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Stainless steel is a possible candidate for replacing titanium-based bipolar plates to reduce the cost of proton
exchange membrane water electrolyzers. However, stainless steel is suspected to dissolve which could harm the
system. Herein, we investigate the influence of applied potentials and temperatures on the dissolution stability of

g?r;?:ionlates stainless steel (316L) in deionized (DI) water (pH ~ 7) and highly diluted H2SO4 (pH ~ 3) utilizing a scanning
DIpwatef flow cell coupled on-line to an inductively coupled plasma mass spectrometer (SFC-ICP-MS). In H3SO4, the

H,S04 applied potentials critically influence the dissolution rates of 316L. Detrimental dissolution is observed at the
open circuit potential, whereas dissolution is minimal in a potential window between 0.76 and 0.96 V. Tem-
perature enhances the dissolution of 316L, especially due to a reduced stability of Cr. In DI water, the stability of
316L remains widely independent of potential and temperature, with dissolution rates remaining at an overall
low level. Complementary scanning- and transmission electron microscopy reveal corrosion phenomena after
electrochemical measurements in pH 3. Our results provide insights into factors influencing the stability of 316L
and emphasize the importance of testing conditions that accurately mimic real-operations.

1. Introduction electrolysis process. Besides the well-established alkaline water elec-

trolysis, the other commercially available electrolysis technique, proton

Defossilisation is one of the major challenges for our society.
Achieving that goal requires tons of green hydrogen to replace hydrogen
from fossil sources (e.g. gray hydrogen) in industry and mobility or
replace coal in steel production [1]. Germany alone is estimated to
require between 95 and 130 TWh of green hydrogen in 2030 [2].
However, at the end of 2023, only 1.4 GW electrolyzer capacity was
achieved worldwide [3], and the costs of green hydrogen are not yet
competitive [4]. Green hydrogen is produced by splitting water into
hydrogen and oxygen by power from renewable energies — the so-called

exchange membrane water electrolysis (PEMWE), is advantageous when
coupled to renewable energies due to the possibility of reaching high
current densities with a fast response upon changes in the power input
[5,6]. Here, the high costs of the produced hydrogen are caused by the
need for expensive materials due to the acidic environment paired with
high temperatures and potentials.

Therefore, much research focuses on replacing or lowering the usage
of iridium, applied as anode catalyst, due to its very high cost and
scarcity, while increasing its utilization [7-11]. Less in focus, yet one of
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the major cost factors of the stack components, are bipolar plates (BPP)
[12]. The BPPs separate the single cells from each other, distribute water
and product gases, and conduct heat and current [13]. The
state-of-the-art material is titanium, often coated with noble metals to
lower contact resistances [14]. Replacing titanium with an alternative
material is, however, not straightforward as there are many re-
quirements for a BPP: offering a high thermal and electrical conductivity
with a low interfacial contact resistance (ICR) to the adjoining porous
transport layer (PTL) while being corrosion-resistant, especially against
harsh conditions at the anode side [13].

A possible alternative material is austenitic stainless steel. Its main
advantages are the lower costs, not only of the material itself but also of
its processing [15]. Besides, other metals are tested as BPP materials, for
example, niobium, tantalum, or copper [16,17]. Moreover, new results
indicate the possibility of using carbon-based or carbon-coated stainless
steel BPPs. Yet, this research is still fundamental, and these materials are
not yet ready for competitive incorporation into PEMWE systems. For
example, carbon-based BPPs exhibit a remarkable stability in single cell
tests for more than 567 h, however with lower performance compared to
a Ti-BPP [18]. A possible explanation could be either a much higher,
near-neutral pH value or lower potentials at the BPP. To the best of our
knowledge, no in situ pH measurement is reported in the literature yet,
but measurements in the feed water tanks hint at a slightly acidic,
near-neutral pH value in close proximity to the BPP [19,20]. A highly
acidic pH was often assumed for ex situ testing, while other tests were
performed at near-neutral pH values [16,17,21-23]. Moreover, recent
findings suggest potentials that are close to the open circuit potential
(OCP) at the anode bipolar plate at sufficient distances from the anode
catalyst layer due to a decoupling by the low ionic conductivity of the
feed deionized (DI) water [20,24]. However, other researchers mention
the corrosion of non-coated stainless steel BPPs in single cell tests,
stating the indication of dissolution and thereby higher potentials at the
BPP [25]. Jung et al. [26] used a carbon-based BPP in a unitized
regenerative fuel cell and observed high corrosion after usage in elec-
trolysis mode. Remarkably, even for a Ti-BPP, a relatively
corrosion-resistant material, degradation was reported after single cell
tests [27].

Herein, we focus on the utilization of stainless steel, namely 316L, as
BPP material. Compared to pure carbon-based materials the usage of
metallic BPPs offers certain advantages: higher mechanical strength,
facile fabrication, and higher possible production rates as known from
the fuel cell industry [28-30]. In general, it is assumed that metallic
BPPs must be coated for two main reasons: first, to prevent the disso-
lution of the base material, and second, to prevent the formation of a
passivating, non-conductive oxide layer that increases the ICR (for
example the formation of TiO3 on Ti BPPs). Therefore coatings such as
Ti/Pt [21,31], Ti/Nb [32-34], Nb [33], and Ti/Au [35] are extensively
tested in literature.

Unprotected stainless steel is suspected of corroding under assumed
conditions in an electrolyzer, leading to the leaching of metal cations,
mainly Fe, Ni, and Cr, the main alloy components of stainless steel.
These cations are known to harm an electrolyzer by membrane or
catalyst layer poisoning or deterioration [36-40]. Ex situ corrosion
measurements showed corrosion and dissolution of stainless steel,
however, measured at rather simulated conditions (at pH 5.5 with un-
known H,S04/NaOH concentration and 5 ppm HF or at pH 5.5 with 0.1
mM H3SO4 and 0.1 M NaySO4 or in 1 mM HSO4 + 0.1 mM HF,
respectively.) [16,22,25] For more realistic testing conditions, we
developed a setup based on the well-established scanning flow cell
(SFC), a system similar to atomic emission spectroelectrochemistry
(AESEC) that however allows scanning across the sample [41-44]. To
enable testing in low-conducting electrolytes, we decreased the distance
between working, reference, and counter electrode, even enabling
measurements in DI water [40]. On-line coupling of the SFC to an
inductively coupled plasma mass spectrometer (ICP-MS) allows the
direct, time- and potential-resolved detection of any dissolved metal
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from the sample. Compared to the coupling with an atomic emission
spectrometer as in AESEC, coupling with an ICP-MS offers superior
detection limits but lower matrix tolerance [44]. We showed that 316L
dissolves in DI water and highly-diluted H2SO4 upon polarization.
However, a rough approximation from the ex situ measurements to the
single cell level suggested that the impact on a single cell might be much
lower than expected [40].

In this study, we investigate the stability of bare stainless steel (type
316L) more extensively. First, we examine the influence of the applied
potentials from the OCP-value up to 2 V at a sample temperature of
60 °C. Second, we study the fundamental influence of the temperature
on the dissolution of 316L. Both investigations are performed in DI water
with a pH of approximately 7 and in highly diluted sulfuric acid (0.5
mM, pH ~ 3) to simulate application-near conditions. Our results shine
light on the dissolution of 316L, providing insights about dissolution and
indicating under which conditions coatings of steel components might
be necessary.

2. Experimental section
2.1. Materials

316L (d = 1 mm) was purchased from Hans-Erich-Gemmel & Co
GmbH. On the day before measurements, the sample was ground with
sandpaper (from P240 to P4000, Struers) and then polished with 3 pm
diamond paste (MD-Mol, Struers) with a semi-automatic polishing ma-
chine (Struers, LapoPol-30 with LaboForce 100). The samples were
cleaned with isopropanol and water before and after sonication in DI
water (2 x 10 min). The polished samples were stored in ambient air
until the measurement.

For the EBSD measurements, the sample was ground manually with
sandpaper (P1200 to P2400, Struers) followed by polishing with 6, 3,
and 1 pm diamond paste (Meta Di II, Buehler) and 0.04 pm colloidal
silica suspension (Allied).

2.2. Electrochemical and stability measurements (SFC-ICP-MS)

All electrochemical measurements were performed using a scanning
flow cell coupled on-line to an inductively coupled plasma mass spec-
trometer (SFC-ICP-MS) that enables the time-resolved detection of dis-
solved species from the sample into the electrolyte. A detailed
description of the setup can be found elsewhere [40]. In short, the
electrolyte is pumped constantly through the V-shaped channels of the
SFC and fed into an ICP-MS (flow rate measured daily). At the channels’s
apex, the SFC has an elliptical opening (A = 3.63 mm?) to contact the
working electrode (WE). A glassy carbon rod (3 = 1.6 mm, HTW
Hochtemperatur-Werkstoffe) placed at the inlet and a leakage-free Ag|
AgCl-reference electrode (LF-1.6-48, @ = 1.6 mm, Innovative In-
struments, Inc.) placed at the outlet, were used as counter (CE) and
reference electrode (RE), respectively. As the RE is leakage-free, we
exclude any corrosion enhancing influence of Cl™. A potentiostat
(Reference 620, Gamry Instruments) was used and the sample was
placed on a temperature-controlled stage to heat the sample to the
desired measurement temperature (Tyqg). Either Ar-purged DI water or
Ar-purged 0.5 mM H,SO4 (Ultrex® II, J.T.Baker, diluted with ultrapure
water (18.2 MQ cm’l)) was used as electrolyte. The pH value of the
Ar-purged DI water is ~7, the one of 0.5 mM H3SO4 ~3 (measured with a
calibrated pH meter (HI5521-Benchmeter, Hanna Instruments)). The
influence of purging the electrolyte with O, instead of Ar, as we focus on
the anode side of a PEMWE, is shown in Fig. S5, and no differences
regarding the drawn conclusion are observed. Moreover, it is reported
that different levels of Os-saturation could influence the dissolution
behavior as well [45], and the Ar-purging allows for the conclusion
regarding the balance of plant components as the feed DI water will be
O,-free for large-scale applications.

Before entering the ICP-MS (Agilent 7900, Agilent Technologies), the
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downstream electrolyte was mixed with an internal standard solution
("?Ge for 52Cr, 5°Mn, *°Fe, ®°Ni, and *°Mo in 5% HNOj (CarlRoth,
Ultrapur) prepared from Certipur ICP-MS standard, Merck). The ICP-MS
was calibrated daily with standard solutions of all analytes (Certipur
ICP-MS standard, Merck). All ICP-MS measurements were performed in
the time-resolved analysis mode with a Helium-collision cell (Vg = 4.3
ml min~!) in low-matrix mode.

All potentials are reported versus the reversible hydrogen electrode
(RHE). For measurements in HySO4, the RE potential was measured
daily by measuring its open circuit potential in hydrogen-saturated
electrolyte versus a Pt-wire (@ = 0.5 mm, 99.99%, MaTeck). For mea-
surements in DI water, the RE potential was checked daily versus a
Master-Ag|AgCl-RE and then shifted according to Eryg = Eaglagal + Egg\
Agcl + 0.059 pH. No iR-correction was applied, a discussion about the
estimated influence can be found elsewhere [40].

Two electrochemical protocols were applied. To measure the influ-
ence of the potential, the OCP was measured for 300 s followed by po-
tential holds (+100 mV, hold for 90 s) until the final potential of 2 V was
reached. The influence of the temperature was measured with the
following protocol: Initial hold at 1.2 V for 300 s, three consecutive CV
cycles between 1.2 and 2 V with a scan rate of 5 mV s %, and a final hold
at 1.2V for 300 s. All SFC-ICP-MS measurements were repeated thrice on
independent locations, and the different scans are denoted as spot 1-3
per measurement condition in this manuscript.

2.3. Analysis of the dissolution profiles

The data obtained was integrated to determine the dissolved mass.
With that value, the dissolved monolayers (ML) were calculated as
described elsewhere [40,45]. In short, 316L has a face-centered cubic
structure with the lattice parameter a = 0.359 nm [46,47], verified by
X-ray diffraction (XRD) measurements (Fig. S1). With that and the
average elemental composition of 316L (Table S1 and Table S2), we
calculated the amount of metal for 316L and per element that would
dissolve for one monolayer of the (111) plane (the most densely packed
plane). Dividing this value through the dissolved mass per metal ap-
proximates the dissolved ML during the measurement. The dissolution
efficiency was calculated for the measurements between 1.2 and 2 V as
described elsewhere [40,45]. The following oxidation reactions were
assumed based on the Pourbaix-Diagram [48]:

2Fe+3H;0—-Fe,03+6H + 6 (@8]
2Cr+3H,0— Cry03 +6H' +6e- (2
Ni+H,O0— NiO+2H" +2e” 3
Mn+2H,0->MnO, +4H" +2e" @)
Mo +2 H,0 - MoO, +4 H" +4e” (5)

Moreover, the dissolution profiles were baseline-corrected (sub-
traction of the lowest measured dissolution rate) before plotting and
fitted afterward. The fitted profile was numerically analyzed to deter-
mine the peak potentials, onset potentials, and extrema in the dissolu-
tion profile. A detailed description of the procedure can be found in the
supporting information S3 [40,49].

2.4. SEM and XRD measurements

SEM measurements were performed using a Zeiss Crossbeam 540
FIB-SEM. The accelerating voltage was set to 3 kV with a working dis-
tance of 5 mm and a beam current of 750 pA.

XRD was measured in a Rigaku Smartlab SE with a Cu K-a source
(8047.8 eV). A divergent beam setup using the cross-beam optics system
CBO-a was used, as well as a 1D D/tex Ultra250 detector in reduced X-
ray fluorescence mode. The phases of the obtained diffractogram were
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identified using the software Profex (v. 5.3.0) [50] and the crystallo-
graphic structure files PDF #04-007-9753 and PDF #04-002-3692 for
a-ferrite and austenite (y), respectively.

2.5. FIB-lamella and STEM-EDXS

For TEM characterization, thin cross-section lamellae were extracted
using the focused ion beam (FIB) lift-out method (Helios Nanolab Dual
FIB/SEM, Thermo Fisher, USA). The lamellae were milled down with the
Ga™ beam to a thickness of ~90 nm to achieve electron transparency by
gradually lowering the acceleration voltage from 30 kV to 1 kV.

High-angle annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM) and energy dispersive X-ray spectroscopy
(STEM-EDXS) were performed using a Talos F200i from Thermo Fisher
Scientific operated at an acceleration voltage of 200 kV. A probe current
of roughly 40 pA and a convergence angle of 10.5 mrad were adjusted.

2.6. EBSD measurements

EBSD measurements were carried out on a Zeiss Gemini 560 equip-
ped with an EDAX Clarity Super EBSD detector (AMETEK Inc., USA).
The measurements were executed at 20 kV. After data collection, the
EBSD maps were refined via spherical indexing [51] in OIM Matrix
(AMETEK) using a pre-calculated master pattern from EMsoft [52].

3. Results and discussion

First, the influence of the potential on the stability of 316L is dis-
cussed, followed by the effect of the temperature. To mimic the reported
pH conditions in a single cell, two border cases were chosen as elec-
trolytes: DI water, the feed on single cell level, and 0.5 mM H,SO4 with a
pH of approximately 7 and 3, respectively.

3.1. Influence of the applied potential

As outlined in the introduction, the potential at the anode BPP in
PEMWE is currently under discussion. To measure the influence of the
potential range on the dissolution stability of 316L, the SFC was
approached while measuring the open circuit potential (OCP) in DI
water and HySO4 at a stage temperature (Teqge) of 60 °C. Then, the po-
tential was increased in 100 mV-steps to a maximum potential of 2 V. In
Fig. 1a and b, the stability of 316L in DI water and HySO4 is shown,
respectively.

For the DI water case (Fig. 1a), the OCP is at 0.88 + 0.01 V as soon as
the meniscus of the SFC is in contact with the sample (average of 5 s after
contact). During the 300 s hold, the OCP fluctuates, but in general, an
increase of the OCP is observed for all three measurement spots (average
potential during the last 10 s of the OCP hold: 1.07 + 0.07 V). For Fe, Ni,
Mn, and Mo, a peak in the dissolution rate is observed (Table 1) before
decreasing again. However, during the fading, smaller peaks or shoul-
ders appear. This is pronounced for the Fe dissolution rate but also
observed for Ni and Mn. Most of the time, a slight increase in the
measured OCP is detected shortly after the appearance of the shoulders.
For Cr, no peak is recognized that deviates significantly from the
baseline.

In HySO4 (Fig. 1b), the OCP is around 0.63 + 0.01 V, gradually
decreasing within 69 + 9 s to 0.38 & 0.01 V before a sharp drop of the
potential to 5 + 2 mV occurs. During the remaining time of the OCP
measurement, the potential increases to 64 + 2 mV. Immediately after
the contact with the sample, dissolution of all elements is detected.
Subsequently, almost at the same time as the beginning of the potential
drop, a drastic increase in the dissolution rates is observed. The
maximum dissolution rates of the elements measured during the initial
OCP (Table 1) are notably higher than in DI water. After reaching the
maximum, the dissolution rates decrease again but do not reach the
baseline within the 300 s OCP measurement. Compared to our previous
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Fig. 1. Dissolution of 316L in a) DI water and b) 0.5 mM H2SO, at T = 60 °C. Potential (beige), current density (gray, upper image), and dissolution rates of Fe,
Cr, Ni, Mn, and Mo (from top to bottom) for three different spots (dark, medium, and light).

Table 1

Maximum dissolution rate (dM dt,,), dissolved metal (mocp), and respective
monolayers (MLocp) during the 300 s OCP measurement in DI water and 0.5 mM
HS04 at Tyqg = 60 °C displayed in Fig. 1a and b. In DI water, no values were
determined for Cr. The bulk composition of 316L can be found in Table S2.

Fe Cr Ni Mn Mo
DI water
dM dt e/ 019+ nd? 0.067 + 0.010 + 0.0019 +
ngs ' em 2 0.02 0.025 0.001 0.0005
Mocp/Ng 0.66+  nd’ 0.049 + 0.023 + 0.0043 +
0.07 0.008 0.002 0.0013
MLocp 017+  nd? 0.067 + 0.19 + 0.028 +
0.02 0.011 0.01 0.009
H,S04
dM dt T/ 146+ 034+  1.09+ 0.108 + 0.026 +
ngs ' em? 0.6 0.04 0.03 0.004 0.002
Mocp/Ng 414+ 096+ 33+03 033+ 0.10 +
1.1 0.07 0.02 0.02
MLocp 104+ 093+ 45+03 28402 0.65+
0.3 0.07 0.09

2 n.d. = not determined.

stability measurements of 316L at the OCP [40], the trends are similar,
but the potentials measured for this sample are slightly lower and the
dissolution rates are higher. We speculate that this is due to different
sample surfaces. For example, Lynch et al. [53] observed different types
of oxide layers on 316L, depending on whether the oxide film was native
or formed under controlled oxidation conditions. Therefore, we expect
different conditions in the laboratory such as temperature or humidity to
have an influence.

The dissolved mass per element during the OCP (mocp) and its

estimated equivalent in dissolved monolayers (MLocp) are displayed in
Table 1 (see the experimental section for conversion details, if dissolu-
tion would occur as the bulk ratio the amount of calculated dissolved ML
would be the same for all elements). In both electrolytes, Fe dissolves
preferentially at the OCP. In DI water, the Mn dissolution is also higher
than expected from the elemental composition.

During free corrosion at the OCP, 316L serves as anode and cathode
with equal anodic and cathodic exchange current densities. Due to the
Ar-purging and -blanketing of the electrolyte and hanging meniscus of
the SFC, respectively, the reduction of dissolved oxygen in the solution
can be excluded as a cathodic reaction. Therefore, the only assumed
cathodic reaction on the surface of 316L is the hydrogen evolution re-
action (HER) (equation (6)), which is the predominant reaction in acidic
media [54]. The anodic reaction would be the metal (Me) dissolution
(equation (7)).

2H"+2e —H; (6)

Me - Me*" +xe” 7

We hypothesize that free corrosion occurs during the OCP mea-
surement in DI water and HSO4, leading to changes in the structure of
316L, which explains the OCP-changes and observed dissolution. This
process is much more pronounced in HySO4, while in DI water, the
native Cr-oxide layer protects the sample from significant dissolution. In
HySO4, a protecting Cr-oxide layer will re-form on 316L after initial
dissolution of the native oxide layer during the OCP, passivating the
surface and, thus, decreasing the dissolution rates. This is supported by
the minor Cr dissolution that is much lower than expected from the
elemental composition. The preferential dissolution of Fe from 316L at
the OCP was already observed in our previous work and by other
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researchers, however, partly measured at different conditions [40,53,
55]. Lodhi et al. [56] also described a duplex oxide layer structure after
316L exposure to pH 3 in HoSO4 with the upper layer being Cr and Fe
oxides. Compared to pH 1, a higher amount of Fe but still lower than in
the bulk was found [56]. Choudhary et al. [57] also observed a
Cr-enrichment at the OCP for 316L, however, no Fe-depletion was
observed, which could be explained by NaCl as the used electrolyte as
halides are known for enhancing corrosion.

In DI water, the dissolution and current density measured remain
very low during the stepwise potential increase from the OCP to 2 V. No
further dissolution of Mo is detected. Also, the dissolution rates for Mn
and Ni are close to the baseline. The only element with higher detected
dissolution rates is Fe. However, the detected dissolution rate increases
do not correlate with the stepwise potential increase and appear
randomly distributed. During the whole measurement, no significant Cr
dissolution is detected. This contrasts the results obtained for the cyclic
voltammetry (CV) study in DI water. In our previous work [40] and the
temperature study reported below, the predominant dissolution of Cr is
observed during CVs between 1.2 and 2 V in DI water. Therefore, we
repeated the experiment on a different sample. The results are displayed
in Fig. S6. There, similar observations are made — the dissolution of Fe,
Ni, Mn, and Mo at the OCP with predominant Fe and Mn dissolution. For
the other elements, the dissolution rate decreases to the baseline, while
an increase in the Cr dissolution rate can be observed at elevated po-
tentials. Still, the dissolution rate remains very low (below 0.007 ng
em~2s71). It is also notable that the OCP differs — it is roughly 200 mV
higher at the beginning and end of the measurement.

We speculate that the cycling of 316L induces higher Cr dissolution
while during the stepwise potential increase, the native Cr-oxide layer
on the sample surface protects the 316L better against dissolution and is
more stable. For example, faster potential changes experienced by the
sample during the CV might influence the behavior. Moreover, the
maximum dissolution rate of Cr was observed in the backward scan of
the CV. We also think that DI water provides rather mild conditions, and
the observed electrochemical and dissolution behavior is much more
dominated by the native oxide formed on the sample surface than by the
electrolyte. Even though the samples were polished in the same manner
one day before measurement, differences in native oxide layer compo-
sition, structure, or thickness might possibly explain the slightly
different observations, as already mentioned above.

In HySOy4, the dissolution behavior is more complex. The dissolved
mass per potential step and the corresponding MLs are displayed in
Fig. 2. When the potential is increased by +100 mV, the dissolution rates
of all elements increase, reaching a maximum dissolution rate that is,
however, lower than during the OCP, before decreasing again. Further
potential increases also trigger an increase in dissolution. However, the
dissolution rate maxima are decreasing, accompanied by a generally

a)

1001

W Fe m N ®m Mo
m Cr m Mn sum -
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decreasing dissolution. Especially for Cr, upon the potential hold at 0.36
V, the dissolution rate only decreases and then remains stable around
0.007 + 0.001 ng s cm~2 during the following potential steps. In that
time, the dissolution rate of Mo gradually decreases with only minor
increases in dissolution rate when the potential is increased. For Fe, Ni,
and Mn, the dissolution further decreases and remains almost stable
between 0.76 and 0.96 V; however, small dissolution rate peaks are
observed for every potential increase. We assume that in this potential
range, a stable, protective oxide layer is covering 316L, likely mainly
consisting of Cr-oxide. This is also in good agreement with the experi-
mentally constructed E-pH-diagram for 316L by Lothongkum et al. [58]
indicating perfect passivation in this potential range as well as indicated
by the Pourbaix-Diagram of Cr [48] and corroborated by the small
dissolution rates of Cr observed here.

As soon as the potential elevates to 1.06 V in HySOy4, the dissolution
rates rise again. First, a small increase is observed while for the following
potential steps a much higher increase is observed. This effect can be
observed especially for Cr, Ni, and Fe. For Cr, the dissolution rate in-
creases to 0.81 + 0.05 ng s™' cm™2, exceeding the dissolution rate
during the OCP, and dissolves above a rate as expected from the
elemental composition as the only element. We speculate that at 1.06 V
Cry03 is not stable anymore and is further oxidized to Cr(VI) - the
transpassivation begins, which is supported by the Pourbaix-Diagram of
Cr [48]. This exposes the underlying metal leading to dissolution of all
alloy elements. During these steps also an increase in the current density
is observed. Similar onset potentials for the Cr-transpassivation were
also reported by other researchers even though measured at different
SOg4-electrolyte composition/pH values [59,60].

From 1.36 V, the dissolution rates decrease again and remain rela-
tively similar during the next four potential steps, but on a higher level
than during the first stabilization. This indicates a lower passivation of
the surface. Such secondary passivation was also observed by other re-
searchers at pH 2 (0.5 M NaSO4 + 0.01 M H3S04) for 316L [59]. From
1.76 V onwards, the current density increases with every potential step
reaching 0.57 + 0.04 mA cm ™2 at 2 V. This increase in current density is
likely caused by the onset of the oxygen evolution reaction (OER). The
alloy elements and 316L itself are known OER-catalysts even though
mainly used in alkaline media for stability reasons [61-63]. The onset of
the OER is accompanied by steadily increasing dissolution rates of all
elements. For the measurement on spot 1, an additional peak in the
dissolution rate for all elements emerges with its maximum around
1855 s. Shortly before/at the onset of that dissolution event, a spike in
the current density signal can be observed for this measurement. We
hypothesize that this could relate to a partial detachment of the oxide
layer, e.g., through the flow. Three reasons could cause the dissolution
by the onsetting OER: First, this potential is high enough that the metals
are oxidized [48]. Second, the metals contribute to the OER mechanism
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Fig. 2. Dissolution of 316L during each potential hold of the measurement in 0.5 mM H3SO, at Ty = 60 °C displayed in Fig. 1b. a) dissolved mass per element and
sum per applied potential step, and cumulative (cum) mass of all elements over the measurement. b) respective ML for every element per applied potential and for
316L if the dissolution would have occurred as expected from the elemental composition.
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and dissolve by that as a competitive reaction pathway, as suggested for
Ir [64]. Third, the OER causes a local acidification of the surface [65],
leading to less dissolution stability of 316L (equation (8)).

1
H20—>2H++2e-+§02 ®

The amount of dissolved metal and corresponding MLs over the
whole measurement in DI water and HySO4 are listed in Table 2. In both
electrolytes, the main fraction already dissolves during the initial OCP —
49% in H,SO4 and 72% in DI water. In DI water, the overall dissolution
is minor. This is also supported by SEM measurements (Fig. S7):
compared to a pristine area no significant corrosion damage is visible.
Only in the SEM image with the highest magnification small, slightly
darker spots are visible (Fig. S7b). SEM investigations after the elec-
trochemical measurements of one of the spots in HoSO4 show signs of
corrosion (Fig. 3b and Fig. S7c¢). This is in good agreement with the high
observed dissolution. Corrosion does not occur uniformly on the sample
spot, but higher corrosion is observed in some areas of the sample. One
possible explanation is that the main fraction dissolved already at the
OCP. Here, anodic and cathodic regions are only locally occurring on the
sample surface. To investigate the corrosion phenomena in more detail,
we prepared a FIB-lift out of one of the corrosion deposits and investi-
gated its nanostructure using STEM-EDXS. The results, as well as a
measurement of a pristine area, are shown in Fig. 3.

In the pristine area (Fig. 3a), the homogeneous composition of the
sample in the bulk is visible. Near the surface, the oxygen content in-
creases due to the native oxide layer on the surface of the sample
(Fig. 3a—v). The thickness of the oxide layer was estimated to be 5.8 +
3.1 nm (Fig. S8) which is comparable to literature values [55]. In the
HAADF-STEM image of the FIB lamella (Fig. 3a-iii), structural changes
to a depth of approximately 600 nm are visible. A TEM lamella of the
measured sample (Fig. 3b) was lifted out from one of the deposits on the
sample surface. Below the deposit, similar structural changes as for the
pristine sample are observed (Fig. 3b-iii). No pitting corrosion is
observed below the precipitate, however, the surface of the 316L ap-
pears rougher. Spectrum images reveal an increasing O-content
approximately 500 nm below the sample surface (Fig. 3b-v and
Table 3). Fig. 3b-iv - vi reveal the precipitate on the sample surface with
a thickness of ~200 nm consists of Fe and O (atomic composition in
Table 3).

During the electrochemical measurement, the sample is oxidized,
leading to increased oxygen content below the surface. We believe that
the species on top of the sample will precipitate during the OCP - there,
high Fe dissolution is observed. The atomic ratio suggests a ferrate
species ([FeO4]%). During the OCP, the surface presumably gets more
alkaline due to the proton consuming HER (equation (6)), indicating the
possible ferrate formation that is known to occur under oxidizing alka-
line conditions [66]. A ferric acid was also described as the passive film
on Fe in concentrated nitric acid [67]. Moreover, such structural
changes are not observed after the CV measurements starting at 1.2 V

Table 2

Total dissolved mass (m) and corresponding monolayers (ML) of 316L during the
whole stepwise potential increase from OCP — 2V in DI water and 0.5 mM H5SO4
at Tyqq = 60 °C displayed in Fig. 1a and b, respectively.

Fe Cr Ni Mn Mo
DI water
m/ 09+0.3 n.d. 0.08 + 0.028 + 0.007 +
ng 0.02 0.003 0.003
ML 0.23 + n.d. 0.11 + 0.23 + 0.03 0.05 + 0.02
0.06 0.03
H,S04
m/ 74.3 + 8.97 + 9.64 + 0.78 + 0.05 1.09 + 0.06
ng 1.8 1.50 0.89
ML 18.7 £ 87+15 13.1 + 6.5+ 0.5 7.2+ 0.4
1.4 1.3

Materials Today Sustainability 31 (2025) 101155

(Fig. S12).

These results clearly show the importance of testing possible BPP
materials at relevant potentials. Our findings indicate that the applied
potential on 316L plays a significant role in its dissolution in both DI
water and 0.5 mM H,SO4 and might affect conclusions drawn to the
applicability of 316L or materials in general as BPP. Of course, we like to
highlight a possible history effect of the sample by the electrochemical
protocol applied that might result in different dissolution behavior if the
time per potential step or the potentials themselves are adjusted, for
instance, to simulate start stop behavior or the input of fluctuating
renewable energies being a study for itself. Nevertheless, the results
clearly show the different dissolution regimes of 316L depending on the
potential. As already mentioned in the introduction, the “real” potential
a BPP experiences on cell level is currently under discussion in the
literature, and observed corrosion phenomena of BPPs are in some
points rather contradicting [18,20,24-27]. We, therefore, speculate that
the performance highly depends on the single cell architecture such as
the distance between the anode catalyst layer and BPP (as it is claimed
that the corrosive zone drops with distance from the anode catalyst layer
[24]), operation mode, quality of water feed, temperatures, and other
yet unknown factors. These will influence and change the conditions a
BPP experiences in situ and might explain the different results described
in the introduction on single cell level, as our results show that
pH/conductivity and potential have a detrimental influence on observed
or non-observed dissolution. Moreover, our results give valuable in-
sights into the stability of uncoated stainless steel in electrolyzers due to
coating imperfections of applied coated stainless steel PTLs and/or BPPs
and, even more importantly, when stainless steel components are used
in the balance of plants as we observe the highest dissolution rates in
both electrolytes at the OCP. Contaminations, for example, from water
pipes or tanks, have always been a concern for application [37].

3.2. Influence of temperature on dissolution

Temperature influences reaction rates [68]. Thus, to study its effect
on the dissolution stability of 316L, the sample was heated to three
different Tyige, namely 20, 40, and 60 °C, and three consecutive CV
cycles between 1.2 and 2 V were recorded before and after a 1.2 V-hold.
The measurements were performed in DI water and 0.5 mM HSO4 at
randomly chosen locations on the sample (each at three pristine spots
per Tsiqge), whose averages with standard deviation per temperature are
shown in Fig. 4.

As soon as the SFC is contacted to the sample at 1.2 V during the
starting hold, the current density increases in both electrolytes,
accompanied by the dissolution of all alloy elements, except Cr in DI
water. The maximum current density during the hold increases linearly
in DI water and exponentially in HySO4 with higher Tg (Table 4). In DI
water, no significant trends of the dissolution rate with Tyqg are
observed (Table S3). In contrast, in HpSO4, the maximum dissolution
rates during the 1.2 V-hold increase with Ty and are significantly
higher (Table S4). The integration of the dissolution profile during the
initial 300 s potential hold in HySO4 shows a linear increase of dissolved
mass for Fe, Ni, Mn, and Mo, whereas for Cr, it roughly doubles for each
20 °C-increase (Table S5). In both electrolytes, the dissolution rates of
the five elements decrease again during the initial hold at 1.2 V. How-
ever, in HySOy4, the dissolution rate never reaches the baseline again
within the 300 s.

When the potential is increased in DI water, predominant dissolution
of Cr is observed, independent of Tyge. To determine the onsets and the
maxima of the observed peaks in the dissolution profile, the single peaks
were fitted using a log-normal function, and the onset was defined as 5%
of the maximum peak height, as elucidated in the supporting informa-
tion S3. The obtained values can be found in Table S6-S9 for both
electrolytes. The onset potential of Cr dissolution is around 1.7 V for all
Tstqge in DI water (Table S6). The dissolution rates reach their maximum,
which is increased with Tyge (Table S3), in the backward scan of the CV.
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FIB lamella

Fig. 3. Microscopic investigation of the pristine sample (a) and after the stepwise potential increase in 0.5 mM H3SO4 at Tsg = 60 °C (b). a) pristine sample: SEM
images and EBSD map (legend refer to Fig. S2) (i and ii), HAADF-STEM image of the FIB-lamella (iii), HAADF-STEM image with corresponding EDX spectrum images
(iv), and EDX line profile (v) along the arrow in iv). b) after measurement: SEM images of the sample surface (i and ii) and HAADF-STEM image of the FIB-lamella
(iii), HAADF-STEM image with corresponding EDX spectrum images (iv), EDX line profile (v) along the arrow in iv), and zoomed-in HAADF-STEM image with

corresponding EDX spectrum images (vi) of the deposit on the cross-section.

Here, the peak potential is reached faster with higher Titqge (1.73 £ 0.02
V, 1.63 + 0.04 V, and 1.57 + 0.01 V for 60 °C, 40 °C, and 20 °C,
respectively; due to the backward scan a higher potential means an
earlier maximum). The current density also increases upon potential
increase reaching the maximum at the upper vertex potential of the CV
(2 V) that increases with higher Tqg (Table 4). Also, in the 2nd and 3rd
CV cycles, the dissolution behavior is similar, but the current densities
and Cr-dissolution rate come closer together, decreasing the differences
between the Tyqges.

Only for the measurement at Ty;qe = 60 °C, slight dissolution of Fe is

detected during the three CV scans. However, the positions of the peaks
appear rather random and independent of the applied potential as they
differ for each of the three measurements (individual measurements
shown in Fig. S10). If Fe dissolution is observed, often a very minor peak
overlays the Ni dissolution profile. This was not observed in our previous
study [40] and measurement on another sample (Fig. S6b). We therefore
speculate that this is caused by a slightly different surface as discussed
above. Since all measurements of the temperature series in DI water
were performed on the same sample and day, the measurements are
directly comparable. For Ni, a dissolution profile following the three CV
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Table 3

Atomic composition from STEM-EDXS analysis. Bulk composition of the pristine
sample and composition of the area with increased O-content below the surface
and deposit on the sample surface after measurement in 0.5 mM H2SO4 at Tyyqg
= 60 °C. The corresponding spectrum image is displayed in Fig. 3a—iv (pristine)
and Fig. S9 (after measurement).

Fe/at% Cr/at% Ni/at% Mn/at% Moy/at O/at%
%
Bulk 66.9 + 17.1 £ 9.6 + 1.2 + 4.7 + 0.5+
3.5 2.5 1.6 0.3 1.6 0.1
Oxide 64.5 + 17.1 + 10.1 + 1.2+ 2.4 + 4.8 +
layer 3.6 2.4 1.6 0.3 0.4 0.5
Deposit 149 + 0.32 £ 0.14 £ 0.14 + 0.8 + 83.7 +
1.7 0.05 0.03 0.03 0.2 1.7

cycles is observed (Table S3).

In 0.5 mM H,SOy4, the electrochemical and dissolution behavior of
316L is notably higher. Upon potential increase, the dissolution rates of
all elements except Mn increase with decreasing onset potential with
higher Tiqge (Table S8). For all elements, the dissolution sets in the latest
around 1.32 V, 1.42 'V, and 1.47 V at Tyqe = 60 C, 40 °C, and 20 °C,
respectively. For Cr and Ni, the dissolution rate peaks, while for Fe and
Mo, the dissolution rate stabilizes, forming a shoulder to the 2nd
observed peak. The Cr dissolution rates reach the maximum first and Cr
is the only element showing a trend for the peak potential with Tiqge — it
decreases with Tqg (Table S9). Like the dissolution rate, the current
density increases with increased potential. First, the current density is
the highest at Tsqg = 60 °C, but at approximately 1.36 V, the current
densities intersect and the one at 20 °C is the highest, followed by the
one at 40 °C and 60 °C. For the measurements at 40 °C and 60 °C, the
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current density reaches a plateau at ~1.55 V and ~1.5 V at 0.027 +
0.001 mA cm 2 and 0.025 + 0.001 mA cm ™2, respectively, whereas for
the measurement at 20 °C, a peak in current density (0.031 + 0.001 mA
cm? at ~1.5 V) is observed. The current increases sharply between 1.6
and 1.7 V (the higher Tyyg, the earlier the increase), ascribed to the
onset of the OER. The onset of the 2nd peak in the 1st cycle of the
dissolution rate is determined by the fitting procedure shortly after that
current increase (Table S8). For Fe, Cr, and Ni, a higher Tjqq leads to a
later onset, whereas for Mn and Mo, no trend is observed. We speculate
that different thicknesses of the oxide formed could cause this.

The maximum current density reached at the upper potential limit of
the CV scan (2 V) is similar for 60 °C and 40 °C, whereas it is lower for
the measurement at 20 °C (Table 4). The maximum dissolution rates of
the 2nd peak are reached in the backward scan for all elements. Espe-
cially for Cr, the peak potential increases with T (a higher potential
means an earlier reached maximum in the backward CV scan). More-
over, the ratio of the 1st and 2nd peak of Cr in the 1st CV cycle highly
depends on Tiege. At 20 °C, the maximum dissolution rate is halved for
the 2nd peak. For 40 °C, the heights are the same (in the range of error),
whereas for 60 °C, a minor increase for the 2nd peak is observed
(Table S4). We think the first dissolution peak is caused by oxidation and
a slightly re-passivating surface. According to the stepwise potential
increase (Fig. 1b), the contacting of the SFC occurs in the trans-
passivation range accelerated by Tqg. The scanning results in further
dissolution due to oxidation accompanied by secondary passivation of
the surface, which is proven by decreasing/stabilizing dissolution rates
and current densities. This secondary passivation is initially reached
faster with a higher Tqg. We speculate that the OER mainly causes the
2nd dissolution peak. This is indicated by the close measured dissolution
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Fig. 4. Temperature-dependent dissolution of 316L in a) DI water and b) 0.5 mM H,SO,. Potential profile (beige) and current density (upper image) and dissolution
rates of Fe, Cr, Ni, Mn, and Mo (from top to bottom) at three different Tgg (20 °C - blue, 40 °C — yellow, and 60 °C - red) — average of three measurements per Tyg.

on different spots with standard deviation.
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Table 4

Current densities during contact and at 2 V vs. RHE per cycle, transferred charge
during the whole measurement, and dissolution efficiency in DI water and 0.5
mM H,S0y4 for three different Tqg.

Tstage/ Contact/ 1st 2nd 3rd Transferred Dissolution
°C mAcm~2  cycle/ cycle/ cycle/ charge/mC efficiency/
mA mA mA %
cm 2 cm ™2 cm 2
DI water
20 (1.01 + (2.90 (2.37 (2.07 (32.8 £ 0.9) 3.50 £ 0.24
0.05) + + + 1073
1073 0.21) 0.09) 0.05)
1073 1073 103
40 (2.00 £ (3.81 (2.88 (2.00 (45.5 £ 5.9) 4.49 £ 0.39
0.11) + + + 1073
102 0.39) 0.32) 0.11)
1073 1073 103
60 (3.08 £ (4.42 (2.53 (1.84 (54.3 £ 2.9) 5.20 £1.01
0.29) + + + 1073
1073 0.07) 0.30) 0.14)
1073 1073 1073
H,S04
20 0.05 + 1.17 1.14 1.12 58 +0.1 2.00 £+ 0.04
0.02 +0.01 +0.03 +0.03
40 0.11 + 1.40 1.26 1.18 7.1+0.1 2.08 £ 0.08
0.02 +0.01 +0.02 +0.03
60 0.29 + 1.43 1.20 1.03 7.5+0.3 2.16 £ 0.15
0.05 + 0.05 +0.04 +0.05

rates and current densities at Tsiqqg = 40 and 60 °C while being signifi-
cantly lower at Tsiqge = 20 °C. Temperature is a known factor to enhance
the activity of OER catalysts [69]. The higher dissolution might be due to
a higher turnover frequency of the active centers that increase the
chance of concurring reactions such as dissolution or a slightly higher
acidification due to the higher H" formation.

In the 2nd and 3rd CV scans, a trend of decreasing dissolution is
observed (Fig. 4b and Table S4). There, only one peak is observed for
every element except Cr. For Cr, the situation is more complicated. For
the measurement at T = 20 and 40 °C, only one peak is observed,
whereas for the measurement at 60 °C, multiple increases in the disso-
lution rate are observed. However, the position of these increases is not
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the same (Fig. S11), leading to a rather high standard deviation. In the
following, only the onset and maximum of the main dissolution peak
occurring at the same time as the dissolution of the other elements is
regarded. We speculate that this behavior comes from the protecting Cr-
oxide layer formed on 316L whose stability might be lower at higher
temperatures. One reason could be that the passive film is less-ordered
with more defects that are prone to more sudden dissolution events.
The microstructure itself with preferential dissolution from grain
boundaries or specific planes can be likely excluded as EBSD mappings
prove a very high number of grains per SFC spot averaging that influence
out (Fig. 3a-ii and section S1.2. in the supporting information). The peak
maximum appears to be rather independent of Tjqg for Cr, Ni, Mn, and
Mo. Only for Fe, a very small shift of the peak maximum to lower po-
tentials can be observed with decreasing Tgqg (Table S8). As in DI water,
the current densities are decreasing with cycling, especially for 60 °C
and 40 °C (Table 4). This speaks as well for continuing passivation and
deactivation of the sample at all three Tg.

In both electrolytes, the total dissolved mass and corresponding MLs
over the whole measurement time are enhanced with Ty (Fig. 5, refer
to Table S9 for exact values). The enhanced corrosion with higher Tiqge
was also reported for 316L and 304 in a mimicked fuel cell environment
(diluted H2SO4 with F7) [70,71]. It is clearly visible that the dissolution
in DI water is in sum two orders of magnitude lower compared to 0.5
mM H5S0;4.

In DI water, Cr dissolution increases from Tyg = 20 to 40 °C by
~50%, whereas no further increase is observed from 40 °C to 60 °C. The
calculated MLs also reveal the predominant dissolution of Cr and Mn.
For Mn, a high increase in dissolution is observed from 40 °C to 60 °C.
However, this is mainly caused by one measurement with an increased
dissolution rate (spot 1 in Fig. S10). For the two other measurements
(spots 2 and 3), the integration of the dissolution profile of Mn also re-
sults in a higher dissolution at 40 °C but the impact is remarkably less.
We speculate that a defect in the oxide layer causes this. Altogether, the
dissolution of 316L is very low, and in total, not even one ML of 316L
dissolves during the measurement, as previously shown at a stage tem-
perature of 60 °C [40].

We speculate that during the initial hold, 316L slightly dissolves.
However, Cr remains stable and forms an oxide layer. Combined with
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Fig. 5. Total amount of dissolved metal and corresponding monolayers (ML) in dependence of Tqg during the SFC-ICP-MS measurements of 316L in a) DI water and

b) 0.5 mM H,SO, displayed in Fig. 4.
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the native Cr-enriched oxide layer on top of the 316L the sample is very
dissolution-stable in DI water. With cycling, only the top layer (Cr)
dissolves at a very low rate, so the underlying bare 316L is not exposed
and remains protected at every measured temperature.

In HySOy4, the dissolved mass increases by ~30% from 20 °C to 40 °C
and by another ~10% for the increase to 60 °C. However, looking at the
elements themselves, the trend differs for each element. For Fe, the
amount of dissolved metal increases by 26% upon the temperature in-
crease from 20 °C to 40 °C, but remains similar for the increase from
40 °C to 60 °C. Similar observations are made for Mo. For Ni, the
dissolution increases by ~40% per Tgyqg increase while Mn increases
linearly. For Cr, the dissolution increases by ~40% and ~70% for each
20 °C-increase. For all three Tyg, the dissolution of Fe is higher than
expected from the composition of 316L (20 °C: 83 wt%, 40 °C: 81 wt%,
60 °C: 74 wt%). However, the increase from 40 °C to 60 °C changes the
dissolution behavior of 316L — Cr now dissolves at a level as expected
from the elemental composition. This change follows previous reports of
a lower relative Cr-content while the relative Fe-content in passive films
increased for 316L and 304 with increased T [70,71]. Combined with
the much higher Cr-dissolution rate, also during the final 1.2 V hold, at
Tstage = 60 °C compared to the other temperatures and observed spon-
taneous increase in dissolution rate, this speaks for a lowered Cr stability
at higher temperatures in HySO4. Compared to our previous study, only
at Tyqge = 60 °C, the shape of the dissolution curve and the dissolution
behavior of the sample are very similar [40]. Again, as already for the
measurement starting at the OCP, slight differences in the native oxide
layer of the 316L might explain the different dissolution rates.

Moreover, the current was integrated to determine the transferred
charge and estimate the dissolution efficiency (DE). The electrochemical
activity of the sample is highly decreased in DI water compared to HSO4
but the trends are the same — in both electrolytes, the transferred charge
slightly increases with increased Tiiqge but the DEs are rather similar
(Table 4). In both electrolytes, the DE is low indicating that most of the
current is consumed for processes other than dissolution. Especially in
H2SO4, we assume the main current sink being the OER at elevated
potentials and another, minor part the oxide layer formation on the
surface.

After the SFC-ICP-MS measurements, SEM characterizations of the
samples were conducted, as displayed in Fig. 6 (further images in
Fig. S12 and Fig. S13). After measurement in DI water, no significant
signs of corrosion are visible, consistent with the very low dissolution.
However, scratches are visible in some parts of the sample with the in-
lens-detector, which were also visible in some parts of the pristine
sample. These surface inhomogeneities might explain the random Fe

Tstage = 20 °C
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dissolution events as this was not observed for another sample (Fig. 3b)
and our previous study [40]. After measurement in HySOy4, clear signs of
corrosion are visible for all Tqg. The number of macroscopic defects
increases with increased Tiqg (SEM image with lowest magnification).
However, at high magnification, signs of corrosion (darker regions in the
pm-range) are visible at Tyqge = 20 °C. With higher Tyqg, the corrosion
signs are slightly enhanced and the whole sample seems rougher. These
observations align well with the results from the SFC-ICP-MS measure-
ments. Differences in dissolution are obvious but remain in the same
order of magnitude. Therefore, only such slight differences are expected
between the different T while the difference to the measurements in
DI water is visible.

Our results show the influence of the temperature on the dissolution
stability of 316L. An increase in dissolution is observable at both tested
pH values, 3 and 7. In DI water, even at Tsqe = 60 °C, the dissolution
remains at a very low level, showing the high dissolution stability of
316L at these conditions due to the low conductivity and near neutral pH
value. The temperature influences the dissolution behavior at a lower
pH value and higher conductivity (0.5 mM H3SO4). Even though the
dissolution of the elements is in the same order of magnitude, it is
enhanced by the temperature, and especially the Cr dissolution rate is
enhanced, which might lead to a less stable passivation of the sample as
the Cr-oxide layer on top of 316L is known for its protecting abilities
[55].

4. Conclusion

In this study, we investigated the influence of the applied potential
and the temperature on the dissolution of stainless steel 316L in two
electrolytes (DI water with a pH ~ 7, and 0.5 mM H3SO4 with a pH = 3).
We showed that in DI water the dissolution of 316L is very low. At the
OCP and following stepwise potential increase to 2 V, predominant Fe
and Mn dissolution is observed, while during cycling (between 1.2 and 2
V) Cr dissolution dominates. However, the impact of DI water on the
sample is low, and the electrochemical and dissolution behavior could
be mainly influenced by the native oxide layer on the sample, which
protects it well against dissolution. In 0.5 mM H3SO4, the applied po-
tential plays a significant role in the dissolution behavior - at the OCP,
predominant and high Fe dissolution is observed. However, 316L is
protected against significant dissolution afterward wuntil Cr-
transpassivation sets in. Secondary passivation is observed, but the
OER triggers further dissolution. During CV measurements (1.2-2 V),
dissolution of all alloy elements is observed at all tested temperatures
(20, 40, and 60 °C). Fe dissolves predominantly at all stage

Tgtage = 60 °C

DI water

o

0.5 mM H,SO,

Fig. 6. SEM images of 316L after measurement in DI water and 0.5 mM H,SO4 are shown in Fig. 4. Further SEM images can be found in Fig. S12 and S13.
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temperatures, however, from 40 °C to 60 °C the dissolution stability of
Cr significantly decreases indicating a lower stability of the protective Cr
oxide layer. Compared to DI water, the dissolution is notably enhanced
in 0.5 mM H2504.

Both results clearly emphasize the importance of ex situ testing
conditions for possible BPP materials for PEMWE. Especially in acidic
media, the dissolution behavior of 316L highly depends on the applied
potential and protocol. Mimicking the conditions the BPP experiences in
an operating single cell is important to draw meaningful conclusions. If a
potential below the Cr-transpassivation is chosen, stability of 316L
might be assumed — however, if the potential in an operating single cell
is higher or lower this could lead to unexpected dissolution that might
harm the system. However, the “real” conditions of a BPP are under
discussion, and more investigation of the potential, pH values, and
conductivity of the water feed is needed.

Currently, ex situ testing should be performed in various pH ranges
and potential windows to get a better idea of the possibilities but also
limitations of the used materials while mimicking operational condi-
tions. The results show that 316L requires coatings if used as BPP ma-
terial in PEMWE for two reasons — first, to protect the BPP from
dissolution and second to improve the ICR, a factor that requires more
attention in future studies. Moreover, they give insights about possible
contaminations whenever unprotected steel exists in PEM electrolyzers,
either in the balance of plant or due to coating imperfections.
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