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The migration of cations on electrodeposited chromium surfaces, with and without a polymer coating, is studied
by in situ scanning Kelvin probe measurements in an inert atmosphere. The reactivity of the chromium-based
coating to the ambient atmosphere is studied using in operando ambient pressure X-ray photoelectron spec-
troscopy in different atmospheres and is shown to have significant impact on cation migration. These findings
provide novel and deep insights into ionic mobility at surfaces and along interfaces. Furthermore, an improve-
ment to the conventional cathodic delamination mechanism is proposed based on the outcomes of this study.

1. Introduction

Migration of ions on surfaces and along interfaces plays a crucial role
in many electrochemical processes, from sustaining reactions in fuel
cells [1,2] and types of atmospheric corrosion such as cathodic delam-
ination [3,4], and they also play an important role in charge dissipation,
e.g. during X-ray irradiation studies of insulating samples [5]. Funda-
mental studies of the underlying processes involved in cation migration
on surfaces are rare and focused mainly on the role of fixed charges at
the surface or interface [6]. Here, for the case of chromium-based
coatings electrodeposited from a trivalent chromium electrolyte, novel
insight on the cation migration behaviour on the surface is presented.
Electrodeposited chromium-based coatings on steels are widely studied
due to their ability to very effectively protect the underlying substrate
from wear and corrosion [7]. In the packaging industry,
chromium-based coatings were electrodeposited from hexavalent
chromium-containing electrolyte until recently. The hexavalent chro-
mium electrolyte is now being eliminated from production processes, for
example by the REACH regulations in the EU [8]. A substitute being
studied extensively to replace these coatings is a chromium-based
coating electrodeposited using trivalent chromium coating technology
(TCCT) [9-11]. A recent development in the coatings using TCCT is a
coating comprising of two layers, a Cr-O-C layer which is about 10 nm
thick and a Cr-O layer (1.5-12 nm thick) on top [9]. These coatings are
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used in conjunction with a polymer topcoat in the packaging industry, to
protect the underlying chromium coated steel from corrosion [11,12].
The adhesion between the polymer topcoat and the substrate will be
deteriorated by corrosion processes such as cathodic delamination and
filiform corrosion [11,13,14]. Therefore, the resistance of these
chromium-based coatings against corrosion driven cathodic delamina-
tion of the polymer topcoat [9,10] is of importance, and the two-layered
chromium-based coatings were found to provide excellent resistance
against cathodic delamination of the polymer coating [9].

Cathodic delamination is widespread, and many concepts are
developed to control it, for example, by modifying the surface oxide to
retard delamination [15] or using corrosion inhibitors in the polymer
layer resulting in self-healing capability [16,17]. The cathodic delami-
nation of organic coatings can be studied by observing the potential
changes at the metal/polymer interface using the scanning Kelvin probe
(SKP) [3,18-24]. The Kelvin probe is a non-contact technique that
measures the corrosion potential on the surface of metal covered with
electrolyte or buried under a polymer topcoat [19,25,26]. Cathodic
delamination is initiated using an artificial defect and filling it with
electrolyte (Fig. 1a). Both anodic and cathodic reactions are fast at the
defect, whereas the anodic metal dissolution reaction is extremely slow
at the intact metal/polymer interface [27,28]. The defect is character-
ized by low potentials, indicating active corrosion, and high potentials,
characteristic for the passive metal, prevail at the intact metal/polymer
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interface [23]. Oxygen reduction reaction (ORR) can still occur at the
intact metal/polymer interface but is inhibited due to the lack of anodic
partial reaction in the absence of a bulk electrolyte [23]. When the
hydrated ions from the electrolyte reach this interface and establish a
galvanic coupling with the defect, oxygen reduction occurs at these lo-
cations far from the defect [23,24], sustained by this migration of ions.
The accelerated oxygen reduction at the intact interface leads to a
cathodic potential shift. The reactive radical intermediates formed
during oxygen reduction reaction lead to delamination by destroying the
bonding between the surface and polymer [3].

The kinetics of the delamination can be analysed by plotting the
position of the delamination front as a function of time and calculating
the rate of delamination. A linear dependence of the position of
delamination front with time is regarded to result from a charge-transfer
controlled process where the oxygen reduction reaction is the rate-
limiting step [24,29]. A parabolic dependence where the position of
the front follows a square root dependence with time is considered to
arise when the delamination process is cation migration rate controlled
[18,22]. The migration of ions along the metal/polymer interface is
therefore an integral step during the cathodic delamination process.

In oxygen containing atmospheres, the migration of cations on the
surface is accompanied by transfer of electrons to support ORR (Fig. 1a).
In an inert atmosphere, cathodic delamination is not expected to occur
due to the absence of the radicals that result from ORR, that degrades the
bonding between the polymer and the surface. The curves of corrosion
potential (E) vs the distance to the defect obtained in nitrogen are still
similar to that obtained in air, depicting the migration of ions along the
surface (as illustrated in Fig. 1b) [3,4]. However, the interface stays
intact as no oxygen reduction caused degradation can occur. The
sigmoidal curve obtained in nitrogen depicts three distinct regions on
the surface: (i) ion-migrated region characterized by cathodic potentials,
(ii) non-ion migrated region or intact metal/polymer interface region
where anodic potentials are prevalent, and (iii) migration front sepa-
rating the ion migrated and non-migrated regions where a steep change
in corrosion potential is observed. These regions are similar to the (i)
delaminated region, (ii) intact region and (iii) delamination front,
respectively, expected in the case where oxygen is present in the envi-
ronment (Fig. 1b).

In situ SKP studies in inert atmosphere provide information about
cation migration without any effects from other reactions such as oxygen
reduction and degradation of the interface [3,4]. For the chromium
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coatings studied here this also simulates the low oxygen-containing
environment in food packaging where these chromium-based coatings
are utilized [11].

The current work aims at understanding the migration of ions on the
surface of chromium-based coatings. In situ cation migration studies in
inert nitrogen atmosphere were carried out on the two-layered chro-
mium-based coatings, with and without polymer topcoat, using the SKP.
The cation migration behaviour on the surface of these chromium-based
coatings in nitrogen atmosphere is compared with that on a native oxide
of chromium. Furthermore, the effect of the cation size on the migration
behaviour was studied, too. The role of the atmosphere is twofold.
Firstly, in oxygen containing atmosphere, ORR takes place, which might
influence the mobility, for instance by the correlated change of pH and
for polymer coated samples also by the degradation of the interfacial
bonds. Secondly, species such as CO, could adsorb on the surface,
resulting in the formation of carbonates and/or change of pH and thus
have an effect on migration [29-31]. The adsorption of these molecules
on the coating surface was hence studied using in situ ambient pressure
X-ray photoelectron spectroscopy (APXPS) in the presence and absence
of oxygen and carbon dioxide. Work function measurements were car-
ried out in vacuum and oxygen environment using APXPS. During
APXPS measurements to obtain the work function, an external bias was
applied to the sample to obtain the onset of secondary electron emission
[32,33]. The results obtained from this study along with the compre-
hensive characterization of these chromium-based coatings comprising
of two layers [9] are used to explain the cation migration on the surface
of these chromium-based coatings. Correlating the cation migration
behaviour observed in this study to the conventional understanding of
the migration kinetics, an improvement to the mechanism of the
cathodic delamination process is proposed.

2. Materials and experimental methods

2.1. Chromium coatings electrodeposited from trivalent chromium
electrolyte (TCCT)

Samples of the two-layered chromium-based coatings (Cr-O-C layer
rich in metallic chromium and an oxygen-rich Cr-O layer) with various
Cr-O layer thicknesses were obtained from Tata Steel Packaging Europe.
The details regarding the production of these layers and their structural
and chemical characterization can be found elsewhere [9]. In brief, the
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Cr-O-C layer (consisting mainly of metallic Cr) is of 10 nm thickness on
all the samples. The Cr-O layer thicknesses are 1.5 nm, 6 nm, and 12 nm
on the samples 10C-1.50, 10C-60, and 10C-120 respectively. The ox-
ygen to chromium ratio in the Cr-O layer was found to be —1:1, indi-
cating an oxygen-deficient nature [9]. The 10C-1.50 sample with
1.5 nm Cr-O layer was found to consist of native oxide at certain loca-
tions on the surface where the thin Cr-O layer was not deposited, due to
the oxidation of underlying metallic chromium [9]. Chromium sheets of
99.99% purity and 0.5 mm thickness were purchased from Goodfellow,
Germany.

The cation migration measurements using an inert atmosphere in the
SKP were carried out on the native oxide on chromium, 10C-1.50, 10C-
60, and 10C-120 samples. The reactivity of the Cr-O layer to the
ambient atmosphere was studied using APXPS on the sample 10C-120
with the thickest Cr-O layer. The influence of different cations on the
cathodic delamination rate was compared between the samples with the
thinnest and thickest Cr-O layer, 10C-1.50 and 10C-120 respectively.

2.2. Scanning Kelvin probe measurements

The SKP chamber was filled with nitrogen, to perform the cation
migration measurements within an inert atmosphere. The samples were
cut into 20 mm x 20 mm sheets and coated with 10 wt% polyvinyl
butyral (PVB) polymer in ethanol. The polymer coatings were prepared
by using a spin coater and cured at 80° C for ten minutes in an induction
furnace. 1 M KClI reservoir on steel acted as the artificial defect, which
was placed in contact with the polymer-coated sample (as illustrated in
Fig. 1c). The electrolyte was contained by forming walls of the reservoir
using X60 cold curing adhesive. The setup used for the cation migration
measurements comprising of the reservoir and the polymer-coated
sample is similar to the one used previously for the cathodic delami-
nation measurements [9]. The setup was placed in the SKP chamber
filled with nitrogen to perform the cation migration studies. The mea-
surements were carried out at humid conditions (relative humidity >
90%) to avoid evaporation of the electrolyte, with the help of an external
humidification setup. A similar procedure was followed for the bare
samples, except the coating of polymer (Fig. 1c). For the studies with a
different cation in the electrolyte reservoir, the defect was filled with
1 M LiCl electrolyte.

The Ni-Cr SKP tip (produced in-house [34]) was calibrated before
each experiment, against sat. CuSO4 placed in a Cu crucible. On the basis
of this calibration, the measured electrode potentials (E) were referred
vs the standard hydrogen electrode (SHE). The details regarding the SKP
technique used in this work and its fundamental working principle can
be found elsewhere [35-37]. Once calibrated, the SKP directly measures
the electrode potential of the surface buried under the polymer layer
[26,36,37]. The evolution of the electrode potentials with time were
recorded across the sample.

2.3. Ambient pressure X-ray photoelectron spectroscopy studies

The reactivity of the Cr-O layer in the 10C-120 sample to the
ambient atmosphere was studied using APXPS equipped with a PHOI-
BOS 150 NAP 2D DLD hemispherical energy analyzer customized
equipment from SPECS Surface Nano Analysis GmbH. X-ray photoelec-
tron spectroscopy (XPS) spectra were obtained using an incident photon
beam energy of 1486.7 eV corresponding to the Al-Ka emission line. All
spectra were obtained using a pass energy of 20 eV and a step size of
0.05 eV. A dwell time of 0.5 s was used throughout all the measure-
ments. For the measurements where the sample was exposed to a
controlled gas phase at a certain pressure, the sample was placed in a
reaction chamber, where photoelectron spectroscopy was simulta-
neously performed. The measurements were carried out in a gas phase of
5 mbar under different gas compositions of oxygen and carbon dioxide.

An external bias was applied to the sample using Keithley 617 pro-
grammable electrometer, to acquire the onset of secondary electron
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emission and deduce the work function. The Fermi level and cut-off
energy of secondary electrons were measured to obtain the work func-
tions in vacuum and in the presence of 0.5 mbar oxygen, to understand
the role of oxygen.

3. Results
3.1. Cation migration studies in nitrogen

Fig. 2a shows the electrode potential (E) as a function of the distance
to the defect at various times, for a PVB coated chromium metal surface
within a nitrogen atmosphere. Owing to difficulties in obtaining the
point of inflection due to the irregular (not sigmoidal) shape of the
curves in Fig. 2a, the position of the migration front was assumed as the
distance at E =0.05V vs SHE. The evolution of the position of the
migration front (x_del) with time in nitrogen, is compared with the
values of the position of the cathodic delamination front obtained in air
[9] in Fig. 2b. The rate of change of this position in air depicts the rate of
cathodic delamination and is similar to the rate of cation migration
observed in nitrogen (as can be seen in Fig. 2b).

Fig. 3a and b depict a similar analysis of cation migration in nitrogen
and cathodic delamination in air for a 10C-1.50 sample. It is evident
from Fig. 3b, that the rate of cation migration observed on the 10C-1.50
sample in nitrogen is much lower than the rate of cathodic delamination
of PVB on the 10C-1.50 sample in air, unlike in the case of native oxide
on chromium where the rates were similar. A similar decrease in the rate
of cation migration in nitrogen compared to the rate of cathodic
delamination in air is also observed in the samples 10C-60 and 10C-120
(Figs. 4 and 5 respectively). When the atmosphere was switched to ni-
trogen, the cation migration was virtually stopped in these samples with
a thicker Cr-O layer. The cathodic delamination continued at the former
rate after the atmosphere was switched back from nitrogen to air (Fig. 5b
and ¢).

It should be noted that the switch to nitrogen is also accompanied by
a decrease in the potential values at the regions where the cation
migration has not yet taken place. The decrease in potential at these
regions is more prominent in the thicker Cr-O samples (Figs. 4a and 5a)
than in the 1.5 nm Cr-O samples (Fig. 3a). This decrease in potentials is
reversible and returns to original values (Fig. 5b) when the atmosphere
is switched back to air.

It should also be emphasized that the kinetics of migration and
delamination vary for the different samples. The cation migration and
cathodic delamination kinetics for the chromium sample with native
oxide follow parabolic kinetics (Fig. 2b). In the case of the thicker Cr-O
layered samples, 10C-60 (Fig. 4b) and 10C-120 (Fig. 5¢), the cathodic
delamination follows linear kinetics and the cation migration is almost
completely hindered. For sample 10C-1.50, the cathodic delamination
follows parabolic kinetics, whereas the cation migration in nitrogen
follows linear kinetics (Fig. 3b).

To investigate the role of the polymer topcoat on the decrease in
migration rate in nitrogen, the measurements in nitrogen were repeated
without the polymer topcoat. Such cation migration measurements
without the polymer topcoat were carried out previously on iron and
zine, to eliminate the complex surface-polymer interactions [38]. This
analysis would reveal if the decrease in the rate of migration emanates
from the strong bonding between the polymer and Cr-O surface, which
in nitrogen atmosphere is not destroyed by oxygen reduction, albeit this
is highly unlikely due to the weak bonding nature of PVB. The results
obtained from the measurement of cation migration on bare samples of
native chromium oxide, 10C-1.50 and 10C-120 are shown in Fig. 6a—c
respectively. In Fig. 6d, the rates of cation migration on these bare
samples are compared with the rates of cation migration on the PVB
coated samples discussed above. Although the rates of cation migration
with and without the PVB layer vary for the sample 10C-1.50 (Fig. 6d),
the rates are still much lower than the rate of cathodic delamination of a
PVB coating on 10C-1.50 (Fig. 3b). It is evident from the comparison in
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Fig. 6d that the PVB layer plays no role in inhibiting the cation migra-
tion, and that the rates of cation migration on bare samples are similar to
those on PVB coated samples.

3.2. Ambient pressure X-ray photoelectron spectroscopy measurements

To determine the role of ambient atmosphere on the Cr-O surface,
the sample 10C-120 was analysed using in situ APXPS in different at-
mospheres. CO5 in the atmosphere has been demonstrated to influence
cathodic delamination, ascribed to the formation of carbonates on the
surface and affecting the pH and thus the surface charge [29-31], while
an effect on the cathodic delamination due to the presence of just
adsorbed CO5 was not discussed. In order to elucidate this in more detail,
in situ XPS measurements were carried out in the absence and presence
of 5 mbar CO,. Carbon dioxide exhibits an O 1s peak at ~537 eV [39].
The photoelectron spectra from the surface showed no observable
change with time, in the presence of CO5 as revealed by the O 1s spectra
obtained on the surface (Fig. 7a). The Cr 2p and C 1s spectra (not shown
here) also demonstrated no observable change. The switch from CO5 to 5
mbar O, lead to a clearly visible increase of the Cr-O oxide O 1s peak
(Fig. 7b), albeit to no observable changes in the Cr 2p and C 1s spectra.
The two peaks at ~539 and 540 eV are attributed to gaseous oxygen,
owing to its paramagnetic nature resulting in a core levels split due to
the unpaired electrons in the outer orbitals [40,41]. Similar increase of
the oxygen peak was also observed when oxygen gas was dosed from
ultra-high vacuum to 5 mbar (Fig. 7c). Similar studies on native chro-
mium oxide (not shown here) revealed no pronounced increase as

observed in the 10C-120 sample discussed here.

To further investigate the role of oxygen on the Cr-O surface, the
work function of the 10C-120 sample was determined in vacuum and
the presence of 0.5 mbar oxygen (Fig. 8a and b). Adsorption of oxygen
on the surface of the Cr-O and the associated electron transfer from Cr-O
to adsorbed oxygen will result in a change in the work function. A
change in work function can thus ascertain the adsorption of oxygen on
these electrodeposited chromium oxides. From the secondary electron
cut-off energy (Ecytoff) and the Fermi level (Eg), the work function (¢)
can be calculated using the Eq. 1.

@ = ho — (Ecyroff — Ep) 1)

where ho is the energy of the incident photon beam (1486.7 eV). The
Fermi level does not change when oxygen is introduced in the chamber.
However, the binding energy corresponding to the secondary electron
cut-off decreases from 1479.57 eV in vacuum to 1478.22 eV in 0.5 mbar
oxygen. This corresponds to an increase of 1.35 eV in the work function,
in the presence of oxygen.

3.3. Cathodic delamination studies using different cations

The results obtained in the cation migration studies carried out in
nitrogen atmosphere raise the question in how far the migration
observed in nitrogen atmosphere can provide information about the
migration rates involved in cathodic delamination occurring in oxygen
containing atmosphere. This is because of the significantly reduced
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migration rates in nitrogen, as can be especially seen in the significantly
hindered cation migration in nitrogen on the thick Cr-O coated samples.
In order to further investigate the migration behaviour on the chromium
oxide surfaces, measurements were carried out using 1 M LiCl electro-
lyte in the defect and compared with those using 1 M KCl electrolyte [9].
This served to examine the influence of the size of the cations on the
cathodic delamination behaviour. Figs. 9a and 10a depict the evolution
of E vs distance to defect curves with time, obtained during cathodic
delamination in air, using LiCl electrolyte in the defect, on 10C-1.50 and
10C-120 samples respectively. The plots comparing the delamination
kinetics when the defect is filled with LiCl and KCl electrolytes, for the
10C-1.50 and 10C-120 samples are illustrated in Figs. 9b and 10b
respectively.

It can be elucidated from Figs. 9b and 10b that the delamination rate
on both the samples 10C-1.50 and 10C-120 are influenced by the size of
the cation in the electrolyte. In both the samples, the rate of cathodic
delamination was lower in the presence of LiCl in the defect, than in the
case of KCI in the defect. The delamination of PVB coating on sample
10C-1.50 follows parabolic delamination kinetics both in the presence
of KCI and LiCl, whereas the delamination of PVB on sample 10C-120
exhibits linear delamination kinetics in both cases. As mentioned
above, linear kinetics are usually associated with oxygen reduction as
the rate determining step. However, this should not depend on the size
of the cations, while a clear dependence is expected for the case that
migration is rate determining. On the other hand, migration as rate
determining step is expected to show a sqrt(t) dependence. This will be
discussed in the following.

4. Discussions
4.1. Cation migration studies in nitrogen

A comparison of the potential profiles recorded for chromium sam-
ples in air and nitrogen (Fig. 2) reveals that the rates of cation migration
and cathodic delamination are similar on these samples. This could
imply that the migration of the ions is the rate-determining step during
the cathodic delamination. It is evident from the cation migration
studies in nitrogen that the migration of ions is hindered on the 1.5 nm
(Fig. 3), 6 nm (Fig. 4) and 12 nm (Fig. 5) Cr-O coated surfaces. Similar
behaviour was observed by Wint et al. on chromium-based coatings
consisting only of the Cr-O-C layer, where the migration rate in nitrogen
was found to be 0.15 times the cathodic delamination rate in presence of
oxygen [11]. It was hypothesized that the observed progress of the po-
tential curves was a continuation of delamination at a decreased rate in
nitrogen as consequence of partial reduction of iron, which could be
exposed at the surface due to pores in the coating or the iron incorpo-
rated in the coating during deposition from trivalent chromium elec-
trolyte [11]. The hypothesis implies that this much less significant iron
reduction reaction (of the incorporated iron and that exposed only at the
pores) causes a slower progress of cathodic delamination due to a
reduced degradation at the interface. However, for the samples used in
this study, it has been proved in our previous study that there is no iron
incorporation in the Cr-O layer during the electrodeposition process [9].
Hence, the observed progress is that of migration and not delamination.

It was previously reported that the potential difference between the
ion migrated and non-ion migrated regions develops in inert atmosphere
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Fig. 8. a) Fermi level region and b) secondary electron emission onset region on the sample 10C-120 in vacuum and the presence of O,.

even in the absence of a cathodic reaction [3,4,9,18,19]. Driving force is
a cathodic polarization at the defect, where the potential is substantially
lower than at the interface or on the surface, even in nitrogen. In fact, as
long as a potential difference between potential at the defect site and at
the intact interface exists, cation migration should occur also in the
absence of a cathodic reaction, like in the case of chromium sample with

native oxide studied here and in various other substrates [3,4,9,18,19].
Furthermore, as already shown by Leng et al., no meaningful delami-
nation is caused by migration in nitrogen, i.e. no mechanical loss of
adhesion is observed in the ion migrated regions where negative po-
tentials prevail [3]. Also, in the current study, the cation migration rate
is similar with and without the PVB coating (Fig. 6d). So, it seems
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unlikely that the necessity of ORR and interface degradation by the
radicals formed during ORR is the explanation for the higher delami-
nation rate in air compared to the cation migration rate in nitrogen. The
difference in the delamination and the cation migration rates seems
rather to be correlated to the migration of the cations and it seems that
for all samples investigated here the PVB/oxide interfaces do not hinder
the cation mobility. Most likely, there is a continuous network of
nanopores along the interface where the ions can move on the oxide
surface without too much hindrance by the polymer. Hence, it seems
that the progress rate of migration/delamination is here determined by
the oxide at the surface of the samples and its effect on cation migration.
This inhibited cation migration in inert atmosphere appears to be spe-
cific to these chromium-based coating surfaces. The property attributed
to the inhibition of ions in an inert atmosphere reverts when the at-
mosphere is switched to air (Fig. 5b).

The switch to nitrogen is also accompanied by a drop in potentials at
the non-ion migrated regions. The potential shift could be due to the
auto-reduction of the oxide layer [3]. However, such a shift in potential
due to the auto-reduction of oxide is mainly specific to metals like iron
which can exist in different valence states [3], and not observed in a
similar extent if the metal exists in a single valence state. Also, if the drop

in potential was observed only due to the auto-reduction of the oxide
layer, this would still not explain the diminished cation migration on
these surfaces.

The drop in surface potential can also emanate from the desorption
of molecules adsorbed from air on the surface of these chromium-based
coatings. Adsorption of molecules on the surface results in a change of
the work function and thus the electrode potential measured by the
Kelvin probe. For instance, adsorption of amino group on metal leads to
a negative charge on the surface oxide, reducing the work function for
removal of an electron and thus decreases the electrode potential [42].
Similarly, ferrosiloxane bonding leads to a positive charge on the surface
of the metal, increasing the electrode potential [42]. The dipole orien-
tation on the surface thus affects the measured electrode potential. The
dipole formed due to the adsorption of an electron acceptor molecule
results in a positive charge on the surface. This leads to an increase in the
work function [43]. This adsorption of molecules in air will be reverted
when the atmosphere in the SKP is switched to nitrogen. Therefore, the
adsorption of molecules on the surface of these chromium-based coat-
ings was studied using APXPS.
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4.2. Adsorption of oxygen on the electrodeposited Cr-O surface

Adsorption of oxygen on the surface of TiO, has been studied pre-
viously using the shift in binding energies observed in APXPS,
emanating from the adsorption and electron transfer process [44]. This
gave the idea for a likewise study of the surface of the Cr-O coated steel
by using APXPS in the presence of Oy and CO,. The XPS O 1s spectra in
the presence of CO, exhibited no observable change with time (as
illustrated in Fig. 7a), eliminating the possibility of adsorption of CO, or
the formation of carbonates. The O 1s spectra demonstrated strong
growth of the oxide peak in the presence of oxygen (as depicted in
Fig. 7b and c). A similar investigation in the presence of oxygen was used
to elucidate the adsorption of oxygen on the surface of metals [45-48].
Adsorption of oxygen on a clean Fe surface was found to produce a
continually growing O 1s peak for increasing oxygen concentrations
[45]. Adsorbed O% on the surface was found to produce an O 1s peak in
XPS at binding energy similar to the binding energy of hydroxide
[46-48]. It was previously shown that the electrodeposited chromium
oxides studied here exhibit an O 1s oxide peak at the hydroxide /
defective oxide binding energy, owing to their oxygen-deficient nature
[9]. It can therefore be elucidated that the growth of the peak here is
attributed to the adsorption of oxygen on these chromium-based layers.

Adsorbent molecules can either be classified as electron donors or
acceptors based on their electron transfer properties. Oxygen behaves as
an electron acceptor [49] and can exist in various ionic and molecular
forms when adsorbed on transition metal oxides [50,51]. As discussed
earlier, the dipole formed due to the adsorption of oxygen leads to a
partially negatively charged species (0%) near the surface and a corre-
sponding positive charge on the surface. This leads to increased work
function, and Kelvin potentials when measured in air [43]. When the
atmosphere is switched to nitrogen, the oxygen molecules desorb,
resulting in a decrease in surface potential, explaining the potential
changes observed in these chromium-coated samples (Figs. 4a and 5a).

The shift in potentials can also be interpreted in terms of the semi-
conductive nature of the oxides. These chromium oxides behave like
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n-type semiconductors since they contain excess metal or are oxygen-
deficient [52]. A certain concentration of electrons from the n-type
oxide, depending on the defect density, occupy the states that are close
to the conduction band minimum (as shown in the flat-band diagram in
Fig. 11a). When an acceptor molecule like oxygen adsorbs on the surface
of an n-type semiconductor, the electrons are transferred from the
semiconductor to the unoccupied molecular orbitals of the acceptor
molecule [53,54]. The transfer of electrons leads to upward band
bending (as depicted in Fig. 11b) in the space charge region close to the
surface of the semiconductor due to the induced electric field [53]. The
semiconductor surface is positively charged and the acceptor molecule is
negatively charged. The transfer of electrons from the semiconductor to
the adsorbed molecule causes an increase in the work function.

The increase in work function associated with the adsorption of ox-
ygen has been ascertained by measuring the Fermi level and secondary
electrons cut-off energy level in APXPS. The work function increase is
evident as a decrease in the secondary electron cut-off energy. The Fermi
level measured in the XPS is not influenced by the adsorption of mole-
cules on the surface and associated changes in the work function [32].
The increase in work function measured in the APXPS (1.35eV) is
higher than the change in Kelvin potentials observed on the 10 C-12 O
sample (—0.3-0.4 V). However, it is worth mentioning that the mea-
surements in APXPS are in vacuum and dry O,, while the measurements
in SKP are carried out in very high humidity. The presence of water
could explain the difference in the work functions measured using the
two different techniques.

The SKP measures the flat band potential of the semiconductor, when
there is no change in work function due to adsorbed species changing the
surface states. In the case of oxides of iron and zinc, it was found that the
increase in electrode potentials measured by the Kelvin probe compared
to their flat-band potentials was about 50-100 mV [36]. The higher
potential measured by the Kelvin probe compared to reported flat-band
potentials is attributed to the adsorption of oxygen on the surface of the
n-type oxide, which leads to an upward band bending. In the current
work, the adsorption of oxygen results in an electrode potential shift of

b
@'@

® .2

® ©®

Fig. 11. a) Flat-band diagram and b) band bending observed in the space-charge region of an n-type semiconductor due to transfer of electrons to a donor molecule

like oxygen.
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~300-400 mV, which could be explained by the highly defective nature
of the electrodeposited oxide [9]. This seems to be the reason for an
especially high amount of oxygen adsorbing on the surface. It is due to
the metastable nature of this oxide that this adsorption does not lead to a
healing of the defective structure.

Adsorption of oxygen (acceptor molecule) on TiO5 has been found to
cause a band bending upwards due to the transfer of electrons from TiO5
to oxygen [44,53-55]. The band bending has been verified to be
reversible and diminished on desorption of oxygen using Photoelectron
spectroscopy and APXPS [44,53,56]. Similarly, the adsorption on the
surface of the chromium-based coatings is reversible as ascertained by
the reversal in surface potentials on switching between nitrogen and air
(Fig. 5a and b). The upward band bending in the semiconductor sepa-
rates the electron-hole pairs due to the induced electric field and results
in enhanced hole transport or diminished electron transfer to the surface
[53,54]. This decrease in electron transport supports the hypothesis of
the stifled rate of oxygen reduction which might be one reason for the
inhibition of cathodic delamination on the surface of these
chromium-based coatings [9]. It is, however, also conceivable that the
low cation mobility on this surface is the reason for the slow progress of
delamination. However, switching off the effect of ORR to prove this is
not possible, since then the surface is changed by the desorption of the
adsorbed oxygen, as will be discussed next.

4.3. Cation migration on the electrodeposited Cr-O surface

In situ SKP studies in nitrogen do not only measure the rates of cation
migration, but also the associated changes in the properties of the sur-
face in nitrogen. In the chromium-based coatings on steel, the adsorbed
oxygen creates a dipole on the surface with a negative charge above the
surface and a corresponding positive charge in the Cr-O oxide layer. The
oxygen adsorbs preferentially on the electrodeposited Cr-O surface and
not that much on the native chromium oxide, due to the oxygen-
deficient nature of Cr-O. The Cr-O layer does not entirely cover the
underlying metallic chromium in the Cr-O-C layer at low thicknesses,
resulting in the formation of native chromium oxide at certain locations
on the 10C-1.50 sample [9]. Therefore, the adsorption of oxygen is
stronger on the thicker Cr-O layer on the 10C-120 sample, than in the
10C-1.50 sample where oxygen does not adsorb that much on the native
oxide (as illustrated in Fig. 12a and b). When switching to nitrogen at-
mosphere, the oxygen desorbs, which results in a decrease of potential.
The decrease in potential is higher for thicker Cr-O layers than for
thinner Cr-O layers since the adsorption of oxygen on thinner Cr-O
layers is weaker due to native oxide formation at certain locations.
The decrease in potentials on switching between oxygen-containing and
inert atmospheres were found to indicate the reactivity of a surface

Corrosion Science 199 (2022) 110185

towards ORR [57,58]. A higher shift in potential during the gas-switch
indicates more changes in the oxide and a higher reactivity of the sur-
face towards ORR. However, in case of the chromium coated steels, the
cathodic activity was found to be lower on the thick Cr-O coated surfaces
[9] though they portray the largest difference in potentials during the
gas-switch. This is because the shift in potentials here is due to the
change in work functions subsequent to oxygen adsorption on the sur-
face and do not affect the oxide itself, i.e. no oxidation states or defects
are changed.

The adsorption of oxygen on the Cr-O layer also explains the higher
mobility of cations in air than in nitrogen. The resultant negative
immobile charge on the adsorbed oxygen would lead to anion Donnan
expulsion and higher cation mobility on the surface (as depicted in
Fig. 12¢). On switching the atmosphere to nitrogen, the oxygen on the
surface desorbs. Upon switching to nitrogen these fixed negative charges
at the surface are lost and thus also the high cation mobility (as depicted
in Fig. 12d). In the current study, clear evidence for the adsorption of
oxygen has been obtained on the electrodeposited chromium-based
coatings. These adsorbed oxygen molecules which are negatively
charged, electrostatically attract the cations from the defect. This
concept of local electrostatic force stimulated cation migration is of
importance not only on these electrodeposited oxygen-deficient Cr-O
but most likely on all n-type semiconductor oxides which readily adsorb
oxygen or other acceptor molecules.

Cathodic delamination is inhibited at low oxygen partial pressures
due to inhibited ORR and thus the absence of radicals to destroy the
bonding between the polymer and the surface. From this study, it is
evident that the migration of ions on these chromium-based coatings are
also inhibited in inert atmospheres or low oxygen partial pressures.
These chromium-based coatings are typically utilized in oxygen-
depleted environments in the packaging industry [11]. Therefore, the
coatings are very suitable for usage in such applications, where the rate
of deterioration of the polymer topcoat is highly diminished.

4.4. Cation migration studies using different cations

The influence of the size of the cations on the cathodic delamination
behaviour was studied using 1 M KCl and 1 M LiCl in the defect (Figs. 9
and 10). The larger the size of the hydrated cation, the lower its
mobility, thus lower the rate of cathodic delamination when delimited
by the migration of cations [24,29]. The mobility decreases in the order
Cst > K" > Na't > Li'. A similar trend was also observed during cation
migration studies using the SKP in an inert atmosphere [59].

The dependence of the cation size on cathodic delamination is not
expected on samples where electron transfer is rate-controlling and
linear delamination kinetics is observed [11]. On changing the

| i
i | o3f
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Fig. 12. Adsorption of oxygen illustrated on the surface of the sample a) 10C-1.50 and b) 10C-120. Migration of ions on the surface of Cr-O coating in c) air and

d) N,.

10



J.M. Prabhakar et al.

electrolyte from NaCl to CsCl, no change in delamination rate was
observed in a TCCT sample which showed linear delamination kinetics
[11]. However, in this study, the sample 10C-120 exhibited different
delamination rates in LiCl and KCl, albeit following linear delamination
kinetics in both cases. This observation reveals a dependence of the
cathodic delamination rate on the size of the cation when cathodic
delamination follows linear kinetics. It can thus be elucidated that the
process is not necessarily electron-transfer controlled, albeit linear
delamination kinetics is observed.

Similarly, it can be elucidated that the parabolic kinetics is not purely
due to the process being controlled by cation migration. The 10C-1.50
sample exhibited parabolic dependence with time, both in the pres-
ence of LiCl (Fig. 9b) and KCl [9], indicative of a decrease in the
delamination rate as the delamination front moves further from the
defect. It is noteworthy, that the ohmic (iR) drop appears at the
delaminated regions in the sample 10C-1.50 with LiCl electrolyte in the
defect (Fig. 9a). The ohmic drop is the difference in the electrode po-
tentials of a point just behind the delamination front and a point near the
defect. This ohmic drop emanates from the ionic current (i) and the
resistance to ionic current (R) when the ions migrate from the defect to
the delaminated regions and the delamination front. The iR drop was
previously absent in the cathodic delamination studies with KCl and was
hypothesized to be due to lower ionic currents on these
chromium-coated steels [9]. However, the potential drop is especially
evident in the measurements with LiCl, which can be attributed to the
larger size of hydrated cation in Li* and thus higher resistance to the
ionic transport of Li*. The difference in potentials between a point just
ahead of the delamination front and a point just behind it are usually
proposed to be the key driving force for the delamination [4]. The ohmic
drop results in a decrease in this driving force as the delamination front
moves farther from the defect. This decrease in the driving force with
increasing distance from the defect can be the reason for the parabolic
kinetics observed and thus, parabolic kinetics need not necessarily imply
a cation migration controlled process. Further investigations are needed
to emphasize the role of the ohmic drop on the parabolic kinetics
observed and is beyond the scope of the current work.

4.5. Cathodic delamination mechanism reconceptualized

In the conventional understanding of the cathodic delamination, the
process is considered to be electron-transfer controlled when it follows
linear kinetics [24,29] and ion-migration controlled when it follows
parabolic kinetics [18,22]. In an ion-migration controlled process, the
rate of delamination declines as the delamination front moves further
from the defect owing to the larger distance required for cation migra-
tion. However, it is more likely that the rate-determining step in the
progress of the delamination or migration front is not their migration
from the defect to the delamination front, but their progress from a point
just behind the front into the intact interface or onto the yet not cation
affected surface, as depicted in Fig. 13. This insertion of the cations into
a point just ahead of the delamination front from a point just behind it
will be influenced by the local electrostatic forces on the cation, the
bonding between the substrate and the polymer at the delamination

Electrolyte reservoir

/

Steel (defect)
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front and the size of the cation, but not on the distance from the defect.
This insertion of cations into a point just ahead of the delamination front
can be a rate-controlling factor during the cathodic delamination. The
proposed mechanism justifies the dependence on the size of cation even
when the delamination kinetics follows linear behaviour (Fig. 10) since
the insertion will be independent of the distance from the defect. It also
explains the linear kinetics in nitrogen observed in the 10C-1.50 sample
(Fig. 3b), which indicates no dependence of the migration of ions on the
distance from the defect.

5. Conclusions

This study focuses on the migration of ions along the chromium
oxide/polymer interface during the cathodic delamination process. The
chromium oxides are electrodeposited from trivalent chromium elec-
trolyte and were previously found to be deficient in oxygen compared to
the native chromium oxide and to what is thermodynamically expected.
The cation migration was studied by switching the atmosphere to an
inert gas (nitrogen) and using different cations in the electrolyte during
in situ scanning Kelvin probe studies. The influence of the ambient at-
mosphere on the surface of the oxide was studied using APXPS. Based on
the results of this study, a modification to the mechanism of cathodic
delamination is proposed. The following are the findings of the study:

1. APXPS measurements reveal that the oxygen from the atmosphere
adsorbs readily on the surface of these oxygen-deficient chromium
oxides. The decrease in surface potential observed in the SKP due to
the decrease in the work function of these oxides upon switching to
nitrogen also confirms the adsorption of oxygen in air and its
desorption in nitrogen atmosphere. The gas switch experiments in
SKP, from air to nitrogen and vice-versa reveal that the adsorption of
oxygen on the surface of these oxides is reversible. Contrary to what
is usually found, the large change of the potential upon switching
between air and nitrogen is not related to a high reactivity towards
ORR. Such gas switch measurements in SKP do not only measure the
cation migration kinetics but also the associated changes in the
properties of the surface due to the gas switch.

2. The negative charges on the surface accompanying the oxygen
adsorption were found to enhance cation transport on the surface in
air. On the contrary, the migration of cations was hindered drasti-
cally in an inert atmosphere. These chromium-based coatings on
steels are applied in the packaging industry in oxygen-deficient en-
vironments. Therefore, these coated steels are suitable for such ap-
plications, due to cation transport and thus the cathodic
delamination being highly inhibited at these application conditions.

3. For the samples investigated here, the migration of ions on the sur-
face of the bare and the PVB-coated surfaces were found to demon-
strate similar kinetics. Thus, the polymer coating played no role in
the inhibition of cation migration on these oxide surfaces, most likely
because of the presence of a network of nanopores along the interface
wherein cations could move on the surface unhindered by the
polymer.

PVB topcoat

- e transport to support ORR
- Cation transport from defect
- Cation insertion at the delamination front

Fig. 13. Improved mechanism of cathodic delamination proposed from the results obtained in this study.
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4. The size of cations in the electrolyte was observed to influence the
rate of cathodic delamination in both 1.5 nm Cr-O coated and 12 nm
Cr-O coated samples. Therefore, neither of the samples portray a
purely electron-transfer controlled cathodic delamination process.
According to the widely accepted understanding of the cathodic
delamination process, which states that linear kinetics should be
determined by ORR, the cathodic delamination in the sample 10C-
120 which exhibits linear delamination kinetics should not be
influenced by the size of the cation, but the results presented here
show that it is.

5. The results reveal that the ion transport on the surface does not al-
ways follow a parabolic dependence with time and that a linear
dependence on time does not mean a purely electron-transfer
controlled process. Based on the observations, it is proposed that
the insertion of the cations from the delamination front to a point just
ahead of the delamination (or migration) front is possibly a rate-
determining step. This insertion of cations ahead of the front de-
pends on the size of the cation and is independent of the distance
from the delamination front, and thus renders linear delamination
kinetics. This step is in fact the first step in the migration or delam-
ination process, as it is the pre-requisite for lowering the potential.
Obviously, there is a difference between moving along a delaminated
interface or an interface where already cations have migrated into
and the intact interface or surface without migrated cations yet. It is
proposed that the insertion of the first cations into the intact inter-
face/original surface is kinetically hindered. The insertion of the
cations incorporates the influence of local electrostatic forces acting
on the cation.
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