalicylic acid were deposited and PVB
was used as a top-coat. The samples were stored for the denoted

PAni(3-NisA) capsules

500 nm

electro-deposited

Figure 7. Schematic illustration of the mechanism by which the intermediate polypyrrole layer (top-view SEM image bottom right) accelerates the release rate
of corrosion inhibitors from the PAni(3-NisA) capsules (TEM image top right). Explained in more detail in the text.
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time periods (up to 5 months) under ambient conditions. After the
respective time periods, corrosion tests were conducted on the sam-
ples as described in the experimental section. The results show that
the activity remains after storage of the samples for a period up to
5 months, without any indication of uncontrolled release during stor-
age or change of mechanisms leading to passivation.

Improving the addressability of capsules far away from the
metal|coating interface.—The addressability of PAni(3-NisA) cap-
sules is usually limited to those that are in direct contact with a metal
surface or a suitable conductive substrate.’> This is due to the sig-
nificantly lowered conductivity of conducting polymer in its reduced
state.’> The polyaniline shell of the capsules is rather thin, approx.
50 nm, which ensures a ready release of inhibitors.> However, at the
same time this feature comprises the risk that capsules located farther
away from the metal surface can no longer be addressed electrochem-
ically, because the fully reduced shell of capsules underneath is not
sufficiently conductive to transport the signal. Hence, it is not possible
to increase the amount of releasable inhibitors simply by increasing
the amount of deposited capsules.

However, it is possible to realize the electro-polymerization of
PPy onto a pre-deposited layer of capsules, thus embedding them
within PPy (Figure 9a). This is possible since the acidic pH and
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Figure 9. Increase addressability of capsules — embedding of capsules within the coating. a. coating structure of capsules embedded within PPy: the SEM
micrographs show the different stages of coating preparation from left to right in plane-view. b. corresponding scheme of self-healing coatings with increased
capsules loading that enables electrochemical addressability of capsules located far away from the metal surface. c. potential at defect site and d. progress of
delamination (reduction) front during corrosion experiments of self-healing coating with embedded capsules: evidence of multiple self-healing and faster onset of

passivation.
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anodic potentials prevailing during the electro-polymerization of PPy
preserve the structure of PAni capsules.”

Using this technique repetitively, it is possible to overcome the lim-
itation in addressability of PAni(3-NisA) capsules vertically within the
coating. The thickness of the PAni(3-NisA) capsules layer embedded
within the PPy layer is kept within approx. 1.9 (£ 0.5) pm, which is
rather small compared to the mean diameter of PPy aggregates (see
cauliflower structure of PPy in Figure 9a) and hence, the PPy layer
should provide effective conducting pathways through the capsules
layer. This results in electrochemically addressable capsules, which
can be located even far away from the metal surface, because these
are connected via the PPy matrix. This also enables an unconstrained
combination of redox-responsive containers carrying e.g. different
corrosion inhibitors or other substances, such as monomer, that could
further extend the functionality of the coating.

It was checked that thin layers of PAni(3-NisA) capsules, which
are embedded within PPy, are still addressable and that the necessary
mobility of released inhibitors within this coating is still provided.
To increase the overall loading with addressable capsules, several
layers of capsules can be embedded within PPy in addition to the
one added on top (Figure 9b). Such self-healing coatings show faster
onset of passivation at the defect site (Figure 9c) as more capsules
are activated simultaneously at a certain distance from the defect. The
electrode potential at the defect site starts to shift to more positive
values already after ~2.3 hours; for comparison it takes about 6 hours
when PAni(3-NisA) capsules are applied as a single layer onto PPy or
directly onto zinc. This was found within this study and in previous
publications as well.*® The corresponding progress of delamination
front stopped after approx. 16 hours at a distance of ~4200 pwm.
The position of the delamination front x4, is plotted as a function of
elapsed time -1, in Figure 9d.

Even multiple self-healing of macroscopic defects (with increas-
ing size) at the same position is achieved: after self-healing of the
first defect the experiment was repeated with fresh electrolyte and a
new defect at the same position. During this 2" activation, the po-
tential at the defect site dropped from approx. —450 mV vs. SHE
to —600 mV vs. SHE within the first 2.5 hours of the experiment,
which was again followed by an increase in electrode potential (2™
activation in Figure 9c). The higher electrode potential at the begin-
ning of the experiment as compared to the one observed for the first
activation, might be due to remaining inhibitor released before in the
area of the defect and the surrounding coating. It was also observed
that the electrode potential increases slower as compared to the first
activation, which could reflect a loss in stored inhibitor within the
PAni(3-NisA) capsules and the increasing distance over which the
released inhibitors have to be transported toward the defect site. It can
also be assumed that the fraction of released inhibitor that effectively
reaches the defect site decreases with increasing distance to the defect
site, as the transportation of released inhibitor is a diffusion-controlled
process without a preferred direction. The delamination front of the
274 activation rapidly reaches the position at which the delamination
front of the first activation stopped. This can be due to a number of
reasons. For example, it can be due to remaining electrolyte which
was taken up by reduced PPy during the first activation period or a
imperfectly restored interface. Note, the sample was not completely
dried between both activations, just the scratch was renewed, and the
electrolyte exchanged. However, this second even somewhat larger
defect was also successfully passivated, as the potential at the defect
site reached after ~12.5 hours a constant value of ~—300 mV vs
SHE (which was monitored for approx. 1 day) and the progress of
delamination stopped after ~22 hours at a position of approx. 9 mm.

Conclusions

This work demonstrates the interplay of the velocity of trigger
signal spreading and the self-healing performance of smart coatings.
On the basis of a practically relevant example, it was shown how the
velocity of trigger signal spreading (laterally and vertically within the
active coating) can be improved, leading to superior self-healing per-
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formance. This was achieved by combining a layer of ICP with redox
responsive capsules carrying active agents. More specifically, this con-
tinuous layer of ICP accelerates the spreading of the corrosion induced
decrease of the electrode potential, which is conventionally associated
with extremely weak coating performance, but here it serves as a tun-
able trigger signal. Thus, the weakness of an ICP layer can be turned
into strength, while all positive aspects of ICP coatings are preserved.
Those comprise an intrinsic interfacial metal|coating stability with
inherent protection of weak spots within the coating, such as pinholes
or cracks, the ability to restore the activated coating after healing of
the local damage and the possibility to increase the addressability of
containers storing active agents. The latter aspect was shown to en-
able a faster onset of the healing process and a multiple self-healing
of macroscopic defects. This coating design can also serve as a basis
for an unconstrained combination of various redox-triggered contain-
ers carrying different healing agents, since the trigger signal can be
directed far away from the metal|coating interface.

In summary this work shows, that for designing trigger based smart
self-healing materials it might be rewarding to leave established rules
behind and follow new directions, even some that appear to be counter-
intuitive at first.
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