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Passive film properties of nickel base alloys (NBAs) have been studied extensively, yet elemental resolved
dissolution currents under corrosive conditions are less well studied. Here, we compare elemental dissolution
currents during anodic polarisation and repassivation under crevice and freely-exposed conditions for various
NBAs using an ICP-MS flow-cell approach. With a new sample design we can track communication of a crevice
environment with the electrolyte, providing insight into crevice solution chemistry and solubility of passive film-
forming elements. Data indicates Mo can only form stable precipitate layers under openly corroding conditions.

Local elemental depletion was further examined by XPS and nanometer resolved XRF.

1. Introduction

Compared to stainless steels nickel base alloys (NBAs) are consider-
ably more corrosion resistant making them a preferred industrial choice
in demanding environments, including chemical and food processing,
aerospace as well as energy applications. [1-4] NBAs are typically
alloyed with >10 % chromium and 1-5 % molybdenum which are key
alloying elements for providing an excellent corrosion resistance in
extreme environments. [5-8] The pronounced corrosion resistance in
anodic and acidic environments suggests the formation of a very stable
and well adhering passivating thin film, which is formed and/or stabi-
lized mainly by these alloying elements. [8-11] It has been suggested
that molybdenum and chromium may segregate to the alloy surface [6,
9,11-13].

The thickness of the passive films is estimated at about 2 nm [6,14]
and the chromium content is known to strongly influence the breakdown
of the passive film. This suggests a key role of chromium in the passive
film chemistry, formation kinetics and stability. [9,14] The mechanism
of molybdenum inhibition is less well understood. Increasing molyb-
denum content results in lower passive currents, and it was suggested
that MoO%‘ ions (molybdates) accumulate at the outer interface of the
passive film. [12] This may stabilize the passive film against chloride
ingress and hence dissolution, resulting in lower corrosive currents. [6,
15]

* Corresponding author.
E-mail address: markus.valtiner@tuwien.ac.at (M. Valtiner).

https://doi.org/10.1016/j.corsci.2021.109629

It was further suggested that molybdenum forms insoluble molyb-
date species after anodic dissolution from the matrix, building up
passivating precipitate films which in turn lowers anodic dissolution
rates. [13]

Jakupi et al. [16] suggested that molybdenum may accumulate at
defect sites, which may also trigger lower anodic dissolution rates there.

While passive films and passivity have been studied extensively for
NBAs, the elemental resolved dissolution during and after breakdown of
the oxide, specifically under crevice and pitting conditions, is less well
studied. Material dissolution is a central aspect of an ongoing localized
corrosion, and industrial cleaning procedures involve pickling, where a
complete oxide breakdown is desired, which is particularly demanding
for NBAs. [17]

Recent studies by Ogle et al. [13] investigated the transpassive
dissolution in high salt environments, and NBA passivation in acidic
solutions [18] using spectroelectrochemistry in flow-cells coupled to
ICP-OES analysis.

Here, we use a similar approach in a newly designed ICP-MS flow cell
[19,20] shown in Fig. 1a. This cell allows us to measure and compare
elemental dissolution rates and faradayic currents under crevice and
pitting conditions (see Fig. 1b/c), depending on the sample design,
respectively. Similar to classic flow-cell designs a crevice is formed with
the sealing O-ring, if a bulk sample (type 1) is mounted. Fig. 1b also
shows a finite element simulated concentration profile of corroding
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species in the flowing electrolyte, demonstrating significant dissolution
in the crevice region under the O-ring. In contrast, as shown in Fig. Ic,
an embedded sample (type 2) can be mounted without crevice formation
under the O-ring. The well adhering glue limits crevice formation at the
embedded glue/sample edge during experimental duration, as demon-
strated by comparison of the visual corrosive damage after experiments
(Fig. 1c). Also, finite element simulations, shown as insets, indicate that
the dissolving species originate from the exposed area. The flow is also
guided well into the exit for both sample settings, ensuring limited
convective broadening of the ICP-MS signal. This is ensured by the
design of the flow channels, which enter and exit as circular openings
between O-ring and a PTFE stamp. This ensures a stable channel height
and laminar flow.

Using this setup, we study the elemental dissolution behaviour of a
series of commercial and model NBAs under crevice and non-crevice
conditions. The alloy compositions and abbreviations used in this
work are given in Table 1. The compositions were selected for evaluating
the influence of the total chromium content (5% and 16 % Cr) and the
impact of trace/minor amounts of molybdenum (1% Mo) on initial
corrosion and subsequent repassivation.

2. Results

Here, we first quantify elemental dissolution currents iyg during
polarisation at different anodic polarisation for crevice and non-crevice
type samples in the ICP-MS (see again Fig. 1)). We characterize extended
corrosive dissolution and the subsequent repassivation of the materials,
to obtain insight into the crevice chemistry. As a side note, in this work
we do not study freely corroding crevices under OCP conditions, we
rather accelerate the degradation reaction by application of anodic po-
tentials, in the transpassive regime.

We then further characterize the surface chemistry of corroded and
repassivated alloys with X-ray photoelectron spectroscopy (XPS) and
discuss the passivating film chemistry and structure before and after
corrosive dissolution. Finally, high-resolution X-ray fluorescence spec-
troscopy was performed on corroded samples, to further visualize local
elemental surface depletion at corroding sites.

2.1. Anodic polarisation and elemental resolved dissolution

Fig. 2 displays representative data of elemental dissolution currents
iys recorded during 40 min active corrosion with a type 1 (electro-
chemically triggered degradation under confined conditions) and type 2
(open area electrochemical degradation) samples at ¢rp = 1.0 V for,
NiggCrsFeg (Cr5), Alloy 600, and Niy4CrigFegMo in aerated 1 mM NaCl
solution at unbuffered pH of 7, respectively.

First, based on absolute dissolution currents, these three samples
indicate increasing corrosion resistance from Cr5 < Mol ~ Alloy 600 for
the electrochemically triggered degradation under confined conditions
(CQ), and Cr5 < Alloy 600 < Mol for open area corrosion.

Second, under crevice condition (Fig. 2 a—c), stepping from 0.2 V to
1.0V, i.e. results in an immediate and steep increase of nickel dissolution
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Table 1

Bulk composition (weight ratios) and abbreviations for all NBAs used.
Alloy abbreviation ~ Ni Cr Fe Mo  Minor
compostion components
NigeCrsFeg cr5 8% 5 9 - -
NiysCryeFeg 600 72 15.5 8

Mn(1) Si(0.5)
Niy4Cr;¢FegMo Mol 74 16 9 1 -

rates over more than one order of magnitude for all alloys. Alloys 600
and Mol further indicate a peak dissolution of nickel after 30 s, followed
by a steady decay of the dissolution rate during ongoing corrosion at 1.0
V. In contrast, for the Cr5 alloy Cr dissolution shortly plateaus after 30's,
and after 90 s the dissolution rate of all elements increases further.
Fig. 2a also shows that for Cr5 the second increase of iysni) after 90 s is
accompanied by a steep increase of the iron dissolution rate over more
than one order of magnitude. The dissolution ratios (Dg) after 40 min
active corrosion shown in Fig. 3 indicate that Cr5 reaches close to bulk
dissolution ratios, while Alloy 600 and Mol exhibit comparatively
higher Cr, as well as considerably enhanced Mo dissolution ratios,
respectively, with a clearly retarded Fe dissolution under crevice
conditions.

Under openly corroding conditions of embedded samples (Fig. 2d-f),
stepping from 0.2 V to 1.0 V, i.e. indicates a similar pattern with a very
steep increase of Ni-dissolution. In contrast to the CC type and shown in
Fig. 3, open corrosion establishes a near bulk-ratio dissolution after 40
min, with moderately higher Ni, and hence lower Fe and Cr dissolution
rates, compared to the bulk composition. For the open corrosion we also
see that the electrochemical current (ec) is lower compared to measured
dissolution current for Cr5 and Alloy 600. In contrast, Mol shows a
generally very low corrosion rate, with a second increase of rates after
an initial 2—3 min of anodic corrosion.

2.2. Repassivation

Fig. 4 compares elemental dissolution currents for all alloys and
sample types during repassivation after 5 and 40 min of corrosive
polarisation, respectively.

Due to diffusion broadening [21] all samples show, that the disso-
lution currents for all alloys drop to a lower base level within 60-100
seconds after stepping into the repassivating region at ¢; = 0.2 V. This
results from the retention time of the dissolved material in the tubes
between the electrochemical cell and the detection in the ICP-MS.

Type 1 samples: Fig. 4a-c shows type 1 samples, indicating that the
base level for the Cr5 alloy is almost half an order of magnitude higher
compared to alloys 600 and Mol. This is in line with the polarisation
curves, shown in Fig. S1. For Cr5 the passive current level also depends
on the transpassive polarisation time. After 5 min of the resulting passive
dissolution the current of all elements is about 20—30% higher
compared to longer polarisation times. In contrast, both alloy 600 and
alloy Mo1 show no pronounced difference of dissolution currents after 5
or 40 min anodic corrosion followed by repassivation.

Fig. 1. a) Schematic of the flow cell used. A
PTFE cylinder is used for establishing laminar
flow across the working electrode. The counter
electrode (Pt) is placed up-stream and the
reference electrode (Ag|AgCl) is placed down-
stream to avoid contamination of the WE.
Standard HPLC fittings are used for all tubings.
Corrosion patterns for different types of exper-
iments are shown schematically and as micro-
scope pictures for b) crevice corrosion and c)
embedded samples, as well as a finite element

bottom view

bulk sample (type 1) embedded sample (type 2)

method simulation (see methods) of the con-
centration distribution after 1.5 s of material
release at the electrode surface.
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Fig. 2. Comparison of anodic dissolution at bulk pH = 7 in 1 mM NacCl of Cr5, alloy 600 and Mo1l. Multiple repetitive measurements provided similar quantitative
results. Rates are normalized to the electrode area, which is estimated at the circumference and width of the observed crevice for type 1, and the embedded area for

type 2 samples.
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Fig. 3. Extended anodic dissolution ratios Dy for all n elements after 40 min of corrosion for all NBAs under different conditions of anodic polarisation as D =
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During repassivation the iron dissolution remains negligible for al-
loys 600 and Mo1, and remains at a significantly higher level for the Cr5
alloys.

In contrast to the Cr5 alloy both, alloys 600 and Mol, indicate a
significant initial peak of the dissolution rate of Cr and Mo during
repassivation (marked by arrow), which increases with the time of
preceding anodic polarisation. The dissolution rates for Cr and Mo peaks
are considerably above the value measured during corrosive dissolution,
indicating a significant material release during repassivation.

Fig. S2 compares the integrated amount of dissolved chromium and
molybdenum during repassivation as a function of the transpassive
polarisation time. Data indicates a saturation after about 20 min of
transpassive polarisation. Furthermore, comparing the integrated Cr and
Mo dissolution currents for alloys Mol and 600 (Fig. S2) during repas-
sivation indicates that the Mo content in Mol results in a smaller
dissolution current for the Cr during repassivation for up to 20 min of
corrosive polarisation. During this initial period a considerably larger
amount of Mo peak dissolution occurs during repassivation, while only
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Fig. 4. Elemental dissolution rates during repassivation after 5 and 40 min polarisation in the anodic region (grey: 5 min, colored: 40 min). a)+c) NigeCrsFeg b)+d)
NiysCrieFeg and c)+e) Niz4Cr;gFegMo. Notice: For b) and c) Ni-rates are multiplied by 5 for e) and f) by 2, and Cr-rates of a) and b) are multiplied by 2 to be at scale
for all alloys, respectively.a)-c) show samples with crevice (type 1). Insets show schematically the mechanism of dissolution for type 1 & 2.

limited chromium dissolution emerges. After 20 min of corrosive
dissolution the dissolved amount of chromium is again similar compared
to alloy 600 that is polarised at 1.0 V.

Type 2 samples: For type 2 samples shown in Fig. 4d-f no such peaks
were observed, and for Cr5 and Alloy 600 a decay of the dissolution
currents consistent with diffusion broadening was observed. In contrast,
Mol shows a prolonged dissolution time for all elements during
repassivation.

2.3. Surface characterization - XPS

XPS was further used to compare passive films formed during
passivation and after corrosion and repassivation. Therefore spectra
were collected at openly corroded and at crevice corroded regions, using
a small spot XPS. For these XPS measurements the surfaces were pulled
out from the electrolyte at the given potential and they were washed
afterwards with minute amounts of MilliQ water, to avoid significant
changes of the surface chemistry due to washing (see experimental de-
tails for more information). We want to emphasize, that this procedure
allows us to closely resemble, or "freeze", [22] the conditions in the
electrolyte. But clearly, ex-situ XPS is only an approximation for the state
during active aqueous degradation. In future work, one may expect
further insight from high pressure XPS. [23,24]

The full set of core level spectra for all alloys and elements are shown
in the supporting information for all materials studied for openly
corroded areas (Fig. S3-S5), and crevice corroded areas (Figs. S6-S7)

respectively. Peak fitting was applied as shown in the spectra, and
resulting XPS surface ratios for metallic and oxide components of fitted
compounds are summarized in Fig. 5a.

Survey spectra indicated no further elements other than atmospheric
carbon. We first summarize the results of the spectra for the major ele-
ments, while Mo is discussed separately, as it indicates most pronounced
differences.

2.3.1. Cr, Fe, Ni spectra after non-crevice passivation

After 40 min of open crevice free passive polarisation at 0.2 V 600
and Mol indicate a CrpO3 and Fe(Ill) enriched passive film, while
oxidized Ni appears to be insignificant, and mostly metallic Ni is
observed. In contrast, Cr5 shows a considerably more Ni-rich (60 %)
surface and the Cr content in the passive film is still two-fold above bulk
level concentration.

2.3.2. Cr, Fe, Ni spectra after open corrosion

XPS spectra recorded after corrosion (Figs. S3-S5) indicate signifi-
cant differences of the passive film content. First, the Ni-signal indicates
a more pronounced oxide/hydroxide component after reprecipitation,
which is in line with a reprecipitated outer layer of nickel oxide/hy-
droxide. Also, the metallic signals for both alloy 600 and Cr5 show a
considerably lower intensity of metallic Cr and Fe relative to the
oxidized species, indicating a thicker passive film.
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Fig. 5. a) Surface composition of the alloys according to XPS analysis. Type 1 and 2 were polarised at 1.0 V for 40 min, pass indicates passivation at 0.2 V for 40 min.
Type 1 is measured at the area of the crevice, type 2 represents the data taken from spots in the inner part of the metal sample. b) Molybdenum 3p core level spectra
after 40 min of polarisation in the (bottom) passive regime at 0.2 V, and (top) the anodic regime at 1.0 V for type 1 and type 2 polarisation. (c.f. text for details).

2.3.3. Cr, Fe, Ni spectra after crevice corrosion

Spectra under crevice condition (Figs. S6-S7) clearly indicate a
thinner oxide in the crevice corrosion. Specifically, relative comparison
of the metallic and the oxide peaks indicates a relatively higher metal
signal for all alloys. Further, Ni(II) shows no hydroxide signals for all
alloys.

2.3.4. Comparison of Mo spectra

As shown in Fig. 5b, for Mol the elemental ratios of the Mo oxides
strongly differ for the openly exposed, crevice and passive film surface
chemistry.

First for open non-crevice corrosion (type 2), after passivation mo-
lybdenum at 0.2 V is chemically present as Mo(VI) and lower oxidized
species Mo(<VI). Also, metallic Mo is clearly detectable indicating a thin
passive film.

Second, and in contrast, Mo core level spectra in Fig. 5 after corro-
sion at 1.0 V and repassivation indicate a fully oxidized and highly

XRF:Ni

enriched Mo(VI) species in the passive film. The data indicates a nearly
exclusive Mo(VI) content, with a minor (~ 6%) possibly defect (e.g.
oxygen interstitial) related peak at even higher binding energies after
transpassive dissolution and subsequent repassivation. This small peak
is shifted to very high binding energies, which in our view supports an
interpretation of an interstitial site, which is highly coordinated by
lattice oxygen (defect). Other secondary effects such as shake ups are
unlikely in this case, as the highly oxidized form is expected to be
diamagnetic. [25] The total Mo content in this passive film is at 7-8 %,
which is considerably above the 1% bulk concentration. This indicates a
thick molybdate precipitate overlayer, which is also consistent with the
disappearance of the metallic Mo peak, and significantly weaker
metallic peaks in all other elemental spectra (Fig. S4).

Finally, the spectra in the crevice corroded area (type 1, 1.0 V)
indicate fully oxidized species, and only minor lower oxidation states (in
the noise limit). In general, the considerably smaller signal levels again
indicate a lower film thickness, in particular considering that the

XRF:Cr XRF:Fe

t h
Depletion
e i Tt e

Fig. 6. High resolution XRF characterisation of corroded areas of a) Alloy 600, b) Cr5 and b) Mo1 alloys. The left column shows an SEM image, followed by a column

showing Ni, Cr and Fe depletion/enrichment respectively (cf. text for details).
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metallic Mo signal is still visible.
2.4. Nano-XRF/SEM characterization of corroded areas

Fig. 6 shows electron microscopy images and corresponding high
resolution (500 nm spatial resolution) XRF elemental mappings for
representative areas showing corrosive damage after polarisation in the
ICP-MS cell. The elemental mappings show a relative distribution of
elements over the probed location (see methods for details), and indicate
that nickel depletes locally, while iron and chromium maps indicate a
local enrichment compared to bulk level at corroded sites, which is
consistent with XPS data. For Mol it was not possible to achieve suffi-
cient signal intensity for mapping local changes.

3. Discussion and interpretation

3.1. Comparison of anodic corrosion and elemental dissolution under
restricted and non-restricted conditions

Our data indicates that we can follow both a freely exposed corrosion
of an embedded sample, or preferential confined condition-type degra-
dation (CC) underneath the O-ring using targeted ICP-MS flow cell/
sample design concepts. CC establishes a direct communication of the
crevice electrolyte with the bulk electrolyte flowing through the ICP-MS
flow cell.

First, the open corrosion of type 2 samples results in a preferential
dissolution of Ni, while Cr as well as Fe dissolve at ratios below bulk
level metal concentrations at both passivating and anodic corrosion
conditions. Under passive conditions, at 0.2 V, the Ni-hydroxide and
oxide peaks in XPS almost disappear, which is in line with the observed
dissolution behaviour in ICP-MS. This suggests, Ni dissolves through an
intact chromium oxide layer, and any initially present oxidized Ni spe-
cies dissolve as well, as expected for a high field mechanism. [26-28] Le.
the potential gradient drives the Nickel dissolution through the formed
passive layer. At 1.0 V anodic corrosion we see a preferential and also
localized dissolution (see also Fig. 1c photograph after corrosion), which
is further evident from the XRF data, which shows depletion of Ni and
enrichment of the other alloying elements locally. Localized corrosion is
likely triggered by the local breakdown of the passive film. Further, for
Mol repassivation leads to the formation of an expected passivating Mo
(VD-rich precipitate. This interpretation is consistent with previous
work, [13,18] and suggests high oxidation states in the Mo-precipitate
formed at 1.0 V. This precipitate dissolves slowly after repassivation,
as evidenced by the slow transient ICP-MS dissolution profile of Mo in
Fig. 3f. Based on the XPS data, the Mo content of the passive film in-
creases 7-fold compared to the bulk concentration, and the film thick-
ness is above 3—4 nm, but below 10 nm, based on the relative intensities
of the metallic signals from underneath the passive film. Under different
conditions e.g. Ogle et al. [13] found a similar enrichment of Mo at the
interface, as it is also known for Mo-containing stainless steels. [29]

For crevice type samples the ICP-MS repassivation data show two
interesting aspects: First, and as discussed above we see clear and time
dependent peaks of the Cr and Cr/Mo dissolution, for alloy 600 and Mo1
respectively. These peaks were only found for type 1 samples. Hence,
these are clearly related to the communication of the crevice solution
with the flowing electrolyte. Upon lowering of the potential, the crevice
environment, which established over the extended degradation period,
dissipates by peaking, i.e. injecting, the crevice solution into the flowing
electrolyte. Hence, the crevice solution at pH 7 base-level unbuffered pH
is highly enriched in Cr and Mo containing soluble species, while Fe
remains largely insoluble within the crevice. Based on the time depen-
dent evolution of this dissolution peak, shown in Fig. S2, the crevice
environment reaches saturation after 20 min of constant polarisation
under the applied conditions. [24] The here studied approach deviates
from realistic crevice corrosion since an external potential is applied,
that likely results in an overestimation of the exchanged currents. [30]
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Nevertheless the processes taking place in the crevice environment are
comparable. The here reported enrichment in soluble species in the
crevice is also found for crevice corrosion. [31,32] Interestingly, for Mol
data indicates a delayed Cr dissolution, while Mo preferentially dis-
solves initially. After 20 min, similarly, a saturation level is reached.

Further the observed Fe retardation for both alloys indicates that the
crevice is enriched with iron oxide, while Cr-oxide and Mo have lower
effective protection levels in the crevice. The resulting oxide/ transient
protection layer is non-well adhering and does not passivate the active
crevice surface well. This is consistent with 1) the observed current
spikes in the Fe signal. The observed spikes indicate nano-to-micro level
Fe-oxide detachment from the repassivating areas, and 2) XPS of the
crevice region also indicates Fe enrichment, and overall thinner oxide.

When comparing the surface composition of non-confined with the
crevice corroded samples, data clearly suggests an acidification of the
crevice area, which drives localized corrosion, while inhibiting passive
film formation. [31,33-35] For the openly corroding samples, a similar
breakdown of the oxides appears locally, as can be seen from the visual
corrosive damage, which showed localized attacks. The fact that the
dissolution current of Cr5 and alloy 600 was consistently higher
compared to the electrochemical current (Fig. 2d/e) further supports
that oxygen reduction (from aerated solutions) occurred simultaneously
at the bare metal/solution interface, indicating a localized decomposi-
tion of the passive film.

In contrast, for Mo1 both the ICP-MS data and the XPS data presented
here further confirm the formation of a passivating layer of fully
oxidized molybdenum oxide at 0.2 V (see again XPS), which is still quite
stable at 1.0 V. Both the increasing Mo dissolution over time during
corrosion at 1.0 V (Fig. 2f), and the observed transient extended disso-
lution during repassivation (Fig. 4f) suggest a solution side based
repassivation mechanism (reprecipitation mechanism) of the passive
film during corrosion and during step down into the passive region for
Mol. At different conditions, Ogle et al.!® also observed Mo precipita-
tion based on chemical molybdate dissolution after transpassive
polarisation.

This is consistent with current interpretation of the effect of Mo.
Precipitation of molybdates passivates the surface for an openly
corroding system. [13,36,37]

However, under crevice conditions, we clearly see a lower protective
effect, and no pronounced precipitation of molybdates. XPS and ICP-MS
data for crevice type samples indicate a lower oxide thickness and sol-
uble molybdate species. Within the crevice region no highly oxidized
molybdate based passive film can hence form, probably resulting from
the acidification in the crevice and therefore increased solubility of the
molbdates. [13]

4. Conclusions

In conclusion, we can show that our sample design allows a
comparative study of open and crevice type corrosion within the same
ICP-MS flow cell. The communication of a crevice environment with the
bulk electrolyte can be reproducibly tracked, providing insight into the
crevice chemistry. Together with modelling, backtracking the exact
chemistry and pH may become possible in the future.

Regarding the characterized systems, our findings are in line with the
current understanding of NBA corrosion behaviour, and can be sum-
marized as follows:

e During passivation the passive films are mainly consisting of Fe and
Cr oxides, while Ni establishes a passive current by dissolution across
the intact passive film.

e Under open corrosion we see a clear preferential dealloying of Ni at
localized corroding areas.

e Consistent with ICP-MS dissolution currents, nanometer resolved
XRF was utilized to confirm localized selective dissolution of Ni, and
enrichment of the other alloying elements.
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o The formation of a passive film with >7-8 % MoOj3 confirmed a se-
lective enrichment of Mo after corrosive dissolution and consequent
repassivation for Mo1l.

o In the crevice region oxides are thinner, and iron oxide enriches
significantly, while the other alloying elements, including Cr,
dissolve at higher rates and above bulk level concentration in the
crevice.

e Under crevice condition Mo(VI) can hence not precipitate an effec-
tive protective layer, likely due to the low pH level that establishes in
the crevice environment.

5. Methods and materials

a Chemicals and Materials Sodium chloride (Carl Roth, p.a.), HNO3
(VWR Chemicals, Normatom), Milli-Q water (resistivity >18 MQ-
cm, total organic carbon < 4 ppb) was used for making electrolyte
solutions. Alloy 600 was obtained from VDM-Metals, and Cr5 and
Mol were provided by Hauke Springer (MPI f. Eisenforschung,
Diisseldorf). For embedded samples a 2 mm diameter cylinder was
turned. The removed material was replaced with EPON 1009 F epoxy
resin (Hexion). The metal blocks were ground with sand paper of
decreasing grain size (from P80 to P2500), then polished with dia-
mond paste down to 0.05 pm. Prior to electrochemical transcritical
dissolution at ¢p = 1.0 V the metals were preconditioned in-situ in
the ICP-MS flow cell by (1) 5 min potentiostatic polarisation at —0.2
V vs OCP, (2) followed by stepping into the passive regime at ¢ =
0.2 V for another 5 min. We also compared results after pre-
conditioning at 1.0 V and subsequent oxidation in the passive regime
at 0.2 V and found no quantitative differences.

b Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Measure-
ments were performed using an Agilent 7900 ICP-MS from Agilent
Technologies. Calibration was performed with multi-element stan-
dard solutions provided by Agilent and Inorganic Ventures. The ICP-
MS uses a collision cell with 5 mL/min flow of helium as cell gas.
Downstream of the electrochemical cell the analyte was mixed with
standard solution. Cobalt was chosen as internal standard due to its
similar mass with most of the alloy components. Electrochemical
experiments were performed using a home-built flow cell out of
PEEK and PTFE insipired by the Ogle- and Mayrhofer designs.!®! In
the cell design used particular attention was given to the flow profile,
so that laminar flow is achieved (confirmed by flow simulations).
The exposed electrode area is circular with an sealed with a 3 mm
diameter O-ring. Fig. 1 shows the flow-cell ICP-MS coupling used in
this work. Pressurized nitrogen was used for pumping to establish a
stable and pulsation free laminar flow of the electrolyte. Flow was
checked both by an in-flow pressure sensor and by weighing the
collected waste electrolyte after ICP-MS. The flow is set to 6 + 0.2 mg
of solution per second. Before each experiment the electrolyte was
purged with compressed and filtered air for at least 30 min to
guarantee the same concentration of dissolved oxygen. All electro-
chemical experiments were done using a Ag/AgCl-Electrode as
reference and presented data is referenced to that potential.

Optical Microscopy Optical Microscope images were taken using a

psurf explorer (NanoFocus AG) and analyzed with psoft metrology

software. A 20x magnifying lens was used.

d Scanning Electron microscopy (SEM) SEM imaging was performed at
the USTEM facility at Vienna University of Technology, working on a
FEI Quanta 250 FEG with a beam energy of 5 keV.

e X-ray Photoelectron Spectroscopy (XPS) XPS Chemical composition
and chemical states of the surface were determined using the Axis
Supra (Kratos Analytical) spectrometer. No charge neutralization
was used. XPS spectra were shifted with respect to adventitious
carbon at 284.8 eV. Spectra were taken with a resolution of 0.1 eV
and a pass-energy of 160 eV. All spectra were fitted using reference
compounds from the NIST database (Ni, Fe, Cr, Mo). [38-41] No
positional shifts of the components were necessary to fit the

(g}
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measured spectra well, except for an 0.2 eV shift for Ni(OH), and 0.5
eV shift for NiO reference components. Elements with unpaired
electrons (Cr, Fe) were fitted with fixed multi-peak envelopes. [40,
42] Samples were during active potential application pulled out of
electrolyte to’ freeze’ the electric double layer. Afterwards they were
dried in a N, stream.

f X-ray fluorescence (XRF) High resolution X-ray fluorescence (XRF)
experiments were performed at the Taiwan Photon Source (TPS)
Beamline 21A at the National Synchrotron Radiation Research
Center (NSRRC), Taiwan. This beamline is dedicated to white-light
nano Laue diffraction for structural analysis and high spatial reso-
lution florescence imaging. The spatial resolution can regularly reach
80 x 80 nm at this beamline. In XRF application, the beamline uti-
lizes a pre-shaped Kirkpatrick-Baez mirror pair to focus the Mono-
chromatic Xray beam with energies 9.6 keV to generate fluorescence
signal. XRF was collected by an in-plane detector with an takeoff
angle of 7 degree to increase the sensitivity to the surface fluores-
cence signal. Due to the fact that absolute XRF signal intensity is also
influenced by the surface morphology, we normalize the fluores-
cence imaging and analyze intensity ratio between individual
elemental signals as following, revealing relative local variation of
elemental ratio on the surface:

Pre(%)= Ine/(INi + Icr + Ire)-100 %

The sampling depth of XRF technique is related to the photon energy
of fluorescence, which is characteristic for individual elements. A
rough estimation of the sampling depth from the XRF energies for Ni,
Cr and Fe suggests 2.36, 0.96 and 1.53 pm sampling depths in this
sampling geometry.

g Finite Elements Methods Simulations Simulations for the concen-
tration profiles shown in Fig. 1 b) and c) were conducted with
COMSOL Multiphysics. The initial material release is set to be evenly
distributed over the whole WE area. Electrolyte mass flow was set to
3 mg/s as measured for the experiments conducted.

Data Availability

The raw and processed data required to reproduce these findings are
available from the corresponding author via www.repositum.tuwien.ac.
at upon reasonable request.
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