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ABSTRACT

One of the most mature technologies for green hydrogen production is alkaline water electrolysis. However, this process is
kinetically limited by the sluggish oxygen evolution reaction (OER). Improving the OER kinetics requires electrocatalysts, which
can offer superior catalytic activity and stability in alkaline environments. Stainless steel (SS) has been reported as a cost-effective
and promising OER electrode due to its ability to form active Ni-Fe oxyhydroxides during OER. However, it is limited by a high
Fe-to-Ni ratio, leading to severe Fe-leaching in alkaline environments. This affects not only the electrode activity and stability but
can also be detrimental to the electrolyzer system. Therefore, we investigate the effect of different Ni-coatings on both pure Ni-
and SS-supports on the OER activity, while monitoring the extent of Fe-leaching during continuous operation. We show that thin
layers of Ni enable enhanced OER activities compared to thicker ones. Especially, a less than 1 um thick Ni layer on an SS-support
shows superior OER activity and stability with respect to the bare supports. X-ray photoelectron spectroscopy reveals traces of
oxidized Fe species on the catalyst surface after OER, suggesting that Fe from the SS may be incorporated into the layer during
operation, forming active Ni-Fe oxyhydroxides with a very low Fe leaching rate. Utilizing inductively coupled plasma-optical
emission spectroscopy, we prove that thin Ni layers on SS decrease Fe leaching whereas the Fe from the uncoated SS-support
dissolves into the electrolyte during operation. Thus, OER active and stable electrodes can be obtained while maintaining a low
Fe concentration in the electrolyte. This is particularly relevant for application in high-performance electrolyzer systems.

1 | Introduction sources, such as solar or wind energy [1-4]. While this technology

has already been commercially established, a major challenge
In recent years, alkaline water electrolysis (AWE) has gained  of AWE is the improvement of the kinetically limited oxygen
significant importance as a technology for producing green  evolution reaction (OER), for which the development of suitable
hydrogen owing to its relatively low cost by using non-noble electrocatalysts is crucial. First-row transition metals, especially
metals as catalysts, and its ability to be powered by renewable Ni-based materials, are promising candidates for OER catalysis
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due to their low cost, high catalytic activity, earth abundance, and
stability in alkaline media. In particular, the Ni-Fe system is of
considerable importance in the field of AWE. Several studies have
reported crucial improvements in the OER activity of Ni-based
catalysts in the presence of small amounts of Fe [5-8]. Stainless
steel (SS), notably, has gained considerable interest in recent years
as an OER electrode. It is reported that the combination of Ni and
Fe in SS can significantly activate the material by forming Ni-
Fe oxyhydroxides under alkaline electrolysis conditions [9-14].
Furthermore, SS is cheap and readily available, thus, making it
an attractive option for commercial alkaline electrolyzers.

However, SS itself may not provide the best OER activity because
of its high Fe-to-Ni ratio. According to Klaus et al. [5] and Friebel
et al. [15], a Fe content of 10-25 wt% in a Ni-Fe system provides
optimal OER performance for Ni-Fe alloys. The Fe content in SS,
indeed, is at least 50 wt%, irrespective of its purity grade. Another
major drawback of SS is its poor stability in alkaline environments
due to successive Fe, Cr, and Mn leaching, which makes it difficult
to implement directly in commercial alkaline electrolyzers [9]. It
is, therefore, necessary to modify SS, particularly with respect to
its surface composition, to achieve a suitable electrode for water
electrolysis. Various techniques have been reported to activate
SS towards OER, for instance by chemical or electrochemical
corrosion and oxidation of the SS surface [12, 14, 16-25]. The
improvement in the OER performance using these modification
techniques has been attributed to an increase in surface area [16,
18-20], surface enrichment of Ni [17, 21, 23, 26], and formation
of active oxyhydroxides of Ni and Fe [14, 21, 23, 24]. While
such modifications improve the OER performance of SS, it is
important to note that they would, in most cases, not prevent
Fe and Cr leaching during operation [9, 27], which could have
major impacts on the electrolyzer system. Although Fe in the
electrolyte is reported to have a positive effect on catalytic activity
[5, 28-30], de Groot [31] mentioned that continuous Fe leaching
is a challenge for operating high-performing electrolyzers that
are less tolerant to Fe-impurities in the electrolyte. The negative
effect of these Fe-impurities was ascribed to Fe deposition on
noble metal cathodes, reducing their activity toward hydrogen
evolution. While the rate of Fe dissolution may decrease over time
as the SS surface is enriched with Ni [9], high Fe concentrations
in the electrolyte would still be unavoidable, if surface activation
is done in situ. On the other hand, Cr is reported to leach out as
the toxic Cr®" species [9, 32], which could cause environmental
problems, even if the activation is done ex situ.

An alternative activation technique for SS is the deposition of
active layers on its surface. Some recent studies have reported
that the deposition of Ni-based layers activates SS toward OER
[13, 33-38]. Wang et al. [34] and Perez-Alonso et al. [35] reported
that Ni-Fe alloys deposited on SS support show improved activity
due to the formation of active Ni-Fe oxyhydroxides. However,
since the deposited layers were relatively thick (3-5 pm), the
contribution of the SS support toward OER activity was not
completely understood. Balram et al. [38] hypothesized that
Ni(OH), layers deposited on SS supports show enhanced OER
activities owing to Fe** incorporation from the support in the
NiOOH structure. The authors argued that “substrate-catalyst
interactions” are important parameters that determine the cat-
alytic activity, especially when the deposited layers are not too
thick. Alhakemy et al. [37] reported that the activity of NiP-

coated SS electrodes reaches an optimum for a certain deposition
time, whereas higher deposition times do not provide additional
improvement in activity. The authors attributed this behavior to a
higher amount of surface cracks for low deposition times, which
allow hydroxide species to diffuse through the layers and facilitate
the Ni** to Ni** conversion. In contrast to Balram et al. [38],
however, the authors did not mention any Fe effect from the SS
support.

A critical, yet less discussed aspect of Ni-based layers deposited
on SS is their ability to protect the support from dissolution.
While the dissolution behavior of SS itself under AWE conditions
has been extensively investigated [9, 21, 25, 27], there have
been only a few studies that examine the dissolution behavior
of SS-supported layers. Moranchell et al. [32] examined the
Fe and Cr leaching behavior for SS electrodes modified with
electrodeposited Ni layers under alkaline electrolysis conditions.
The authors reported that such electrodes show reduced Fe and
Cr leaching compared to bare SS due to the high alkaline stability
of Ni. Nevertheless, the combined effect of the layer thickness on
the activity and stability of the SS support is yet to be investigated
in detail.

Itis apparent that SS electrodes modified with Ni-based layers are
interesting anode materials for OER, as they could have the dual
advantage of improved catalytic activity and reduced dissolution
of the support. In this study, we investigate electrodeposited Ni
layers on SS plates (AISI 304) under alkaline electrolysis con-
ditions. Electrodeposition is chosen as the synthesis technique
because of its easy scalability as well as superior process control,
especially with respect to layer thickness. As a reference, Ni layers
with similar thicknesses are also deposited on pure Ni plates. The
deposits are characterized using scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX). We
further investigate the electrochemical OER performance of
the deposits in an in-house designed beaker cell using cyclic
voltammetry (CV) and chronopotentiometry (CP). Finally, our
results are substantiated by X-ray photoelectron spectroscopy
(XPS) measurements, which aim to reveal changes in the surface
composition of selected catalysts after the OER experiments.
In addition, inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) measurements are performed to track the Fe
content in the electrolyte during OER experiments.

2 | Results and Discussion
2.1 | Characterization of the Deposited Layers

For a constant deposition current density, the deposit mass
loading is expected to increase with the deposition time. The
support material should ideally not impact the mass loading,
but different supports may hinder or promote the competing
hydrogen evolution reaction differently, which could change the
Faradaic efficiency (FE) for the deposition. We therefore quantify
the mass loadings obtained for our layers by weighing the SS
and Ni plates before and after deposition and calculating the
difference. For both supports a deposition time of 15s led to a mass
loading of 0.18 + 0.03 mg/cm? while the 300 s deposits had a mass
loading of 4.46 + 0.03 mg/cm? (Figure S3).
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FIGURE 1 | Scanning electron microscopy (SEM) images taken in the secondary electron (SE) mode at 5000x magnification showing the surface
morphology and homogeneity of the (a) bare Ni support, (b) Ni-Ni-15, and (c) Ni-Ni-300 deposits, as well as the (d) bare stainless steel (SS) support, (e)

Ni-SS-15, and (f) Ni-SS-300 deposits.

The obtained mass values correspond to FEs of 81.5 + 7.5% for
the 15 s and 97.8 + 0.3% for the 300 s deposits. The FE of the
15 s deposits is lower and less reproducible than that of the
300 s deposits, due to a higher relative error of the measured
masses for the 15 s deposits. The average coating thicknesses of
the layers were estimated by dividing the deposit mass loading
by the density of pure Ni (8.9 g/cm?), which resulted in layers of
0.2-0.3 um for the 15 s and 4-5 um for the 300 s deposits.

SEM analysis was carried out to observe the influence of the
support and deposition time on the morphology, homogeneity,
and composition of the resulting deposits. Figure 1a—f shows the
SEM images for the bare Ni and SS supports and the subsequent
electrodeposited Ni layers. As seen in Figure 1a,d, both Ni and SS
bare supports were not mirror-polished, and the regular stripes
by the preparation of the material are well visible. Figure 1b,e
shows the microstructure of the Ni-Ni-15 and Ni-SS-15 deposits,
respectively. A deposition time of 15 s does not allow sufficient
time for the deposited grains to coarsen, and hence, in both
cases, a fine-grained morphology can be observed. The pattern of
the support roughness is also clearly seen in the microstructure
due to the low coating thickness of the deposit. In Figure 1b,
the stripes are vertical instead of horizontal, as the Ni-Ni-15
sample was placed in a rotated orientation in the microscope
chamber. Moreover, the deposited layers from both Ni-Ni-15 and
Ni-SS-15 are non-uniform, with some uncoated areas, indicating
that the deposition time of 15 s may not have been sufficient
to enable complete surface coverage. The uncoated areas are
more clearly defined across the stripes of the support in the
case of Ni-SS-15, suggesting that the low deposition time might
have caused more deposition on the easily accessible protruding
parts of the surface and less on the recessed parts. In contrast,
the Ni-Ni-300 and Ni-SS-300 deposits, as shown in Figure 1cf,
respectively, are much more uniform. The support roughness

pattern is also partially visible as vertical stripes for Ni-Ni-300 and
horizontal stripes for Ni-SS-300 but is significantly less prominent
due to the thicker deposit. Moreover, the longer deposition time
has allowed for the development of a typical coarse-grained
pyramidal microstructure of electrodeposited Ni [39].

The uniformity of the Ni-SS layers can be better visualized with
the Ni and Fe EDX maps for the Ni-SS-15 and Ni-SS-300 deposits
shown in Figure 2. The presence of Fe from the SS support is
clearly visible for the uncoated parts of the Ni-SS-15 deposit.
In contrast, Ni and Fe in the Ni-SS-300 deposit are uniformly
distributed, indicating more uniform coverage of the Ni layer on
the SS support.

2.2 | Electrochemical Testing and OER Activities

The electrocatalytic activity of the different layers was analyzed
by CV as well as CP at 100 mA/cm? for 2 h in 1 M KOH at
room temperature. Details on the experimental procedure can be
found in the materials and methods section. Figure 3 shows the
variation of the OER potentials required to reach 100 mA/cm?
(Ey00) in the CVs. Comparing E,, of the bare supports shows only
little differences with potentials varying between 1.62 and 1.63 V.
However, with a 15 s Ni deposition, there is a striking difference in
the potentials of the two deposits, Ni-SS-15 and Ni-Ni-15. Ni-Ni-15
has a potential close to the bare Ni support, but Ni-SS-15 shows a
significant potential drop of about 70 mV. As seen in the previous
section, the morphology of these layers does not significantly
depend on the support, which indicates that the support material
itself has a considerable effect on the OER activity of the catalysts.
As the Ni-SS-15 layer is inhomogeneous, the support material
could be exposed to the electrolyte during the CV experiment,
thus making it a Ni-rich Ni-Fe system. In contrast, the bare Ni

Electrochemical Science Advances, 2025

3of11

85UBD | SUOLULLIOD BAIEBID) 3|l |dde 3} AQ pauAob ae S3jo e O ‘8SN JO S3|nJ 10} AXeiq1T8UIIUO AB] I UO (SUOIPUOD-PUR-SWLBIALI0D" A3 1M ARe1q]1[BU1|UO//:SA1Y) SUOTIPUOD PUe SWB L 84} 89S *[9202/TO/ET] U0 ARIqITauUIUO AB]IM “BILBD 4oeesay HAWSD yalIne wniuezsbunyosiod Aq £20007202 S e/200T OT/I0p/LL0d 4| im* Axeiq1jeul|uo adoane-Auis iWweyo//sdiy wo.j pepeo|umoq ‘9 ‘G20e ‘£L658692



FIGURE 2 | Mixed energy-dispersive X-ray spectroscopy (EDX) elemental maps of Ni (red) and Fe (blue) taken in the backscattered electron (BSE)
mode at 5000x magnification showing the distribution of the Ni layer on the stainless steel (SS) support for (a) Ni-SS-15 and (b) Ni-SS-300 deposits

respectively.
1.66 - Ni support
SS support| I
1.64 { {
o 162 l : ‘ |
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1,561 —[—‘
Bare 16s 300s
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FIGURE 3 | iR-corrected oxygen evolution reaction (OER) potentials
versus reversible hydrogen electrode (RHE) at 100 mA/cm? (E, ) for bare
Ni and stainless steel (SS) support (left), and Ni (blue) and SS (green)
supported layers for 15 s and 300 s deposition times. The potentials
were obtained from cyclic voltammetry (CV) measurements and the
error bars indicate the standard deviation obtained over three different
measurements.

support might be too Fe-lean, and the bare SS support might be
too Fe-rich to achieve an OER potential similar to Ni-SS-15. This
is further discussed in the following section.

The layers deposited at 300 s deposition time show potentials
similar to the bare supports, or even higher, indicating that
a longer deposition time is rather detrimental to the catalyst
activity. Especially, for the Ni-Ni deposits the potentials are higher
than the bare support and increase with the deposition time. This
may be due to the presence of impurities in the 99.2 wt% Ni
support, which could positively affect the catalytic activity. The
effect of these impurities would get reduced as thicker Ni layers
are deposited on the support. Furthermore, the bare support is
not polished and has stripes on its surface, as seen in Figure la.
The deposited layers fill up these stripes (Figure 1b,c), which
might lead to a reduced surface area, and therefore, lower OER
activities.

Ni-SS-300 exhibits an OER potential of about 60 mV higher than
Ni-SS-15. The high thickness and uniformity of the Ni layer in
Ni-SS-300 results in a lower impact of the SS support than for
the Ni-SS-15. Nevertheless, Ni-SS-300 still shows a potential of
about 25 mV lower than Ni-Ni-300, indicating that the SS support
could influence the catalytic activity, even for a uniform 4-5 ym
Ni deposit.

Interestingly, the error bars, representing the standard deviation
of three repetitive measurements, are significantly smaller for
the SS-supported layers than for the Ni-supported layers. A
possible explanation might be the effect of Fe present in the SS
support, which stabilizes Ni oxyhydroxide species [40, 41]. These
stable oxyhydroxides, most likely formed during the conditioning
process, could give rise to more reproducible measurements for
the SS support and, by extension, the Ni-SS deposits.

Figure 4a,b shows the change in E,;, over a span of 2 h. The
CP graphs of the Ni support as well as Ni-Ni-15 and Ni-Ni-
300 (Figure 4a) show a similar trend. A significant decrease in
potential can be observed in the first 0.5 h, most likely due to
oxide formation. After 2 h the potential decrease slows down to
an almost stable potential. It is interesting to note that, initially,
the potentials of the bare Ni support and Ni-Ni-15 are almost
in the same range (1.62-1.64 V), but the potential of the bare
Ni support decreases more with time. At the end of 2 h, it
reaches a potential of about 1.6 V, while the Ni-Ni-15 reaches a
potential of about 1.63 V. Note that the bare support was naturally
exposed to air before the OER studies for longer times compared
to the deposited samples. To remove any originated surface
oxides, the uncoated support was consequently treated with 10%
aqueous HCI before the OER measurements. This should ensure
equal original conditions for both bare support and deposited
samples as the degree of surface oxidation is known to affect the
OER activity. However, the acid treatment might have caused a
roughening of the surface, making it more prone to re-oxidation
with time, which could be the reason for its stronger activation.
Comparing the Ni-Ni-15 and Ni-Ni-300 curves, the former seems
to be more active. Nevertheless, the error range for both Ni-
Ni-15 and Ni-Ni-300 curves has a significant overlap, and thus,
the curves can be considered to be in a similar potential range.
The Ni-Ni-15 CP curve, in particular, has a low reproducibility,
which could be due to the non-uniformity of its deposited layer
compared to the Ni-Ni-300 deposit.
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FIGURE 4 | Chronopotentiometric curves showing the variation of

iR-corrected oxygen evolution reaction (OER) potentials versus reversible
hydrogen electrode (RHE) at 100 mA/cm? (E,q) over a time of 2 h for (a)
Ni support and Ni supported layers and (b) stainless steel (SS) support and
SS supported layers. The standard deviations over three measurements are
indicated by the shaded areas.

In contrast to those for Ni-Ni-15 and Ni-Ni-300, the CP curves for
the bare SS support and SS supported layers (Figure 4b) show a
different behavior. The potential of the Ni-SS-300 is initially at
about 1.63 V and decreases down to 1.62 V after 2 h. This is slightly
more active (AE ~ 20 mV) compared to Ni-Ni-300 (Figure 4a) due
to the beneficial effect of the SS support. This support effect is
better observed in the CP measurement of Ni-SS-15. Its potential
is initially about 1.56 V, which is lower than all other deposits
in this study. There is no significant potential change over time,
and the curve is reproducible within an error range of +6 mV,
indicating that the Ni-Fe oxyhydroxides species formed during
the OER experiment (vide infra) may have an activating as well
as a stabilizing effect on the catalyst.

Another important observation is the variation in potential with
time in the case of the bare SS support. The potential significantly
decreases from 1.64 V to 1.59 V (AE ~ 50 mV). This might be

80
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8 20~
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FIGURE 5 | Average Fe wt% detected by energy-dispersive X-ray
spectroscopy (EDX) on the electrode surface for bare Ni and stainless
steel (SS) supports as well as Ni- and SS-supported layers for 15 and 300 s
deposition times. The error bars indicate the standard deviation obtained
over two different measurements.

assigned to Fe dissolution from the SS in the electrolyte, which
potentially increases the Ni-Fe ratio toward a more active surface
composition. Additionally, a surface roughening effect is possible.
The Fe-content in the samples pre- and post-electrochemistry as
well as in the electrolyte is, hence, discussed further in the next
section.

2.3 | The Impact of Fe

Since the OER activity of Ni catalysts is majorly affected by the
presence of Fe, it is interesting to analyze the Fe content in the
deposited layers [40]. Figure 5 shows the variation of the Fe
content in the deposits with the deposition time for both Ni and
SS-supported layers, as obtained from EDX measurements. For
all Ni-supported layers, no Fe is detected by the EDX. This is
reasonable considering the high purity of the support (99.2 wt%)
and the absence of Fe in the deposition electrolyte. The bare SS
support, in contrast, contains ~72 wt% Fe, which agrees with
the AISI 304 SS composition (70-73 wt% Fe). Interestingly, Fe
is also detected by EDX in the Ni-SS-15 and Ni-SS-300 samples.
Approximately 25 wt% Fe is detected in the Ni-SS-15 deposit
and 2 wt% in Ni-SS-300. One needs to keep in mind that an
accelerating voltage of 15 kV for the EDX allows for electrons
to penetrate the sample to a depth of approximately 1 um [42].
Consequently, there is a considerable contribution of the Fe-
rich support to the EDX signal for the Ni-SS-15 deposit, which
has an estimated average coating thickness of about 0.2 pm. On
the other hand, the Ni-SS-300 deposit has an estimated average
coating thickness of 4-5 pm, which is significantly larger than
the penetration depth of the EDX. This could mean that the Ni
deposit is not completely uniform, or slightly porous, although
this is not evident from the SEM images (Figure 1). Another
possible explanation is the dissolution of Fe from the SS support
in the deposition electrolyte, and co-deposition of this dissolved
Fe with Ni, resulting in a Ni-Fe alloy deposit. However, this
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FIGURE 6 | (a)Ni2p and (b) Fe 3p X-ray photoelectron spectroscopy (XPS) spectra for selected catalysts, Ni-SS-15 (light-green), Ni-SS-300 (dark
green), and Ni-Ni-15 (blue), showing the change in catalyst surface composition from pre-electrochemistry (below) to post-electrochemistry (above).

cannot be entirely concluded from the EDX analysis alone, and
hence, surface-sensitive analysis techniques are required for a
more detailed understanding.

XPS measurements were performed for selected catalysts, that
is, Ni-SS-15, Ni-SS-300, and Ni-Ni-15. The measurements were
carried out both pre- and post-electrochemistry and the resulting
Ni 2p and Fe 3p spectra were analyzed. The stronger Fe 2p core
level peak was not analyzed due to its overlap with the dominant
L;M,;M,5 Auger line of Ni when using Al K, X-ray radiation.

Figure 6a shows the pre-and post-electrochemistry Ni 2p XPS
spectra for the catalysts. For the as-deposited samples, the Ni
metal peak at a binding energy (BE) of 852.7 eV [43] is domi-
nant for all catalysts, indicating that the surface predominantly
contains Ni metal. A smaller peak at 856.3 eV corresponding to
the presence of Ni(OH), can also be observed [43]. This small
amount of Ni(OH), could have formed on the surface during
the deposition or by exposure to air after the deposition. Post-
electrochemistry, the intensity of the Ni(OH), peak increases
significantly, while the Ni metal peak is less intense, indicating
the oxidation of the surface Ni metal to Ni(OH),. However,
Ni(OH), might not be the active phase formed during the OER
process. According to Gallenberger et al. [44], an in-situ active
NiOOH species may form during OER, but this phase is only
stable at sufficiently high anodic potentials (>1.5 V), and decom-
poses to Ni(OH), at lower potentials. The XPS measurements in
this work were performed ex-situ, and the samples were taken
out at OCP, which may be the reason why only the decomposed
Ni(OH), phase was detected.

Figure 6b shows the pre-and post-electrochemistry Fe 3p XPS
spectra for the different electrodes. In the pre-electrochemistry
spectra, Fe cannot be detected on any electrode surface, which
is contrary to the EDX analysis. Since the analysis depth of XPS
is much lower [45] as compared to EDX (~1 um), it can be
assumed that there is no Fe on the as-deposited catalyst surface.
This also indicates that the Fe signal detected by the EDX likely
came from the SS support and not from the catalyst surface.
Post-electrochemistry, a Fe 3p peak at a BE of 57.1 eV can be
seen, indicating the presence of oxidized Fe species, possibly
FeOOH [43]. The intensity of this Fe 3p peak for the post-
electrochemistry Ni-SS-300 and Ni-Ni-15 is significantly lower
compared to Ni-SS-15. For Ni-SS-300 and Ni-Ni-15, this peak could
arise due to the incorporation of Fe from the KOH. Nevertheless,
the remarkably higher peak intensity for Ni-SS-15 indicates that
Fe also originates from the SS support. It is important to note
here, that for Fe-containing catalysts, a dynamic equilibrium is
established under alkaline OER conditions due to simultaneous
Fe-dissolution and Fe-redeposition [36, 46, 47]. Hoang et al. [36]
hypothesized that the exposure of an SS-supported Ni catalyst to
a KOH solution leads to the dissolution of Fe from the support
and its redeposition on the Ni film, resulting in a Ni-Fe surface
showing very high OER activities. This hypothesis would also be
valid for the Ni-SS-15 catalyst reported herein, as the thin and non-
uniform Ni coating would allow considerable Fe dissolution and
redeposition, significantly increasing its catalytic activity.

In addition to the Fe in the support, the Fe in the electrolyte
can also influence the catalyst’s activity [5, 28, 40]. Moreover,
changes in the Fe content in the electrolyte indicate the extent
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FIGURE 7 | Fe concentration in the KOH electrolyte obtained post
electrochemistry for bare Niand SS supports as well as Ni supported (blue)
and SS supported (green) layers for 15 and 300 s deposition times. The pre-
electrochemistry Fe concentration in the KOH electrolyte was constant
for all experiments and is denoted by the dotted black line. The error bars
represent the instrument error of the inductively coupled plasma-optical
emission spectroscopy (ICP-OES).

of Fe leaching for SS-supported Ni layers. Here, ICP-OES was
performed on freshly prepared KOH electrolyte as well as the
KOH solution post-electrochemistry to observe any Fe dissolution
or take-up during OER.

Figure 7 shows the variation of Fe concentration in KOH after
the OER experiments for both Ni and SS-supported layers. The
initial Fe concentration in the freshly prepared KOH is ca. 120
ppb, as denoted by the dotted line. For all samples except the bare
SS support, the Fe concentration decreases by 20-25 ppb. This
suggests that Fe is deposited from the electrolyte either on the
anode, as detected by XPS for Ni-SS-15, Ni-SS-300, and Ni-Ni-15, or
on the negatively charged cathode. The use of the bare SS sample,
however, led to an increase in Fe concentration in the electrolyte
to ca. 127 ppb, which indicates that Fe dissolution occurs from the
bare SS support. While a total increase of 7 ppb seems to be small,
the simultaneous deposition of Fe, present in the KOH, onto the
anode or the cathode will also decrease the Fe content in the
electrolyte, possibly resulting in an equilibrium concentration.
Nevertheless, this observed Fe dissolution correlates well with the
decrease in the OER potential observed in Figure 4b, suggesting
that the dissolved Fe could be responsible for the increase in
OER activity over time. It is also interesting to note that Ni-SS-15
resulted in similar low Fe contents in KOH as the other electrodes,
indicating that a thin Ni layer is as effective in protecting Fe
leaching from the support as a thick Ni layer. Hence, even if some
Fe is dissolved, it is less than what is taken up, which ultimately
results in a net decrease of Fe concentration in the KOH. It is likely
that the rate of Fe dissolution is so low that the Fe released from
the SS support is directly incorporated into the Ni-layer and hence
not detected in the electrolyte after electrochemistry. This can also
be validated by the strong Fe 3p peak observed in the Ni-SS-15
post-electrochemistry XPS spectra (Figure 6b), which indicates
the presence of Fe on the deposit surface.
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FIGURE 8 | iR-corrected oxygen evolution reaction (OER) potentials
versus reversible hydrogen electrode (RHE) at 100 mA/cm? (E;o,) for
Ni layers deposited on stainless steel (SS) woven meshes at a constant
current density of 50 mA/cm?. The deposition time was varied from 20
to 200 s. The potentials were obtained from cyclic voltammetry (CV)
measurements and the error bars indicate the standard deviation obtained
over at least two different measurements.

2.4 | Transferability of Results to SS Woven
Meshes

As concluded in previous sections, thin Ni layers on SS plate
supports show higher activity toward OER than thicker ones.
In order to verify that these observations hold true for different
support geometries and Ni deposition electrolytes, Ni layers
were deposited on SS woven meshes with a projected area
of 1 cm? using a commercial galvanic deposition bath from
Umicore Galvanotechnik GmbH (NiRUNA 808). The deposition
was carried out at a constant current density of 50 mA/cm?
and the deposition time was varied from 20 to 200 s. These
meshes were subsequently tested for their OER performance in
1 M KOH at 22°C using another in-house developed beaker cell.
Details about the setup and experimental parameters for both Ni
deposition and subsequent OER experiments can be found in the
supplementary information.

Figure 8 shows the variation of E,j, with the deposition time
for the Ni-deposited SS woven meshes. E,y, increases with
the deposition time, which implies that similar to the plates,
the SS meshes also show less activity with thicker Ni layers.
Furthermore, increasing error bars with increasing deposition
time can be observed, which is also similar to what is obtained
for the SS plates (Figure 3). This reinforces the argument that
stable Ni-Fe oxyhydroxide species are formed more easily with
thinner Ni layers, and thus, show higher activity as well as
better reproducibility during OER measurements. Despite the
differences in the absolute E,y, values for both woven meshes
and plate support, resulting from several factors, such as deposit
uniformity, layer thickness, and differences in experimental
setups, a clear trend of increasing E,y, values with the layer
thickness can be observed, irrespective of the support geometry
and the electrolyte used for deposition.
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3 | Conclusion

In this work, Ni layers were electrodeposited on SS and Ni
supports with varying loadings to understand the support and
layer thickness contribution toward their electrochemical OER
performance. A low deposition time resulted in non-uniform
coatings and finer-grained morphologies, while a higher deposi-
tion time gave rise to uniform coarse-grained coatings. A thin Ni
layer deposited with a deposition time of 15 s (Ni-SS-15) exhibited a
noticeably higher OER activity than bare SS, whereas the activity
decreased with thicker Ni layers. Similarly, Ni layers deposited
on Ni supports exhibited significantly lower activities, indicating
a favorable contribution of the SS support. The bare SS support
itself exhibited a relatively high initial OER potential but was
strongly activated over time. In contrast, Ni-SS-15 maintained
a constant low potential, even below the final potential of the
bare SS. The reason for this was attributed to the presence
of an oxidized Fe-species, as revealed by XPS measurements,
suggesting the formation of active Ni-Fe oxyhydroxides during
OER. ICP-OES measurements of the electrolyte before and after
the electrochemical procedure prove that Fe is dissolved in
the KOH from the bare SS support. For all other electrodes
studied, including Ni-SS-15, the Fe-content in the electrolyte
actually dropped after OER, indicating a deposition rather than a
dissolution. In conclusion, we report that a thin Ni layer deposited
on a SS support provides a dual benefit of increased OER activity
along with lower Fe leaching from the SS support. Additional
investigations reveal similar activity trends for electrodeposited
Ni layers on industrially relevant electrode geometries using
commercial electrolytes. The transfer toward industrially relevant
conditions remains outstanding. Yet, these first insights are
promising, as thin Ni-coatings can effectively prevent Fe-leaching
from Fe-rich supports in oxygen-evolving electrodes.

4 | Materials and Methods
4.1 | Electrodeposition
4.1.1 | Electrolyte, Electrodes, and Experimental Setup

The electrolyte used was a Watts Ni electrolyte containing 300 g/L
nickel sulfate hexahydrate (NiSO,-6H,0), 45 g/L nickel chloride
hexahydrate (NiCl,-6H,0), and 45 g/L boric acid (H;BO;) [48].
All chemicals were obtained from Thermo Fisher Scientific with
a purity of >98%. 200 mL of electrolyte was prepared by dissolving
the salts in ultrapure water at 60°C. The electrodeposition was
performed in an in-house developed 4-electrode beaker cell setup.
Two 1 x 1 cm pure Ni plates (>99.2 wt% Ni, HMW Hauner) were
used as anodes and were placed on both sides of the cathode.
As supports, and hence as cathodes, a 1 X 1 cm AISI 304 SS
plate or another Ni plate were used, respectively. The electrodes
were contacted by an in-house 3D-printed electrode holder made
of RGDs,;-High-Temperature Material from Stratasys, with a
0.5 mm Ni wire at the back for electrical contact. A Hg/Hg,SO,
reference electrode was placed near the working electrode. The
potential of the reference electrode measured in the Watts Ni
electrolyte was 755 + 5 mV versus the reversible hydrogen
electrode (RHE). The design of the electrodeposition setup is
provided in the supplementary information (Figure S1).

4.1.2 | Electrode Pretreatment

Before deposition, the cathode was dipped in 10% HCI for 5 min,
to remove any impurities or oxide layers on the surface. After
the acid treatment, the sample was rinsed with distilled water
and immediately placed in the deposition setup to avoid the
reformation of extensive surface oxides.

4.1.3 | Deposition Parameters

The galvanostatic deposition was carried out using a Gamry 1010E
potentiostat. The electrolyte volume, current density, tempera-
ture, and stirring rate were fixed at 175 mL, 50 mA/cm?, 60°C, and
300 rpm for all depositions. Two different deposition times of 15
and 300 s were used for the deposition of Ni on both SS and Ni
supports, resulting in four deposits: Ni-SS-15, Ni-SS-300, Ni-Ni-15,
and Ni-Ni-300. Each deposition was carried out thrice to ensure
reproducibility.

4.2 | Electrochemical OER experiments
4.2.1 | Setup

For the electrochemical OER experiments, another 3-electrode
beaker cell setup was used, which is a modified version of the
beaker cell designed by Thissen et al. [49] The deposited layers
were used as the anode, and a 1 cm? piece of a commercial Ni Fly-
net activated NRG electrode from De Nora was employed as the
cathode. The electrodes were attached using in-house designed
electrode holders similar to those used for electrodeposition.
A Hg/HgO reference electrode was placed near the lower part
of the anode in an inclined orientation to prevent evolved gas
bubbles from sticking to the reference electrode. This ensured
relatively low potential fluctuations during the electrochemical
characterization. 1 M KOH solution was used as an electrolyte,
prepared by dissolving KOH pellets (purity >85%, Chemsolute)
in ultrapure water. The experiments were performed at ambient
temperature (22°C) without any electrolyte agitation.

4.2.2 | Protocol

A Gamry 1010E potentiostat was used for the OER experiments.
The electrochemical protocol consisted of an initial CV from 0.5 to
1.6 Vversus RHE at a scan rate of 500 mV/s for 150 cycles to enable
the formation of active surface oxides, denoted as conditioning.
In the next step, the OER activity was measured using CVs at a
scan rate of 5 mV/s. Lastly, a CP measurement was performed at
a constant current density of 100 mA/cm? (geometric area) for
2 h to observe the electrode performance over time. Potentiostatic
electrochemical impedance spectroscopy (PEIS) was performed
at the open circuit potential (OCP) before every CV and CP to
obtain the uncompensated resistance R,. This was used for the
post-iR drop correction of the obtained CVs and CPs. A graphical
representation of the electrochemical protocol can be found in
the supplementary information (Figure S2). For all iR-corrected
CVs and CPs, the potentials are reported with respect to the
RHE. The iR-corrected potential with respect to the Hg/HgO
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reference electrode (E.

‘Reorr vs. H9 ) Was converted to the RHE
" Hgo
scale (Ejrcorr vs. rue) Via the Nernst equation (Equation (1)),

which was finally reported for all experiments [50].

2.303RT

= 1
EiRcorr vs. RHE — EiRcorr vs. Hg/HgO + TPH + ETe®

Hg/HgO (1M KOH)
€))

The real potential of the Hg/HgO electrode in 1 M KOH at 22°C

(E;:;;Hgo aM KOH)) was calculated using Equation (2) [50].

2
real _ 0 RT , aoy-
Eyg/g0 0 M KOH) = EHg/HgO T oF n

)

ay,0

The necessary parameters, such as the pH of 1 M KOH, a,y-, and
a0 at 22°C were calculated using the Excel spreadsheet tool by
Hausmann et al. [51] and finally, Equation (3) was obtained.

Eircorr vs. RHE = Eircorr vs. Hg/Hgo T 0.924V 3)

4.3 | Deposit Characterization
4.3.1 | Faradaic Efficiency Calculation

The FE of the deposition process was calculated using Equa-
tion (4).

mg, posited

BB = Qo XXMy @ X J)

x 100% (4)

where Mg, posiceq iS the deposit mass loading obtained experimen-
tally, I,,,,, is the applied current (0.1 A), t is the deposition time
(15 or 300 s), My; is the molar mass of Ni (58.7 g mol™), z is the
number of electrons transferred (2), and F is the Faraday constant
(96485 C/mol).

4.3.2 | SEM and EDX

A Hitachi Schottky SU5000 FESEM was used to study the
microstructure of the deposited layers as well as the bare Ni and
SS supports. Images were taken in the secondary electron (SE)
mode at a magnification of 5000x and at an accelerating voltage of
5kV. A Bruker EDX, coupled with the SEM, was used to obtain the
elemental compositions of the deposits. The accelerating voltage
of the electrons was changed to 15 kV for the EDX analysis.

4.3.3 | X-ray photoelectron spectroscopy

XPS measurements were done with a hemispherical energy
analyzer from SPECS (PHOIBOS 150) as part of the DAISY-
FUN ultra-high vacuum cluster tool using monochromatic Al K,
radiation (hv = 1486.74 eV). The spectra were acquired in fixed
analyzer transmission mode. The pass energy was 20 eV for the
survey scan and 10 eV for the core level spectra. The step size was
0.3 and 0.05 eV, respectively. The binding energy calibration of
the system was done using sputter-cleaned Au, Cu, and Ag, to an

accuracy of 0.1 eV. Data analysis was performed with CasaXPS,
version 2.3.22.22 [52]. All spectra were calibrated to the Fermi edge
Er =0 eV for the valence band edge of Ni metal. Handbooks of
monochromatic XPS spectra were used to identify the metal or
metal oxide species from the peak positions [43, 53].

4.3.4 | ICP-optical emission spectroscopy

An Agilent 5800 VDV ICP-OES was used to measure the Fe
concentration in the KOH before and after OER experiments.
The instrument was initially calibrated using a standard addition
method, wherein known amounts of a Fe standard solution
were added to a reference 1 M KOH solution, and the resulting
intensities from the ICP-OES were used to obtain a calibration
curve. The Fe concentration in the experimental KOH electrolytes
was then calculated based on these calibration curves.
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