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situ cell during mapping and (b) because during mapping, infor-
mation on the temporal and spatial dependence are interleaved.)

Fig. 1 Schematic view of setup used for the experiments.

Raman spectra (examples in Fig. 2) show modes of the form-
ing ZnO corrosion products, of H2O, and of the PVB polymer
layer. Raman spectra are analysed in the regions containing ZnO
modes (wavenumber ν̃ 360-660 cm−1) and water modes (3050-
3800 cm−1). The ZnO region of the spectra is dominated by
an E2 mode of wurzite ZnO at ∼440 cm−1, and its LO phonon
at 570 cm−1.23,24 The LO phonon of single crystalline Wurzite
ZnO is inactive in the backscattering geometry used here; its ob-
servation in the spectra therefore shows the presence of defects,
e.g. oxygen or zinc vacancies.25,26 The peak positions are stable
throughout the experiments, except for a shift of the LO peak
to higher wavenumbers in the first minutes of the experiment.
Consequently, the average environment inside the ZnO lattice is
not changing, except in the initial phase of the experiment. The
changes affect the environment of defect sites.

Normalised Raman intensities IN(ν̃) shown in Fig. 3a,b have
been obtained for each individual spectrum by setting the spec-
trum’s minimum intensity intensity Imin to zero and the spec-
trum’s maximum intensity Imax to 1, i.e. as

IN(ν̃) =
I(ν̃)− Imin

Imax − Imin
. (1)

In the normalised intensities, oscillations are visible in the inten-
sity of the ZnO modes (Fig. 3a, c). Intensity maxima and minima
are observed in both ZnO modes at the same times, i.e. there
is no shift between the two curves. Because the observation of
the LO phonon in backscattering geometry is closely related to
defects,25,26 this observation excludes the possibility that oscil-
lations between defect-rich and defect-poor ZnO occur. Rather,
the amount of the ZnO corrosion product oscillates. On the
other hand, the maximum intensity of the OH stretching modes
is observed with a certain delay after the ZnO intensity maxima
(Fig. 3c).

Maxima of the OH stretching modes of H2O clearly show os-
cillations (Fig. 3b), between ≈3170 cm−1 during intervals with
increasing intensity of the OH stretching modes and ≈3500 cm−1

during decreasing OH intensities. A shift of the maximum to
lower wavenumbers is indicative of higher OH– concentration in
water.27,28 Oscillations in intensity become obvious when plot-
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Fig. 2 Example in situ Raman spectra after two different delamination

times as indicated on the graph. Regions with contributions from the

different species in the system are labelled.

ting the Raman intensity at the maximum of the respective peak
(Fig. 3c).

From scanning Kelvin probe investigations, a delamination rate
of ≈3 mm/h has been determined. The oscillations terminate
after ≈4 h, which coincides with the time for delamination of the
full, 1 cm long coated area.

Chemical oscillations are encountered in a number of chemi-
cal systems far from equilibrium. Mostly, an autocatalytic step is
involved in the reaction, e.g. because one reaction product or in-
termediate blocks or catalyses a follow-up reaction in a multistep
process.29 Chemical oscillations have especially been observed
and exploited in heterogeneous multi-phase systems.30,31 When
coupled to oscillating reaction, interesting dynamics can be ob-
served in follow-up processes.32–36 Oscillations in pH can lead
to propagating fronts, when coupling to dynamic aggregation of
nanoparticles.37,38 Even phase formation and dissolution can os-
cillate.39

No oscillations have so far been reported in delamination pro-
cesses. In electrochemical systems, however, oscillations and pat-
tern formation have been observed, e.g. during dissolution of
n-type Si.40 On the example of CO electrooxidation, the mech-
anisms leading to oscillations involving several microelectrodes
have been studied. With appropriate cooperativity, microscopic
oscillations can be transformed into macroscopic patterns.41 In
corrosion processes, local cathodes and local anodes are usually
randomly distributed over the surface.21 Consequently, no oscilla-
tions are observed in a typical corrosion process. (Exceptions exist
— oscillations in current and potential are observed e.g. in corro-
sion of stainless steels,42,43 of carbon steels or iron in acids,44–46

and copper,47 amongst others, mostly because of active-passive
transitions.)

The proposed mechanism which leads to the oscillations ob-
served here is summarised in Fig. 4. At a cathodic delamination
front, ORR is running under water consumption,48,49

O2 +2H2O+4e− −−→ 4OH−. (2)
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Fig. 3 Normalised Raman spectra in the regions dominated by (a) ZnO

phonons and (b) OH stretching modes. Panel (c) shows the time

dependence of the intensities at peak maxima. Times where the

maximum of the OH stretching modes is below 3350 cm−1 are labelled

“alkaline”.

The initial increase in the intensities of the OH stretching modes
mark the approaching delamination front; the passage of the de-
lamination front coincides with the initial maximum in intensity
of the OH modes. The quantity of water present between metal
surface and polymer film in the initial stages of delamination is
small. Therefore, immediately after passage of the delamination
front, the conditions are highly alkaline.48,49 According to clas-

Fig. 4 Scheme of processes occurring consecutively after passage of a

cathodic delamination front before complete delamination of the polymer

coating.

sical kinetics, the rate of the ORR should hence decrease. In the
illuminated region (∼10 µm), the beginning of ZnO formation
is closely associated with this passage of the delamination front.
The ORR subsequently consumes water and produces OH–. The
alkaline conditions thus created lead to a dissolution of the ini-
tially formed ZnO. After the delamination front has moved on,
the surface becomes anodic, featuring metal dissolution. At pH
> 12, set by the conditions created as result of ORR, Zn dissolu-
tion occurs according to50

Zn+4OH−

aq −−→ [Zn(OH)4]
2−
aq +2e−. (3)

Increase in the concentration of soluble Zn species together with
a decrease in pH due to the binding of OH– inevitably makes the
formation of the solid corrosion product ZnO favourable, which
forms as

[Zn(OH)4]
2−
aq −−→ ZnO+H2O+2OH−

aq, (4)

under water release, possibly via Zn(OH)2 as an intermediate.50

Corresponding Raman spectra show increasing intensities of ZnO
and OH modes. Result of ZnO formation is an increase in the
number of available water molecules triggering a restart of the
ORR, this time on a ZnO-coved surface, where O2 was accumu-
lated again. The observed potentials are known from Kelvin probe
measurements to permit the reduction of O2.20 The consequence
is alkalisation, a dissolution of the formed ZnO, hence decrease of
the intensities of the ZnO modes. Alkalisation and consumption
of water will stop the ORR again at some point, making the region
anodic, with start of the next cycle. ZnO peak intensities oscillate
with an increasing slope of the running average. This increase is
consistent with the release of only one water molecule per unit
ZnO formed, while in the ORR, (at least) two water molecules
are needed for one O2 molecule to be reduced, so that full regen-
eration of initial conditions is impossible. As water is also present
in solvation shells of the dissolved species, the species mentioned
in Reactions 2-4 don’t represent all water molecules participating
in the process.

When the polymer coating is fully delaminated, the confined re-
action volume disintegrates as no interaction prevents water from
spreading on the metal. Consequence is an overall excess of water
and the standard monotonous growth of corrosion products.
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In conclusion, the ORR at a cathodic delamination front excites
chemical oscillations, including an oscillating pH, on corroding
Zn. The oscillations involve formation of a solid ZnO phase. Be-
cause the solvent and reagent water is present in limited amounts
(in analogy to the “crowded” situation in a cell)51, oscillations are
sustained until the sample is fully delaminated. Consequently, af-
ter passage of the delamination front, not only the quantity of free
water, but also the pH oscillates over a large range. It is unique
in the investigated system that the solvent itself takes part in the
feedback mechanism leading to oscillations. The observation of
oscillations also shows that correlated and not random cathode-
anode-structures are present in a delaminating system.18,21,22 In
the field, full delamination is rarely observed, and confinement
can be sustained for long times. Modern self-healing concepts are
thus only viable if these oscillations are suppressed, or a redox-
triggered self-healing mechanism is used.52
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