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In situ microscopic investigation of ion migration on the
surface of chromium coated steels
J. Manoj Prabhakar 1✉, Arnoud de Vooys2 and Michael Rohwerder 1

Cathodic spreading of electrolyte on two-layers chromium coatings electrodeposited from trivalent chromium electrolyte on steel
was studied on the micro- and the macroscale. The behavior is discussed in view of results obtained on electrical conductivity as
measured by current-sensing atomic force microscopy. The coatings were found to hinder electron transport. Heterogeneities
observed in the electrical conductivity are correlated to heterogeneities of the electrolyte spreading behavior, studied using in situ
scanning Kelvin probe force microscopy. In average, the kinetics of spreading observed at microscopic scales are similar to that
observed using a scanning Kelvin probe at larger scales. The scanning Kelvin probe force microscopy is demonstrated as a robust
in situ technique to follow electrolyte spreading and study microscopic defects/heterogeneities on the surface.
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INTRODUCTION
Electrodeposition of chromium from trivalent chromium (Cr3+)
electrolyte has gained importance in the recent past with the
prerequisite to replace hexavalent (Cr6+) electrolytes from the
production process1–4. The process of electrodeposition from Cr3+

electrolytes, using trivalent chromium coating technology (TCCT)
was found to produce coatings containing chromium, oxygen, and
carbon (Cr–O–C)4,5. Carbon and oxygen are incorporated from the
organic additives (for example, formic acid) used as complexing
agents in the process. These chromium-coated steels are utilized in
the packaging industry in conjunction with a polymer topcoat,
which can degraded by cathodic delamination process5–11. There-
fore, the cathodic delamination behavior of these polymer coatings
on chromium-coated steels has been a topic of extensive
research5–10. The cathodic delamination rate of the polymer
topcoat was found to decrease with increased oxygen content in
the chromium layers6,9, hence the Cr–O–C layer was overcoated
with an oxygen-rich Cr–O layer5,12. The two-layers sample with a
12 nm Cr–O topcoat was found to be uniform across the surface,
and native oxide was found to be present in the 1.5 nm Cr–O
sample at defects, i.e., locations where the Cr–O layer was not
deposited5. An increasing thickness of the Cr–O topcoat was found
to result in reduced delamination rates5. The delamination rates of
the samples with Cr–O layer thicker than 6 nm were comparable to
that of the coatings from Cr6+ electrolytes, and the layer was
hypothesized to inhibit electron transfer5. The migration of cations
on the surface of these Cr–O coatings were found to be hindered
and driven by the local electrostatic forces on the surface10.
The kinetics of cathodic electrolyte spreading is similar to

cathodic delamination, hence can be a complementary tool to
quickly evaluate the role of the metal (oxide) surface on
delamination at the metal (oxide)/polymer interface10,13. Figure
1a, b depict the similarity in the mechanisms of cathodic
delamination and cathodic electrolyte spreading13, respectively.
In both the processes, the anodic metal dissolution occurs at the
defect where the metal is in contact with the bulk electrolyte.
Initially, the cathodic reduction occurs predominantly at the
circumference of the defect where the metal/electrolyte interface

is easily accessible to the oxygen. As the electrolyte spreads (Fig.
1b) or enters the degrading metal/polymer interface (Fig. 1a), the
cathodic oxygen reduction occurs at these locations (delami-
nated/ migrated regions and the delamination/migration front).
The electrons moving in the metal along the interface/surface
from the defect to the front, and the resulting negative hydroxide
ions formed by oxygen reduction are compensated by corre-
sponding migration of cations (K+ in case of KCl) from the defect
to the front. At a later stage, when a high concentration of OH- has
accumulated, possibly the hydroxide ions also migrate in the
opposite direction, from the front and delaminated/migrated
regions to the defect (Fig. 1a, b). Since the mechanism of cathodic
delamination and cathodic electrolyte spreading are similar, the
potential profile obtained with a scanning Kelvin probe (SKP)
during cathodic electrolyte spreading (Fig. 1d), is similar to that
obtained during cathodic delamination (Fig. 1c). The transition
between lower potentials of the already cation ‘migrated’ area and
the high potentials of the still ‘non-migrated’ area indicates the
migration front in the case of cathodic spreading (Fig. 1d), similar
to the delamination front demarcating the delaminated and intact
regions in the case of cathodic delamination (Fig. 1c). The
potential difference between the delaminated/migrated regions
and the intact/non-migrated regions acts as the driving force for
the cathodic delamination and electrolyte spreading. Cations will
be driven by the resulting electric field into the intact/non-
migrated area. As a consequence of this, the potential is pulled
down, which will lead to the onset of oxygen reduction reaction
(ORR). Both cation migration and ORR play a role in the resulting
cathodic delamination or spreading of electrolyte.
In the current work, the conductivity of the chromium coatings

is studied using current-sensing atomic force microscopy (CS-
AFM) by measuring the local leakage current when a bias is
applied. The conductivity is also compared with that of a pure
chromium sample with a native oxide layer and an electrolytic
chromium-coated steel (ECCS) deposited from the Cr6+ electro-
lyte. The electron transfer across the chromium layer is essential to
sustain the oxygen reduction occurring during the cathodic
delamination process. CS-AFM or conductive AFM (C-AFM) is a
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contact mode AFM technique used to characterize local electrical
conductivity. The technique is suitable to study samples with low
to medium conductivity since it is impossible to obtain a localized
conductivity measurement in highly conductive samples14–20. The
effect of electrical conductivity on cathodic current for ORR at the
polymer-oxide interface is confirmed using phenolphthalein
added to the polymer layer. The hydroxide ions resulting from
the ORR increase the local pH and lead to the coloration of the pH
indicator.
The cathodic spreading of electrolyte on the surface of these

chromium-coated steels is studied using in situ scanning Kelvin
probe (SKP). Cathodic spreading of electrolyte on the surface of
different materials has been extensively studied previously21–25,
including very fundamental questions such as oxygen uptake at
the electrolyte surface of very thin electrolyte layers to be
considered as an important step23,26. In situ SKP measurements
were used previously to investigate electrolyte spreading on the
surface of steel23,25. Kelvin probe studies on uncovered substrates
without polymer coating eliminate the complex surface oxide/
polymer interactions and enable the direct investigation of the ion
migration kinetics on the surface27. Microgalvanic cells that are
formed at the spatially separated cathodic and anodic sites during
the cathodic electrolyte spreading can be visualized from the
surface potential profiles27–29, as depicted in (Fig. 1d).
The migration of cations at microscopic scales advancing the

electrolyte spreading is studied using in situ scanning Kelvin
probe force microscopy (SKPFM) technique. The potential profiles
obtained from the spreading experiments in the SKPFM are
compared with those in the SKP. The electron transfer and ion
migration processes occurring at the microscopic scales play an
important role in the cathodic delamination behavior. In order to
obtain more insight about these processes at the microscopic
scale, the surface heterogeneities and their influence on electron
transfer and ion migration on these samples are studied using CS-
AFM and SKPFM techniques. SKPFM is used to image local surface

potentials with high spatial resolution and works in the non-
contact mode of AFM30–36. The potential maps obtained from
SKPFM can be used as a key to pinpoint regions that display
strong galvanic activity, illustrating a contrast between the
cathodic and anodic regions. SKPFM has been used previously
to study filiform corrosion30–33,37 and cathodic delamination of
polymer coatings34. To study cathodic delamination of polymer
films using SKPFM, ultra-thin polymer coatings are needed to
obtain precise potential signals34. In the current work, the
investigation of cathodic spreading eliminates the requirement
of a polymer topcoat.
The absence of polymer coating during electrolyte spreading

experiments facilitated direct access to the surface for character-
ization after the experiments. X-ray photoelectron spectroscopy
(XPS) was performed on the samples after the electrolyte
spreading measurements, to study the distribution of cations on
the surface.

RESULTS AND DISCUSSIONS
Current-sensing atomic force microscopy studies
The humidity plays an important role in the meniscus formed
between the tip and the sample during CS-AFM measure-
ments15,38,39. Formation of meniscus leads to decreased resolution
in the conductivity maps due to the pick-up of leakage current
from a larger area than from a localized point. In all the
measurements carried out in this study, a very low relative
humidity (12–15% RH) was maintained. The conductivity maps
obtained from spatially mapping the leakage current for an
applied bias of 2 V are shown in Fig. 2. The pure chromium with
native oxide layer displayed leakage current from 94% area of the
surface at the applied bias of 2 V (Fig. 2a). The ECCS sample
displayed almost no leakage current (Fig. 2d), and the sample 10C-
12O showed leakage current only from 2% area of the surface (Fig.
2c). A mixed behavior is observed for the sample 10C-1.5O, with a

Fig. 1 Mechanism of cathodic delamination and electrolyte spreading. Schematic explaining the mechanisms and regions established
during a cathodic delamination and b cathodic electrolyte spreading. Typical sigmoidal electrode potential (E) vs. distance curves obtained
from SKP measurements, depicting various regions established during the progress of c cathodic delamination and d cathodic electrolyte
spreading.
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48% area of the surface displaying leakage current (Fig. 2b). It is
evident from the images that the electrodeposited TCCT (10C-
12O) and ECCS layers are highly resistive to the flow of current.
The resistive nature of the TCCT with Cr–O layer is evident from
the mapping of leakage current at 8 V applied bias, as depicted in
Fig. 3. Even at such high applied bias, the sample 10C-12O showed

very few conductive regions (Fig. 3b). In contrast, the ECCS sample
became completely conductive at this high applied bias (Fig. 3c).
The sample 10C-1.5O still showed mixed behavior, with 75% of the
locations conducting current (Fig. 3a). This behavior of the sample
10C-1.5O can be attributed to the non-uniform deposition process
at such low Cr–O layer thicknesses. It was reported previously that

Fig. 2 Conductivity maps at 2 V bias applied to the AFM tip for samples. a Pure Cr with native oxide, b 10C-1.5O, c 10C-12O, and d ECCS.
The scale bars in a, b, c, and d indicate 10 μm.

Fig. 3 Conductivity maps at 8 V applied bias for samples. a 10C-1.5O, b 10C-12O, and c ECCS. The scale bars in a, b, and c indicate 10 μm.
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a native chromium-oxide layer is formed on the sample 10C-1.5O
at the regions where the deposition of the Cr–O layer does not
occur5. It seems reasonable that the regions on the sample with
the native oxide are where leakage current is observed, whereas
the Cr–O covered regions display no conductivity. The non-
spontaneous nature of the electrodeposition process from
trivalent chromium electrolyte leads to a porous structure8,40

and a layer incorporated with iron8. The few conductive regions in
the sample 10C-12O could arise from such defective regions of the
Cr–O layer.
Figure 4a, b depict the current–voltage sweep (I–V) curves

obtained from the conductive and non-conductive regions,
respectively. A sample behaving as an ohmic conductor shows a
linear relationship between the leakage current and applied
potential41. A rectifying or semiconductive behavior displays a
zero current region characteristic of the band-gap41. The band-
gap energy is derived from the zero current region in the I–V
curve19,20. All the I–V curves obtained in this study illustrate a
distinct rectifying behavior. The similar I–V curves obtained from
the conductive regions on the sample 10C-1.5O and the
chromium sample with native oxide (Fig. 4a) reaffirm the
formation of native oxide on the sample 10C-1.5O at locations
where the Cr–O layer is not deposited. The asymmetry in the
positive and negative bias regions of the I–V curves indicate the
type of semiconductor42,43. Rectifying behavior is observed when
a Schottky barrier is produced at the contact between the tip and
the sample. The contact is forward biased at negative voltages for
an n-type semiconductor43. Therefore, a larger zero current region
in the positive bias denotes n-type semiconductor behavior and
vice-versa for a p-type semiconductor. The native oxide layer on
the pure chromium sample displays a marginally higher zero
current in the negative bias (Fig. 4a), indicating a p-type
semiconductor behavior, as expected for chromium oxide44.
The semiconductive behavior is more obvious on the Cr–O layer

on the samples 10C-12O and the non-conductive regions of the
10C-1.5O sample (Fig. 4b). The curves obtained from the Cr–O
layer exhibit a higher zero current region in the positive bias,
characteristic of an n-type semiconductor. The oxide in the Cr–O
layer was reported to be a metastable oxide deficient in oxygen5.
Metallic oxides that contain excess metal or are deficient in
oxygen are expected to exhibit n-type semiconductivity45, with
the excess electrons from the metal occupying the states that are
close to the conduction band minimum. The n-type Cr–O oxide
was also found to readily adsorb oxygen on the surface, resulting
in a band bending upwards, leading to inhibited electron
transport10. The oxygen-deficient oxide in the Cr–O layer can
thus be inferred as an n-type semiconductor, with huge resistance

to electron conductivity across it. The oxide was already previously
hypothesized to inhibit the transfer of electrons required to
sustain the ORR occurring during cathodic delamination5. In the
current study, the electron conduction behavior has been
systematically studied using CS-AFM, verifying the proposed
hypothesis.

Observations with phenolphthalein
During cathodic delamination of a polymer from a metallic
substrate, the anodic metal dissolution occurs at the defect where
the substrate is in contact with the electrolyte. A part of the
corresponding cathodic reaction (ORR) occurs at the delaminated
regions and the delamination front46. The ORR occurring during
cathodic delamination results in increased pH at the delaminated
and delaminating interface. The resulting alkaline pH can be
monitored visually by the coloration of phenolphthalein. Various
photographs depicting the coloration of phenolphthalein with the
progress of delamination on the PVB-coated 10C-1.5O, 10C-12O,
and pure chromium samples are shown in Supplementary Fig. 1.
The ORR is vigorous on the surface of 10C-1.5O and pure
chromium samples, as observed by the violet coloration of the pH
indicator. No coloration was observed in the delaminated regions
on the 10C-12O sample even after 2 weeks. The lack of coloration
does not indicate a complete absence of ORR. It can be elucidated
that the current density for oxygen reduction is stifled, leading to
diminished hydroxide ion concentration. The number of hydro-
xide ions formed might be insufficient to result in the coloration of
the pH indicator. This inhibited oxygen reduction is supported by
the suppressed electron transfer across the Cr–O layer reported in
the previous section.

Cathodic electrolyte spreading
During electrolyte spreading, several secondary microdroplets
were found to initiate from the anodic primary droplet as a
consequence of ORR occurring in the migrated area and
corresponding further migration of cations towards the migration
front to maintain charge neutrality21–23. The microdroplets were
found to be highly alkaline and enriched with cations (Na+).
Oxygen reduction occurring on the surface was followed by using
phenolphthalein on the surface23 and was found to initiate at the
circumference of the primary droplet and spread outwards. The
concentrated NaOH solution formed as a result of ORR and the
cation migration promotes the diffusion of water from the edge of
the droplet to dilute the solution23. This leads to the spreading of
the droplet. The uptake of water is, of course, not only from the
bulk of the electrolyte, but also from the environment, which was

Fig. 4 Current-voltage sweeps obtained from different locations on the samples. Current–voltage sweeps obtained from the a conductive
regions of the 10C-1.5O and native oxide on chromium samples and b non-conductive regions of the 10C-12O and 10C-1.5O samples.
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supported by changing rates of spreading with change in
humidity23.
The spreading of the electrolyte can also be explained with

respect to the surface tension acting on the droplet. The charge
on the surface of an oxide-covered metal is determined by the
prevalent local pH at the surface. The pH at which the net charge
on the surface is zero is termed as the isoelectric point (IEP) or zero
point of charge (ZPC)47. As the pH on the surface deviates from
this point, the affinity of water to the surface increases due to the
resulting charge on the surface9. The interfacial tension at
the electrolyte-oxide interface is the highest at IEP and lower as
the pH at the surface deviates further from the IEP48. At high pH
values prevalent at locations where oxygen reduction has
occurred, the surface charge density is higher since the deviation
from IEP is higher. At such locations with high prevalent alkaline
conditions, interface tension is lower and the spreading of the
droplet is enhanced. Migration of anions is mitigated due to
the negatively charged surface, at pH values higher than the IEP.
The models discussed above, explaining cathodic electrolyte
spreading on the surface of a material, are analogous to the
cathodic delamination mechanism prevalent when the material is
coated with a polymer. It is pointed out here that for electrolyte
spreading to happen, first cation migration has to occur, which
pulls down the potential, thus initiating oxygen reduction, which
is analogous to cathodic delamination10,49.
In the current section, the cathodic spreading on the surface of

the samples is studied using in situ SKP and SKPFM measure-
ments. The kinetics of spreading of the electrolyte is compared
with that of cathodic delamination studied previously5.

Scanning Kelvin probe studies. Figure 5 depicts the evolution of
electrode potential (E) profiles as a function of distance from the
defect, during the progress of the spreading of the electrolyte. The
profiles result in three distinct regions as the spreading progresses
(as depicted in Fig. 1c) and are similar to the ones obtained during
cathodic delamination on the PVB-coated samples reported
previously5. As the spreading of electrolyte progresses, a front of
migration is formed separating the ion migrated region (lower
potentials close to the potential of the defect) from the non-
migrated region (higher potentials). This is identical to the
delamination front separating the delaminated and intact regions,
formed during cathodic delamination. The rate of spreading of the
electrolyte is studied by plotting the position of this front with
time. The rate of spreading of the electrolyte is comparable to the
rate of delamination of the PVB coating for each sample (Fig. 6). A
similar observation was reported previously, where the ion
transfer kinetics on iron were found to be similar on a polymer-
coated, highly defective polymer-coated, and uncovered sur-
face27,28.
The potentials of the intact regions in the presence of PVB

coating in the previous study5 are also identical to the potentials
measured on bare substrates in this study. A difference in
potential in the presence of a polymer coating compared to the
bare surface was suggested as a non-destructive method to study
the bonding between the polymer and the surface50,51. A partial
electron transfer occurs from the basic functional group to the
acidic group. For example, the charge transfer between a polymer
coating with basic functional groups and an acidic oxide on the
surface leads to a dipole at the interface with a negative charge
towards the surface of the oxide and a positive charge towards
the polymer film. This would result in a decrease in the work
function of the substrate and hence a decrease in potential. The
higher the shift in potential, the stronger the acid-base interac-
tions and dipoles at the interface. For the case of different oxides
on steel, a higher decrease in the potential after coating with a
polymer was demonstrated to result in better adhesion by the
formation of stronger interfacial bonds50. In the current study, a
potential of the bare substrate similar to that of PVB-coated

surface is expected due to the weak bonding nature of PVB to the
surface.
However, independent of adhesion, also pre-treatments on the

surface that would reduce the potential of the intact interface
would lead to lower delamination rates52–55. Such pre-treatments

Fig. 5 Potential (E) vs. distance profiles obtained at various times
during the progress of electrolyte-induced cathodic spreading on
samples. a Chromium with a native oxide layer, b 10C-1.5O, and
c 10C-12O.
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inhibit the oxygen reduction kinetics even at more cathodic
potentials, as expected from a more negative potential at the
intact interface. In the current study, it is evident that the sample
with a thicker Cr–O layer (10C-12O) has a lower potential at the
non-migrated regions (Fig. 5c) compared to the 10C-1.5O sample
(Fig. 5b). The oxygen reduction kinetics is therefore more retarded
in the presence of the thicker Cr–O layer, as confirmed by the lack
of coloration observed using phenolphthalein in the PVB topcoat
and inhibited electron transfer from the CS-AFM measurements.
The retarded ORR kinetics seem to fit well with a lower rate of
cathodic delamination or electrolyte spreading, as also anticipated

from the smaller driving force (difference in potentials at the
delamination/migration front).

Scanning Kelvin probe force microscopy studies. The formation of
microscopic galvanic elements is investigated using in situ SKPFM
measurements. Soon after placement of the electrolyte droplet,
visible contrast in the electrolyte spreading behavior of the
samples 10C-1.5O and 10C-12O could be distinguished as
depicted in the photographs in Supplementary Figs. 2 and 3.
The primary droplet on the sample 10C-12O remained intact for
24 h after initiating the electrolyte spreading measurements. On
the contrary, secondary droplets were formed and grew in size
soon after the initiation of the measurements in the sample 10C-
1.5O. A similar observation of the growth of microdroplets was
previously reported in the case of 0.5 M NaCl droplet on carbon
steel23. The observed behavior can be explained according to the
model for cathodic spreading described earlier in Introduction.
The inhibited ORR on the sample 10C-12O due to the hindered
electron transfer kinetics leads to reduced cation migration to the
edge of the droplet, where it would be otherwise needed for
supporting the ORR in the meniscus region, resulting in highly
retarded electrolyte spreading. In sample 10C-1.5O, where the
cathodic reaction is not as hindered as in the sample 10C-12O, the
increased pH at the edge leads to a larger deviation from the IEP.
This results in decreased surface tension of the droplet, and thus
enhanced spreading. The secondary droplets are formed when
water moves to the cation migrated regions to dilute the highly
alkaline electrolyte formed by the hydroxide ions formed during
ORR23. Again it should be noted that the electrolyte spreading is
advanced by initial cation migration. The cation migration then
initiates ORR, which results in the pH change and thus spreading.
A series of high-resolution potential images obtained during

in situ cation migration on the surface of the sample 10C-1.5O are
shown in Fig. 7. The first scan (Fig. 7a) was commenced
immediately after initiation of the electrolyte spreading

Fig. 6 Position of migration front vs. time plot for different
samples. Position of migration front (x_mig) plotted as a function of
time for the bare and PVB-coated samples.

Fig. 7 High-resolution electrode potential mappings obtained during in situ cation migration on the surface of the sample 10C-1.5O at
different times. a 0min (first scan after placing the electrolyte droplet), b 8min, c 16min, d 24min, e 48min, and f 80min.
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measurement and a few micrometers ahead of a secondary
droplet. From the potential maps in Fig. 7a–f, it is clear that the
cation migration advancing the electrolyte spreading evolves
mainly through discrete ‘sites’ (where the potentials are quickly
reduced, turning blue in Fig. 7). These sites most likely are
correlated to the conductive native oxide grown on the surface of
the sample where the Cr–O layer is not deposited (Figs. 2b
and 3a). Interestingly, the potential on these sites gets lower than
the surrounding area, i.e., the cation migration to these site occurs
partly against the electric field (note that the potential gradient
experienced by the cation is inverse of the gradient in the
electrode potential49,56). Since the decrease in potential is
correlated by an accumulation of cations, it seems also to occur
against the gradient of the cation concentration on the surface. It
is hence proposed that the chemical potential of the cations on
these sites is much lower than the one on the Cr–O layer, which
would provide a corresponding gradient in electrochemical
potential even at opposed gradients of potential and concentra-
tion. These sites are hence the preferred locations where the
potentials are reduced initially and oxygen reduction is initiated,
followed by a decrease in potentials in the surrounding regions.
Thus, these regions act as preferred locations for the occurrence of
oxygen reduction reaction and the correlated continuous migra-
tion of cations to these regions to compensate for the negative
hydroxide ions produced. Hence from these sites the migration of
cations subsequently spreads also into the surrounding areas (as
can be seen in Fig. 7).
The potential profiles extracted from these maps along a line

parallel to the horizontal axis, at vertical axis position of 18 μm are
presented in Fig. 8. It should be emphasized that the potentials
obtained using the SKPFM are not absolute values, unlike the
values obtained from the SKP, which are calibrated. The potential
profiles obtained from the SKPFM depict local heterogeneities on
the surface potentials at the microscopic scale, due to the native
oxide and the deposited Cr–O. Different from the results obtained
by SKPFM, the potentials obtained on the sample 10C-1.5O from
the SKP are quite homogenous at locations where the electrolyte
spreading did not occur (Fig. 5b). This is because the SKPFM
technique is better resolved compared to the SKP where a tip of
~120 μm diameter is used, leading to an averaged surface
potential value in the SKP. However, a clear migration front as
observed in the SKP is not visible in the profiles obtained by
SKPFM for the sample 10C-1.5O. This is because of the small
scanned area and the fast cation migration kinetics on the sample,

which leads to a virtually uniform reduction in the potential across
the entire scanned area.
Figure 9 depicts a series of high-resolution electrode potential

images obtained during in situ electrolyte spreading on the surface
of the sample 10C-12O. There was no observable difference in the
potentials for several hours since the onset of the electrolyte
spreading measurement and hence the initial scans are not
displayed here. The first displayed scan (Fig. 9a) was commenced
after 4.2 h of placing the electrolyte and very close to the primary
electrolyte droplet. A clear front distinguishing the cation migrated
region (depicted by low potentials or blue color in Fig. 9) from the
non-migrated region (depicted by the green or red high potential
region in Fig. 9) is noticeable from the potential maps. Though the
sample 10C-12O consists of an evenly deposited Cr–O layer5, a
disparity in the cation migration behavior is observed at different
locations of the sample. For instance, the migration appears to be
faster along the top edge (vertical axis value ~18 μm) when
compared along the line with vertical axis value ~6 μm. To
investigate the heterogeneous behavior, the surface potential
profiles along these lines (vertical axis values 18.75 μm and
6.51 μm) were extracted from the maps and are depicted in
Fig. 10a, b, respectively. The curves in Fig. 10a are comparable to
the evolution of potentials observed using the SKP, exhibiting a
sharp migration front that advances as the electrolyte spreading
progresses. The difference in potentials of migrated and non-
migrated regions observed in the SKPFM are also comparable to
the difference observed in the SKP. In an earlier work on in situ
monitoring of cathodic delamination by SKPFM, it was reported
that this absolute drop in potentials at the delamination front
observed in the SKPFM maps was smaller in comparison to that
observed in SKP34. The difference was assumed to arise because of
the delamination front spreading over a larger area in the SKP and
thus only a fraction of the potential drop resulted in the small area
measured in the SKPFM. It was also assumed that the sharp
potential drop observed in the SKPFM could be smeared out in the
SKP due to lower resolution, resulting in a gradual increase in
potential in the delaminated region. In this study, the potential
drop at the front is comparable, indicating that most of the
segments of the front exist within the region scanned in the SKPFM
for the 10C-12O sample. This supports that the SKP leads to a
significant smearing out of the potential profile at the front. It also
indicates that the potential profile at the front is here much
sharper than in those earlier experiments34, and the whole drop of
potential across the front is observable within the small scan
window of SKPFM. This is different from the scans shown in Fig. 7,
where only a small drop is observed, which is much smaller than
the one observed in SKP. The potentials of the non-migrated
regions are uniform on the sample 10C-12O, in contrast to the
potentials in the sample 10C-1.5O (Fig. 8). This is attributed to a
uniform Cr–O layer on the 10C-12O sample compared to a spatially
distributed Cr–O and native oxide layers on the sample 10C-1.5O5.
The dissimilar cation migration profiles in Fig. 10a, b could be

correlated to the heterogeneities observed on the 10C-12O sample in
CS-AFM (Figs. 2c and 3b). The electrical conductivity was found to be
enhanced at certain regions on the samples, which were attributed
to be defects in the Cr–O layer. The defects could be iron inclusions
or nanopores exposing chromium underneath the Cr–O layer, which
are characteristic of the electrodeposition process8,40. These regions
of higher conductivity will be the locations where the cathodic
oxygen reduction reaction is less hindered. Furthermore, the surface
termination was found to be different in the Cr–O-coated regions
due to the adsorption of oxygen resulting in a Oδ--terminated
surface10. The mobility of cations migrating from regions of lower
potential to regions with higher potential can be expected to be
different for the Cr–O-coated regions and the defective regions. Since
the cation migration on the native oxide surface is much faster than
on the Cr–O covered samples (as can be seen in Figs. 5 and 6), it is
reasonable to assume that on areas rich in native oxide both cation

Fig. 8 Surface potential profiles extracted from the maps on the
sample 10C-1.5O. Surface potential (E) vs. horizontal axis position,
extracted from the SKPFM images in Fig. 7 at a vertical axis position
of 18 μm.
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migration as well as oxygen reduction kinetics are at a much higher
rate than on the Cr–O modified surface areas. No contrast in
potential is observed on the non-migrated regions of the 10C-12O
sample. Hence, it is assumed that the defective areas are rather
regions where the Cr–O layer is quite defective but still present,
rather than the exposure of underlying Cr–O–C layer like in the case
of the 10C-1.5O sample. The progress of the cation migration
observed at these more defective areas is therefore still much slower
than on the native chromium oxide. The potential is decreased
(Fig. 10a) in the regions where cations have migrated (characterized
by lower/cathodic potentials), and ORR occurs. It is proposed, in
accordance with observations made in an earlier work57, that a
higher pH at the surface leads to more fixed negative groups,
resulting in a higher cation mobility. For areas where oxygen

reduction reaction is inhibited, less OH- is accumulated, which leads
to a significant decrease in cation mobility. Since the mobility of
cations on the native oxide rich surface is already higher right from
the beginning and it is further enhanced by ORR, and it is expected
hence both are also higher on the more defective Cr–O surface, no
discernible potential drop (iR) is caused there by the ion migration
necessary to support the oxygen reduction in the migrated area and
at the front. Hence, nearly the full potential drop between the
migrated and non-migrated surfaces is available as the driving force
for advancing the cation progress at the front. On the Cr–O-coated
areas in the migrated region, on the other hand, a large iR drop can
be seen (marked in Fig. 10b). The cathodic current (i) observed on the
10C-12O sample is very low, as was ascertained from the
observations using phenolphthalein. The iR drop can therefore be

Fig. 9 High-resolution electrode potential mappings obtained during in situ electrolyte spreading on the surface of the sample 10C-12O
at different times. a 0min (4.2 h after placing the electrolyte droplet), b 16min, c 32min, d 48min, e 64min, and f 112min.

Fig. 10 Surface potential profiles extracted from the maps on the sample 10C-12O. Electrode potential (E) vs. horizontal axis position,
extracted from the SKPFM images in Fig. 9 at a vertical axis position of a 18.75 μm (defective Cr–O) and b 6.51 μm.
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inferred to be arising due to the resistance (R) to cation migration in
these Cr–O-coated locations, due to the local electric fields on the
surface10. The established iR drop was observed to exist until
144mins (Fig. 10b), while the migration was already completed by
44min in the surrounding regions (Fig. 10a). Though the spreading
of water droplets on the sample 10C-12O was not visually observed
(Supplementary Fig. 3), water was found to accumulate after the
cation migration was completed, which led to perturbations in the
scans (marked in Fig. 10a, b). The ingress of water into the cation
migrated regions is also evident from the 3-dimensional potential-
topography maps of the sample (Supplementary Fig. 4g). Supple-
mentary Fig. 4a–g displaying the 3D topography also demonstrate
that the drift in the sample during the entire course of the
experiment was negligible. The diffusion of water led to homo-
genization of potentials across the entire surface and the iR drop
faded away (Fig. 10b after 152min). The current investigation of
electrolyte spreading using SKPFM substantiates the models
proposed previously21–23, illustrating the migration of cations
followed by the accumulation of water.
The faster ion migration in the regions with supposedly defective

Cr–O layer is hence explained by the faster ion migration kinetics,
and also by the steeper potential gradient at the front. This is
resulting from the absence of an iR drop in the already migrated
area, leaving a higher difference in potentials at the sharper
migration front, which increases the driving force for cations to
migrate onto the yet non-migrated surface.
The position of the migration front (x_mig) as a function of time for

the electrolyte spreading measurements carried out on the sample
10C-12O in the SKP (Fig. 5c) and SKPFM (Fig. 10b) are plotted in
proportional scales in Fig. 11. It is assumed that the microscopic
regions where the cation migration is the slowest (in the SKPFM)
control the overall rate of migration in the macroscopic scale (in the
SKP). Therefore, the position of the migration front obtained from
migration at vertical axis position of 6.51 μm (slower progress,
Fig. 10b) is plotted in Fig. 11. It is evident that the rate of migration
(slope of the curve) is similar in both cases, establishing the SKPFM
technique as a robust in situ technique to study electrolyte spreading
and capable of identifying heterogeneities at the microscopic scale.

XPS studies
XPS survey scan spectra were obtained from locations at different
distances from the defect, on the chromium with native oxide,
10C-1.5O and 10C-12O samples after the cation migration

measurements. The XPS measurements were carried out on the
chromium and 10C-1.5O samples soon after the cation migration
measurements in the SKP (Fig. 5a, b). The sample 10C-12O in
contact with the electrolyte was placed in an external humidity
chamber for 2 weeks before XPS measurements, to further sustain
the spreading on the surface, so that the cations migration
proceeded to more than 5mm. The cation concentrations
quantified from the spectra obtained at different locations are
plotted in Fig. 12a. The concentrations of cations close to the
defect are lower than the concentrations close to the migration
front (close to the position of 10mm from the defect on the
samples 10C-1.5O and chromium, and around 5mm on the
sample 10C-12O). The cations migrate along the surface of the
sample and thus are causing the observed decrease of potential.
Furthermore, once oxygen reduction is initiated and occurs,
further cation migration has to occur for counterbalancing of the
hydroxide ions produced by ORR. This should result in a
continuous accumulation of cations in the migrated regions
where ORR has to be sustained to keep the potential at the
observed low levels. On the contrary, lower cation concentration
in the migrated region compared to the migration front is
observed on all the three samples. This could indicate a possible
migration of hydroxide ions from the regions where ORR occurs
towards the defect, in addition to the migration of cations from
the defect to the regions where ORR occurs (as depicted in Fig. 1).
In fact, it seems that cation migration mainly serves to initially pull
down the potential. Once oxygen reduction occurs, the ion flow
for closing the electric circuit (electron flow from the defect to the
migrated surface being one half of the circuit) thus is provided by
the hydroxide ion flow from the migrated area towards the defect.
From Fig. 12a it is also evident that the concentration of cations

in the migrated regions is higher in the chromium sample with
native oxide (~10–12 at.%) than in the migrated regions of the
samples 10C-1.5O (~2–6 at.%) and 10C-12O (~2–3 at.%). This is
suggested to be due to a higher capacitance of the sample with
the thinner Cr–O layer. Thus, lesser cations are needed to pull
down the potential to a similar level for the 10C-12O than for the
10C-1.5O. It was previously proven that the Cr–O oxides readily
adsorb oxygen, resulting in a partial negatively charged Oδ-

termination on the surface10. This should lead to a quick expulsion
of the produced hydroxide anions towards the defect, which
implies that the ion flow to sustain ORR in that case occurs
exclusively by OH- migration towards the defect. This might also
explain why the cation concentration is much lower in the
migrated area of 10C-1.5O than of the Cr sample covered by
native oxide. Note that the capacitance seems to be similar for the
two cases, as the cation concentration at the front is similar, too.
Hence it is postulated here that when the generated hydroxide

ions are ejected from the migrated regions where the ORR occurs
towards the defect (Fig. 1), accumulation of cations in the
migrated regions no longer occurs. To ascertain this, ex situ
electrolyte spreading measurements were carried out on three
different 10C-1.5O samples. The cation migration on the three
samples was stopped after 10, 20, and 30 h, and XPS measure-
ments were carried out to calculate the cation concentration. As
depicted in Fig. 12b, the concentration of cations in the migrated
regions kept decreasing with increasing times, ascertaining the
counter migration of hydroxide ions towards the defect. Since the
main task of cation migration is to decrease the potential at the
front, which can be considered as cation insertion into the intact
area10. This might lead to a decrease in concentration with time if
no further cations are supplied.
The lower concentration of cations on thicker Cr–O layers is

explained by the lower capacitance of that surface. Electrons flow
parallel along the surface (if there is an insulating layer, under the
oxide), cation migrate with them on the surface. The oxide layer
with cations on the surface and electrons on the other side (oxide/
metal interface), can be considered as a capacitor with opposite

Fig. 11 SKP vs. SKPFM comparison. Position of the front of
migration (x_mig) vs. time obtained from the scanning Kelvin probe
(SKP) and scanning Kelvin probe force microscopy (SKPFM)
measurements during cathodic electrolyte spreading on 10C-12O.
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charges on the two sides/surfaces. The thicker the insulating
oxide, the lower the surface capacity, i.e., the lower the necessary
amount migrating cations to pull down the potential. Therefore,
the thicker oxide would require a lower amount of charge than
the thinner oxide layer to lower the potential by the same amount
on both the layers, resulting in a lower concentration of cations at
the migration front. However, one would expect, if you have a
thicker insulating oxide, progress of the migration front should be
even faster due to the lower amount of charges required to pull
down the potential. However, we observe that the rate of cation
migration is much lower on the 10C-12O sample (Figs. 5c and 6).
This underlines the highly hindered cation migration on the Cr–O
surfaces10.
To summarize, the kinetics of oxygen reduction induced

electrolyte spreading on the different chromium-oxide-
terminated samples investigated here, was found to be compar-
able to the delamination kinetics of organic coatings of polyvinyl-
butyral polymer on the samples. The electrical conductivity of
such chromium-coated steels (comprising Cr–O–C and Cr–O
layers) electrodeposited from trivalent chromium electrolyte was
investigated using current-sensing atomic force microscopy and
the cathodic electrolyte spreading on the surface of these
coatings was studied using in situ scanning Kelvin probe and
scanning Kelvin probe force microscopy. The concentration of
cationic species on the surface of the samples after electrolyte
spreading was analyzed using X-ray photoelectron spectroscopy.
The following outcomes can be deduced:

1. The sample with a 12 nm Cr–O layer-resisted current flow at
very high applied bias, showing leakage current only at tiny
defects in the layer. The resistance was even higher than for
the standard ECCS coating. On the contrary, the sample with
a 1.5 nm Cr–O layer exhibited distinct conductive and non-
conductive regions characteristic of the native oxide and
Cr–O layer, respectively.

2. The oxygen-deficient oxide in the Cr–O layer behaves like an
n-type semiconductor with a wide band-gap. The electron
transport in the Cr–O layer is highly inhibited compared to
the native oxide layer on chromium. The inhibited electron
transfer by the Cr–O layer was also supported by lack of
coloration of phenolphthalein in the delaminated area of
delaminating PVB coatings with phenolphthalein additions,
which would otherwise occur due to the formation of
hydroxide ions during oxygen reduction reaction.

3. In situ scanning Kelvin probe force microscopy during
electrolyte spreading revealed heterogeneity on the surface
of both 12 nm and 1.5 nm Cr–O-coated samples. The
heterogeneity in the thinner Cr–O-coated sample arises
from the native oxide formed at locations where the Cr–O is
not deposited. These locations act as preferred sites of
oxygen reduction, hence result in predominant cation
migration and reduction of potential. It was also observed
that in the initial stage of migration, cation migration may
also occur against the electric field, i.e., the gradient of the
whole electrochemical potential needs to be considered as
driving force.

Fig. 12 Cation concentrations on the surface from XPS. Concentration of potassium on the surface obtained using XPS from various
locations on a the samples 10C-1.5O, 10C-12O (after allowing cathodic spreading to continue ex situ following the SKP measurements in Fig.
5c) and chromium with native oxide after cation migration measurements, and b the sample 10C-1.5O measured at different times after
commencement of electrolyte spreading.

Fig. 13 Sample model. Model of sample used to study a Cathodic delamination with phenolphthalein incorporated in PVB and b in situ
cathodic electrolyte spreading with Scanning Kelvin probe.
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4. The non-conductive Cr–O layer prevents electron transfer
for oxygen reduction and shows a high resistance for cation
migration. Heterogeneity on the 12 nm Cr–O sample arises
due to slightly defective areas in the coatings. These defects
act as preferred locations for electron transfer, and also are
proposed to feature a higher mobility for the cations. The
low capacitance of the thick Cr–O layer explains the lower
concentration of cationic species on the surface after the
spreading of the electrolyte.

5. The electrolyte spreading on the surface of the chromium-
coated steels was monitored in situ using highly resolved
scanning Kelvin probe force microscopy. The kinetics of
the spreading observed was similar to the kinetics
observed on a larger scale using the scanning Kelvin
probe. A clear front distinguishing the cation migrated
regions from the non-migrated regions was observed for
the 12 nm Cr–O sample where the cation migration is
slower than for the 1.5 nm Cr–O sample, where the front
was observed to be smeared out over a larger area than
could be covered by SKPFM. The results indicate that on
the microscopic scale progress of cathodic spreading (and
hence also cathodic delamination) is not homogeneous,
i.e., it is faster in some areas than in others, but the overall
macroscopically observed rate is determined by the
slowest progress rate at the microscopic scale.

METHODS
Chromium coatings electrodeposited from trivalent chromium
electrolyte (TCCT)
The steel samples coated with the chromium-based coatings consisting of
two layers, a mixed Cr–O–C base layer covered with an oxygen-rich Cr–O
topcoat, were obtained from Tata Steel Packaging Europe. The details
regarding the production conditions and characterization of the samples
are described elsewhere5. The thickness of the Cr–O–C layer is 10 nm in
both the chromium-coated samples used in this study (10C-1.5O and 10C-
12O). The thickness of the Cr–O topcoat on the 10C-1.5O and 10C-12O
samples is 1.5 nm and 12 nm, respectively5. Pure chromium samples of
0.5 mm thickness and 99.99% purity were procured from Goodfellow,
Germany. Samples of chromium coating electrodeposited from hexavalent
chromium electrolyte (ECCS) were also obtained from Tata Steel Packaging
Europe.

Current-sensing atomic force microscopy studies
The CS-AFM measurements were performed with a Keysight 9500 Atomic
Force Microscope combined with the NanoNavigator software. The
current-sensing measurements are carried out in the contact mode of

the AFM. Electrically conductive diamond-coated CDT-CONTR tips
obtained from Nanosensors™ were used. Dry nitrogen gas was purged
into the environmental cell to maintain a low relative humidity of 12–15%
RH. Current maps were obtained by applying a DC voltage across the
sample and raster scanning the tip across a 50 x 50 μm area on the surface.
The topography and the current at a location are mapped simultaneously.
The current maps were obtained from at least three different locations on
each sample to check for repeatability. I–V sweeps are performed in the
spectroscopy mode of the NanoNavigator software. I–V curves were
obtained by sweeping the applied bias voltage from −10 to 10 V within a
duration of 5 s. I–V sweeps were performed at five different locations on
the samples and at least three times at each location, and were found to
be reproducible at each location. The data obtained during the
measurements were processed using the Pico Image analysis software.

Observations with phenolphthalein
Visual observations were carried out during cathodic delamination of
model polyvinyl-butyral (PVB) polymer coatings (10 wt.% PVB polymer in
ethanol), by dissolving phenolphthalein (0.2 mol/L) in the PVB solution. The
PVB solution containing the pH indicator was coated on the surface of the
sample with a spin coater and dried in a furnace preheated to 80 °C for
10min. The PVB-coated sample was then placed in contact with a 1 M KCl
electrolyte reservoir on a steel sample (as depicted in Fig. 13a), which acts
as an artificial defect in the coating. The walls of the reservoir were formed
using X60 adhesive. The sample in contact with the reservoir was placed in
a humidity chamber to prevent drying of electrolyte. ORR occurring on the
surface of the sample underneath the PVB leads to an alkaline shift in pH,
which leads to the violet coloration of phenolphthalein. The visual changes
were observed at different time intervals and photographs were obtained.

Scanning Kelvin probe measurements
The evolution of potential profiles associated with the spreading of the
electrolyte on the surface of the samples was studied using SKP. The
samples were cut into sheets of dimension 20 × 20mm and placed in
contact with a 1 M KCl reservoir on a steel plate, which acts as an artificial
defect. A reservoir using X60 cold curing adhesive was prepared on the
steel plate, to accommodate the electrolyte (as shown in Fig. 13b). The
setup containing the sample and the reservoir was placed in the SKP
chamber to perform in situ electrolyte spreading measurements. The SKP
chamber was maintained at high relative humidity (RH > 93%) by purging
humid air through an external humidification setup. The corrosion
potential of the sample surface can be obtained from the Volta potential
difference measured in the SKP technique, it differs just by an offset value,
which needs to be determined prior to the measurement58–60. The Ni-Cr
tip employed in the SKP was calibrated using saturated CuSO4 in a copper
crucible as a Cu/CuSO4 standard electrode. After calibration, the corrosion
potential measurements were recorded and reported against the standard
hydrogen electrode (SHE).

Scanning Kelvin probe force microscopy measurements
SKPFM measurements were carried out with an Asylum Research Cypher
ES–Environmental AFM, with environmental control capability. During the
measurements, a two-pass raster scan is carried out at each line, with the
recording of topography in the first pass and contact potential difference
in the second ‘nap’ pass. During the nap pass, the tip is lifted to a
predefined height (50 nm in this study) to measure the potentials.
Conductive Ti-Ir-coated Si tips–ASYELEC.01-R2 procured from Oxford
instruments were used to carry out in situ SKPFM measurements during
electrolyte spreading. An artificial defect was created by scratching a small
area of the chromium-based coating to expose the steel underneath. 1 M
KCl electrolyte droplet of 1 μL volume was placed on the created defect
using a micropipette (as shown in Fig. 14). The relative humidity was
maintained at >90% RH by purging the cell with humidified oxygen,
flowing through an external humidification setup. The potential maps were
obtained using a scan rate of 1 Hz, to follow the swiftly moving migration
front. The time taken to capture each frame of the potential map was
~8min. The output potential signal obtained from the SKPFM is to be
inverted to obtain the actual Volta potential of the surface61–64. All the
surface Volta potentials reported here are after reversal of polarity of the
obtained values.

Fig. 14 Sample model. Model of sample used to study in situ
electrolyte spreading with scanning Kelvin probe force microscopy.
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XPS studies
XPS survey spectra were acquired on a Physical Electronics PHI Quantera II
spectrometer using Al-Kα source at 1486.6 eV, energy step size of 0.25 eV,
and a pass energy of 59 eV. A take-off angle of 45° was used during the
measurements. The quantification of the survey spectra was carried out in
CasaXPS software version 2.3.22, using a Shirley-type background for the
quantified regions.
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