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ARTICLE INFO ABSTRACT

Keywords: To address the challenges of climate change, efficient green hydrogen production via alkaline water electrolysis
Alkaline water electrolysis is essential. Enhanced efficiency can be achieved not only by catalyst design, but also by pre-treatment of
Ball milling the catalyst-coated electrodes. In this study, we transfer previously optimized electrochemical conditioning
Electrochemical conditioning protocols to spray-coated NiCoO, anodes and compare their effects with plasma treatment and ball milling.
Electrochemistry

While plasma treatment enhances activity for the oxygen evolution reaction, combining plasma treatment
with electrochemical conditioning further improves performance, reducing the potential required to reach
100mA cm~2 by over 50mV. Plasma treatment also improves catalyst-layer adhesion, reducing delamination
during conditioning. However, delamination could not be fully prevented for intensive conditioning protocols
involving cycling into the hydrogen evolution regime. Applying these protocols to more mechanically stable
electrodes could enable further improvements. Overall, our findings highlight the importance of electrode
pretreatment and optimized processing protocols to enhance both activity and stability.

Plasma treatment

1. Introduction Beyond their intrinsic performance, a catalyst’s activity is largely
determined by its structural properties such as particle size distri-
bution and the resulting layer homogeneity and microstructure as
well as its surface oxidation state [12-14]. These properties can be
tailored through synthesis and pre-treatment — both chemically and
electrochemically. The synthesis of Ni-Co-based catalysts for the alka-
line OER can involve various methods to achieve desired morpholo-
gies and structures. For example, electrodeposition enables controlled
growth of Ni—Co-alloys with specific morphologies, such as nanowires
or nanocrystals [15,16]. Alternatively, metal-organic frameworks serve
as precursors that can be transformed into nanosheets or porous Ni-Co-
nitrides upon annealing in an NH; atmosphere [17]. Spray coating of

Hydrogen is a crucial energy carrier, enabling renewable energy
storage and replacing fossil fuels in industrial processes, playing a key
role in achieving net-zero targets. Alkaline water electrolysis (AWE)
is an established process for the production of green hydrogen and
requires low-cost, highly efficient and stable electrocatalysts for the
oxygen evolution reaction (OER). Ni-,Fe-, and Co-based materials have
been widely studied as highly active OER catalysts [1-9]. Among them,
Ni-Fe-based catalysts exhibit excellent activity, and are widely adopted
in alkaline water electrolysis systems. However, iron dissolution during
operation creates challenges for electrolyzer designs that employ high-
performing cathodes. While dissolved iron enhances OER activity on Ni

anodes, it simultaneously deactivates noble metal-based cathodes [10].
As electrolyzer manufactures consider pairing Ni-based anodes with
noble-metal cathodes, Fe-free systems remain an industrially relevant
alternative [10,11]. In this work we, therefore, focus on Fe-free Ni-
Co-based electrocatalysts and investigate how different pre-treatment
methods influence their properties.
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nanoparticles such as NiO, Co;0,4 and NiCo,0,4 provides another route
to form thin film electrocatalysts [18,19]. To enhance OER performance
and increase catalyst stability, several treatment techniques are applied,
including surface nitridation, which increases active sites and facilitates
electron transfer, as well as the integration of conductive substrates
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like carbon cloth or graphene [20-22]. Annealing, calcination and elec-
trochemical treatments of the synthesized layers are often employed
subsequently to the deposition or coating of the materials, further
increasing the catalytic activity [19,23,24].

However, despite the fact that pre-treatment seemingly plays a
crucial role in catalyst activation, its effects and best practices are not
fully understood, yet. In this study, we utilize and combine different
pre-treatment methods to tune the activity as well as to improve the
adhesion of particle-based catalyst layers: (a) electrochemical condi-
tioning, (b) ball milling of catalyst powder, and (c) plasma treatment
of catalyst layers [14,25-27].

Electrochemical conditioning, typically by cyclic voltammetry (CV),
is a common experimental step prior to the actual catalysts activity de-
termination not only for OER but also for other catalytic processes, such
as the oxygen reduction reaction (ORR) and the hydrogen evolution
reaction (HER) [28-31]. The conditioning is primarily used to oxidize
and remove surface impurities while ensuring the electrocatalyst’s sur-
face reaches its active state prior to further experiments. In a previous
work, we systematically investigated the impact of CV-conditioning on
a NiygFesq bulk electrode in an electrochemical flow cell (EFC) [14].
We demonstrated that CV-conditioning leads to an activation, which is
strongly influenced by the applied potential window, scan rate, and the
number of cycles. Furthermore, improved activation for larger potential
windows, i.e., conditioning into OER and HER potentials, a low scan
rate, and a high number of cycles were found. For fixed conditioning
times, a high scan rate is beneficial. Optimized conditions, such as
cycling between —0.35-1.6 V vs. RHE at 100mV s~! for 30 min, resulted
in a significant reduction of the OER overpotential by 47 + 6 mV at
10mA cm~2. The observed enhancement was attributed to the growth
of a hydrous oxide layer, while Fe incorporation or dissolution played
only a minor role.

While ball milling is commonly used to reduce catalyst particle size,
we showed in another study that it can also induce significant structural
modifications that impact the intrinsic catalytic performance [25].
The oxide materials undergo phase transformations, which directly
influence their electrochemical activity. In this previous study, ball
milled NiCoO, exhibited the highest OER activity, reaching a mean
potential of 1.56 V vs. RHE at 10mA cm~2, compared to 1.61V vs. RHE,
without any treatment. This improved performance is attributed to an
initial Ni(OH), reduction as well as particle fragmentation, highlighting
the benefits of controlled structural modification via ball milling. The
findings emphasize that, beyond particle size reduction, ball milling
can serve as a pre-treatment strategy to enhance catalytic properties
by tuning the phase composition.

Plasma treatment is another promising surface modification tech-
nique that alters catalyst morphology and composition. This method
involves exposing catalyst materials to a plasma environment, which
can induce significant modifications in their surface properties, thereby
enhancing their catalytic performance. For instance, Xu et al. [26]
demonstrated that an argon plasma treatment of Co30, nanosheets not
only increased their surface area but also generated oxygen vacancies,
leading to a higher Go?'/Co®' ratio. These changes resulted in a
substantial improvement in OER activity, with the plasma-engraved
Co;0, exhibiting a much higher current density and a lower onset
potential compared to the pristine material. Similarly, Le et al. [32]
reported that nitrogen plasma treatment of a Ni—-Co-based catalyst
induced oxygen vacancies and nitrogen doping in the catalyst structure.
These modifications considerably improved the charge transfer effi-
ciency, which results in excellent OER performance in alkaline media
with a low overpotential of 289 mV at 10mAcm~2 and high stability
over 24 h. Wagner et al. [33] further showed that plasma treatment of
nickel surfaces can increase the specific surface area by introducing a
porous network of nickel nitrides. Furthermore, the treatment removes
necessary binder for coatings and can reduce the OER overpotential
by ~ 46mV at 100mA cm~2 [27]. All studies underscore the potential
of plasma treatment as an effective pre-treatment strategy to tailor the
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surface characteristics of catalysts, thereby optimizing their activity and
stability for the OER.

While each of these pre-treatment strategies has been shown to
influence catalyst performance, their transferability to conventional
powder-based thin-film electrodes and their combined application have
not yet been investigated. In particular, it remains unclear whether
electrochemical conditioning procedures developed for bulk electrodes
can be directly applied to thin-film electrodes.

In this work, we therefore investigate commercial nickel cobalt
oxide (NiCoO,) powder catalysts deposited as thin-film electrodes by
ultrasonic spray coating. First, electrochemical conditioning procedures
previously established by Gohlke et al. [14] for NijgFesq bulk elec-
trodes in an EFC are adapted to a beaker cell setup and evaluated
for their transferability to the Ni-Co catalyst system. Subsequently,
additional pre-treatment strategies, namely ball milling of the catalyst
powder and plasma treatment of the deposited catalyst layers, are
investigated to improve the structural integrity and to achieve further
enhancements in combination with electrochemical conditioning. The
resulting data is correlated to surface changes, characterized by optical
microscopy, scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy (XPS).

2. Experimental
2.1. Electrochemical procedures

The fabricated layers were employed as working electrodes (WE)
in three-electrode beaker cell and flow cell setups (see Figure S1).
The beaker cell setup is a modified version of the cell presented by
Thissen et al. [34], adapted for plate electrodes as described by Jain
et al. [12]. A detailed description of the EFC is provided elsewhere [14].
The experimental setup and measurement procedures closely follow
those reported by Jain et al. [12] and are described in detail in the
Supplementary Information (SI), sections S2 and S3. Two experimental
protocols were employed: (i) a primary activity determination (PAD)
protocol to assess electrode activity and short-term stability, and (ii)
an electrochemical conditioning protocol.

2.1.1. Primary activity determination protocol

In short, the PAD protocol comprises three steps. First, the initial
electrode activity is determined. This is followed by a stability test
consisting of four consecutive cycles, with the central step being a
chronopotentiometry (CP) measurement at 100mAcm~2. The proto-
col concludes with a second activity determination performed under
conditions similar to those of the initial measurement.

2.1.2. Electrochemical conditioning

The electrochemical conditioning protocols are similar to those
presented by Gohlke et al. [14] The protocols contain one CP ac-
tivity determination step prior and one after the conditioning step
(Ei,before and fi,aﬂer). The respective potentials are averaged by calcu-
lating the mean value over the CPs final 120s. As a measure for the
activation of the electrodes, the potential difference AE;, at a given
current density i, is calculated according to Eq. (1):
AEi = Ei,after - Ei,before (€]
Conditioning was performed by CV with three different sequences:
SEQO01 (—0.35-1.6 V vs. RHE, 10mVs~!), SEQ02 (—0.35-1.6 V vs. RHE,
100mVs~!) and SEQ03 (0.5-1.6V vs. RHE, 10mVs~!). If not further
specified, 300 cycles were performed in each sequence. Further details
of the protocol are shown in Figure S3 and Table S2

2.2. Layer fabrication
2.2.1. Ball milling

The commercial NiCoO, catalyst (99 %, CAS: 58591-45-0, Sigma-
Aldrich) was subjected to planetary ball milling (PM-100, Retsch) at
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a constant weight ratio of NiCoO, to zirconium oxide beads (1 mm
diameter) of 1:150 [35]. Prior to milling, milli-Q water was added at a
rate of 2mgpL.~! (based on the catalyst mass). The mill was operated at
400rpm for a total of 2h with a 1 min cooling interval between milling
cycles to mitigate thermal effects. In addition, the rotation direction
was alternated between clockwise and anticlockwise every 30 min to
promote homogeneous grinding. Following the milling procedure, the
resulting product was retrieved via milli-Q water flushing and subse-
quently dried in a vacuum oven at 60°C for 20h to ensure complete
removal of residual moisture.

2.2.2. Ink formulation

Catalyst inks were prepared following established procedures from
our previous work [12,27]. Briefly, the catalyst powder was dispersed
at a concentration of 1 mgmL™' in a 50:50 wt.% water—ethanol mixture.
The suspension was tip-sonicated for a total of 18 min, with the binder
added during the final 6 min. Sonication was performed under ice-
bath cooling to suppress heating and re-agglomeration, while the ink
stability was assessed by analytical centrifugation. More information
about the ink formulation process is given in SI, section S4.

2.2.3. Coating

Coatings were performed as described in our previous work [12]. A
detailed description is given in the SI, section S5. Briefly, the inks were
deposited onto nickel plates (99.2%, 1cm?) using an ultrasonic spray
coater. 80 layers of the inks were sprayed at 0.4mLmin~!, achieving
mass loadings of approximately 450 pgcm™2.

2.2.4. Plasma treatment

We refer to our previous work [27] for the plasma treatment, as
the exact same protocol was applied to these samples. In short, the de-
posited layers were treated in a custom build microwave plasma reactor
under nitrogen atmosphere. The plasma was ignited at a microwave
power of 1kW and applied for 10 min with the sample positioned on a
glass holder.

2.3. Characterization

SEM, EDX & XPS were performed similar to the work by Jain
et al. [12] and are detailed again in the SI, section S6. In summary,
SEM & EDX were carried out using a Hitachi TM3030 tabletop SEM
equipped with a Quantax70 EDX detector. For EDX analysis, three
locations per sample were evaluated, excluding regions with evident
catalyst detachment.

XPS was conducted using a near-ambient-pressure system with a
monochromated Al-Ka source (1486.6 eV). Survey spectra were ac-
quired at a pass energy of 100 eV, followed by high-resolution scans
of Ni, Co, and O at 20 eV and a resolution of 0.05 eV.

3. Results and discussion
3.1. Transferability

Based on the experimental procedure developed by Gohlke et al.
[14] for an EFC setup with Ni,yFes, bulk electrodes, we investigated
its transferability to a beaker cell configuration (setups are displayed
in Figure S1). This modification is necessary because incorporating
powder-based electrodes into the EFC setup would result in significant
material waste, as each sample would need to be embedded in epoxy
resin. The goal is to gradually mimic the stagnant and batch conditions
of a beaker cell by transitioning from a single-pass flow to a circular
flow. Subsequently, the flow rate is reduced from 3mLmin~! to the
lowest feasible rate in the EFC, 0.9 mL min~', where the convective mass
transport remains sufficient to efficiently remove evolving gas bubbles.
Fig. 1 shows the activation behavior for the subsequent steps of the
transfer from the EFC to the beaker cell, as well as the replication of
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Fig. 1. Comparison of the activation of Ni,,Fey, in the EFC and the beaker
cell employed in this work. Conditioning settings were —0.35—1.6V vs. RHE,
100mVs~!, 46 cycles, RT, 1 M KOH.

the activation behavior reported by Gohlke et al. [14] (the respective
conditioning CVs are shown in Figure S4). While the reduction of the
flow rate or switching to a circular flow has no significant impact on
electrode activation, in the beaker cell setup, activation decreased from
50+4 mV to 32+3 mV. One possible explanation could lie in the actual
electrode surface area. In the EFC, the geometric surface area of the
electrodes is exactly defined as 1cm?, since the electrode is embedded
in an epoxy polymer, exposing only one surface to the electrolyte.
In contrast, in the beaker cell, the electrode holder partially covers
the electrode (approximately 13 %), reducing the actual surface area in
contact with the electrolyte. On the other hand, the sides of the cuboid-
shaped 1 cm? plate electrodes are exposed to the electrolyte, potentially
increasing the active surface area. This effect can be significant, as the
sides could add up to approximately 0.3 cm? to the assumed surface area
of 1cm?.

This is supported by the higher activity of electrodes measured
in the beaker cell even before conditioning (see Figure S5). Another
key difference between the two systems is the reduced convection in
the beaker cell, which is achieved by stirring with a magnetic stirrer
at 100rpm. Compared to the EFC, gas bubbles may not be removed
as effectively, due to the absence of shear forces introduced by elec-
trolyte flow [36] (gas bubbles on the electrode surface are visualized
in Figure S6). This may increase ohmic resistance and reduce the
active surface area. Portions of the electrode covered by evolving gas
bubbles may not be in contact with the electrolyte, thereby reducing
the effectiveness of the conditioning process and leading to lower
activation. Nevertheless, a clear activation could still be observed in
the beaker cell, and — within experimental error as previously described
— remained within the expected range. Thus, pre-treatment by elec-
trochemical conditioning was successfully transferred to the beaker
cell configuration and is applicable for studies involving powder-based
electrodes.

3.2. Protocol optimization of powder-coated anodes

To optimize the electrochemical conditioning protocol for powder-
coated anodes, we investigated the activation behavior of a spray
coated NiCoO, on a Ni99.2 support and compared it to a bulk Ni;yFes,
electrode. Fig. 2 shows the activation of both electrodes at 10 mA cm™2
after a mild electrochemical conditioning between 0.5-1.6V, at
10mV s~! (the respective conditioning CVs are given in Figure S7). After
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Fig. 2. Activation comparison of Ni,,Fe;, (46 cycles) and NiCoO, (46 cy-
cles and 300 cycles). Conditioning was performed in the potential range of
0.5-1.6V vs. RHE with 10mVs~'.

46 conditioning cycles, the NiCoO, electrode exhibits similar activation
values (14 + 3 mV) compared to the Ni,oFes, electrode (9 +2 mV).

Within this narrower potential window in comparison to Fig. 1, the
overall activation is expectedly lower. As we have shown previously by
quantifying Fe dissolution through coupling the electrochemical mea-
surements with ICP-OES, the reduced lower potential limit especially
benefits the dissolution of Fe in the NiyoFes, bulk electrode, leading
to a roughening of the surface and improving the Ni-to-Fe ratio for
OER activity [14]. It was also shown that non-Fe-containing electrodes
are less sensitive to the lower potential limit, which could explain the
higher activation for the coated catalyst studied here. On the other
hand, as NiCoO, already is in an oxidized state, restructuring of the
anhydrous oxide to a hydrous oxide might be a slower process than on
the metal-electrode. Thus, to further increase the conditioning effect,
we extended the conditioning from 46 to 300 cycles. With such a
prolonged conditioning time of 2.8 h, a significantly higher activation
of 27 + 4 mV at 10mA cm=2 for NiCoO, could be achieved.

Next, the impact of the lower potential limit as well as the scan
rate was studied for the powder-based electrodes and compared to the
conventional conditioning (with only 46 cycles) of Ni,yFes, (Fig. 3
and Figure S8). While a direct comparison of the absolute activation is
difficult due to the different conditioning times and surface structures,
activation trends can well be compared. The large potential window
from —0.35-1.6V was tested both at 10mVs~! (SEQO01) as well as
100mV s~! (SEQ02). The previously employed mild conditioning, now
with 300 cycles, is termed SEQ03. As the number of cycles is held
constant, the different conditioning parameters led to different condi-
tioning times of 32.5h, 3.25h and 18.3h for SEQ01, SEQ02 and SEQO03,
respectively.

It can be observed that, even though NiCoO, does not contain
Fe, the trend that a low lower potential limit (SEQO1 and SEQO02) is
favorable for catalyst activation seems to be also valid for the powder-
based material. From SEQO03 to SEQO1 the activation is almost doubled
to a maximum of 51 +5 mV.

Interestingly, a higher activation is present for the powder-based
anodes when conditioning with SEQO1 compared to conditioning with
SEQO02, while this is not the case for the Ni,Fes, electrode. It might be
argued that the slower scan rate is beneficial for the re-arrangement of
the anhydrous oxide. However, it needs to be noted that the coatings
delaminated for SEQO1 and SEQO2, probably due to the strong gas
evolution during the conditioning into the HER. This can be observed
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Fig. 3. Activation (-4E;)) at 10mAcm™2 of NiCoO, and Niy,Fe;, due to
conditioning performed in 1 M KOH at RT with SEQO1 (-0.35-1.6V vs. RHE,
10mVs™), SEQ02 (—0.35-1.6V vs. RHE, 100mVs~") and SEQ03 (0.5-1.6V
vs. RHE, 10mVs™!). Please note that the bulk Ni,,Fe;, underwent 46 cycles
(5h, 0.5h and 2.8h total conditioning time for SEQ01, SEQ02 and SEQO3,
respectively) while all powder-coated anodes underwent 300 cycles (32.5h,
3.25h and 18.3h total conditioning time for SEQO1, SEQO2 and SEQO3,
respectively). Catalyst loading is ~450 pgcm=2.

optically by the light area of the Ni-support after conditioning (Fig-
ure S9). As a result, we assume that the measured activation does not
solely reflect the behavior of the powder itself but that of the combined
system, consisting of the catalyst layer and the Ni99.2 support material.
A comparison with the conditioning data of a Ni99.99 electrode from
Gohlke et al. [14], further supports the hypothesis that activation is
predominantly influenced by the support, since the same strong depen-
dency on the scan rate for the Ni99.99 electrode was observed. Thus, to
study the real activation behavior of powder-based catalyst layers, the
delamination issue needs to be addressed. The delamination itself might
be attributed to the additional formation of hydrogen bubbles, which
adhere to the surface, introducing significant mechanical stress within
the porous structure and leading to subsequent potential detachment
of catalyst particles. The dynamics of bubble formation, growth, and
detachment are influenced by factors such as wettability and surface
structure of the materials [12,37,38]. Hydrogen bubbles, in particular,
might cause substantial mechanical stress compared to oxygen bubble
formation, because of their rapid nucleation and smaller detachment
size [39]. While particle detachment is also visible for SEQ03, which
cycles only into the OER regime, the extent of delamination is less.
Oxygen bubbles may have a different impact due to changed nucle-
ation, growth and surface property characteristics combined with a
reduced total bubble load. Therefore, our results strongly underpin that
understanding and controlling bubble dynamics is crucial for improving
the stability and performance of powder-based anodes. In a follow-up
study, we plan to employ Laser Marked Shadowgraphy and Glare Point
Velocimetry, to better visualize the bubble growth and detachment
from the electrode.

3.3. Catalyst-layer optimization

To improve the stability and adhesion of the catalyst layer, ball
milling (BM) of the catalyst particles before ink preparation and coating
as well as plasma treatment (PT) of the catalyst layers after coating
are investigated. Fig. 4 presents the stability of the differently prepared
layers during a 2h CP conducted at 100 mA cm~2 from the last cycle of
the PAD protocol (see SI, section S3). These are compared to the pure
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Fig. 4. Comparison of 2h CPs at 100mAcm™ for NiCoO, catalyst layers
with different pre-treatment methods: no treatment (NT), ball milling (BM),
electrochemically conditioning (CD), plasma treatment (PT). The 2h CP of
Ni99.2 is added as point of reference. The shown CP is the final of four
CPs, as defined for the PAD protocol (see SI, section S3). The CD sample was
conditioned with SEQ03 (0.5-1.6V vs. RHE, 10mV s~!, 300 cycles). The given
standard deviation is the mean value of the standard deviation in every time
step.

Ni99.2 support, the unconditioned, regularly prepared catalyst layer
(no treatment, NT) as well as the sample conditioned by SEQ03 (CD).

All electrodes investigated demonstrate stable performance over the
examined timeframe with most of them even exhibiting slight activa-
tion behavior, except for Ni99.2, which maintains a constant potential.
However, a clear difference in performance is observed among the
different pre-treatment techniques, with the PT electrode showing the
highest activity, i.e., the lowest potential of 1.56 V, followed by the CD
electrode. The NT electrode and Ni99.2 exhibit similar performances,
while the BM electrode shows the lowest activity with 1.60 V.

The relatively good performance of Ni99.2 can be attributed to its
inherent activity as a support material, particularly in the presence of
Fe in the electrolyte (200 ppb) [40,41]. Additionally, the brief initial
conditioning step in the electrochemical protocol (see SI, section S3)
may already facilitate the formation of active species, which might
explain why Ni99.2 achieves a performance comparable to the NT
electrode. Furthermore, the presence of Nafion as a binder in the coated
electrodes might reduce the active surface area of the powder catalyst
and, thus, its catalytic activity. The presence of the binder is also visible
by the clear fluorine signal in the EDX analysis (Fig. 5). Additionally,
microstructure plays a critical role in anode performance [12]. Here,
the microstructure of the NT electrodes may be unfavorable for gas
bubble transport, potentially decreasing the electrodes’ activity.

Ball milling leads to a particle size reduction and homogenization of
the particle size [25]. Thus, a more homogeneous layer with potentially
better adhesion was expected. Contrary to these expectations, partial
delamination of the catalyst layer occurred already during the PAD
protocol, as shown in Figure S9. Furthermore, it is counterintuitive that,
even though much of the layer remains intact, its performance is still
lower than that of the support (Ni99.2) itself. According to the EDX
analysis (Fig. 5), this could be explained by a comparable high binder
content in the resulting layers, blocking the availability of active sites
in the liquid alkaline environment.

Compared to the NT electrodes (9 wt.% F), a significantly higher
binder content (16 wt.% F) is present in the BM electrodes. The reason
for this remains unclear given that the absolute binder content in the
catalyst ink was kept constant. Variations in coating morphology or
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Fig. 5. EDX analysis of elemental composition of NT, BM, and PT samples
before and after activity determination protocol. Please note that Zr, S and
C are not shown here for better visibility. The full data set can be found in
Figure S10.

the interfacial interaction between binder and particle surface might
have led to more Nafion being exposed for the EDX measurement.
Additionally, inconsistencies in the catalyst ink preparation or cross
contaminations during the ball milling process cannot be excluded.
The EDX analysis, furthermore, revealed the presence of zirconium (Zr)
impurities in the BM electrodes (see Figure S10a for full EDX data),
which likely originates from the ball milling process owing to abrasion
from the zirconium-based milling balls. However, this contamination is
not expected to negatively impact the OER performance [42].

As demonstrated in our previous work, the enhanced performance
of the CD electrodes likely arises from the formation of a hydrous oxide
layer during conditioning. This was confirmed by XPS, which revealed
an increase in hydroxide species on bulk electrodes after condition-
ing [14]. Given the similar nickel-rich surface structure of our spray-
coated NiCoO, anodes, we expect a similar activation mechanism to
occur. Furthermore, a recent study on different Ni-based thin-film elec-
trodes report formation of oxyhydroxide species under electrochemical
conditioning, independent from the initial material composition [43].
Accordingly, we expect that the coated electrodes exhibit not only
Ni—OOH but also a complementary Co-OOH contribution.

The PT electrodes show the best performance, even surpassing
the CD electrodes, which is attributed to several factors. First, en-
hanced (nano-)porosity stemming from the plasma treatment (as seen
in Figure S15) is likely to increase the active surface area [27,33].
Additionally, the removal of the binder — evidenced by the absence of
fluorine (F) in the EDX analysis — increases the accessibility of active
sites for the OER. Plasma treatment also reduces the initial oxygen
content, likely due to the formation and subsequent removal of gaseous
NO species during the treatment. Moreover, nitrogen from the plasma
is incorporated into the structure, which is even sustained after the
PAD protocol (Fig. 5, dashed bar). As previously discussed, nitrogen
doping may positively influence the performance by creating oxygen
vacancies [33,44]. After the PAD protocol, the PT electrode revealed
the most significant increase in O content compared to NT, BM and CD
electrodes. This supports the hypothesis of a facilitated formation of
active (an)hydrous oxide layers possibly because of nitrogen incorpora-
tion. However, a distinct observation is that the PT sample also shows
the largest decrease in Co content post-measurement, suggesting that
cobalt is either leached out or redistributed. Our previous in-depth anal-
ysis of the effect of plasma treatment on our coated layers [27] further
revealed that while plasma treatment does not alter the bulk crystal
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structure (confirmed by X-ray diffraction), it creates a more structurally
“flexible” electrode that undergoes reversible phase transformations
during electrochemical cycling, facilitating the formation of active
NiOOH/CoOOH species (as seen during operando Raman spectroscopy).
Finally, we also showed that plasma treatment leads to a complete
change in the wetting behavior of the anode, which could improve gas
bubble detachment and, hence, increase the activity [12,27].

The analysis of the electrodes’ morphology is depicted in Figure S11
(a, b) (CD electrode), and Figure S12 (NT, PT and BM electrodes).
The SEM images reveal that the NT electrode exhibits an ordered
porous structure with concave, hemispherical pores. This microstruc-
ture remains intact after plasma treatment; however, as we showed
previously, increased pore formation is visible at the nanoscale [27].
This increased porosity likely increases the active surface area, which
is in line with the increased performance for the PT electrodes.

In contrast, BM electrodes lack a structured surface and appear
to have larger agglomerates formed during the drying process of the
coating. Conversely, we observe smaller particle sizes for the ball milled
powder prior to coating, which becomes apparent from the longer
sedimentation time in the transmittograms (Figure S13) [45,46]. The
decreased particle size may give a larger surface area for possible
interaction with Nafion. This supports our assumption that the result-
ing coating microstructure might play a role in the detection of an
increased binder content.

After the PAD protocol, the structures of the coatings stay intact
for NT and PT electrodes as well as for the remaining catalyst layers
of the CD-SEQO03 and BM electrodes (Figure S11(b) and S12(d, e,
)). The unchanged microstructure is in line with the constant mea-
sured potential during the CP measurements (Fig. 4), since a change
of microstructure would be expected to show a deactivation of the
materials and a subsequent potential increase. The mechanical stability
of PT electrodes was investigated by a cavitation erosion test. Here, the
electrodes are exposed to cavitation bubbles generated by an ultrasonic
horn, which simulates accelerated electrode aging under increased gas
formation. We showed that PT electrodes exhibit stronger resistance to
layer detachment compared to their NT counterparts. As we discussed
in a previous work, the enhanced contact between the coating and the
support arises from the energy input from the plasma, upon which a
sintering of the coating occurs [27]. This leads to an improved cohesion
of the coating particles, and thus an overall increase in mechani-
cal stability. Additionally, since both coating and substrate contain
Nickel, a layer rearrangement occurs, which enhances the contact
between surface and coating by a sintering process, thereby increasing
the adhesion. For more information see section S13, Figure S14 and
Figure S15.

3.4. Combining plasma treatment and electrochemical conditioning

Since both plasma treatment and electrochemical conditioning have
independently demonstrated promising results with respect to the pre-
activation of powder-based electrodes, their combination to further
optimize the catalyst’s pre-treatment was investigated. Also, the me-
chanical stabilization of the catalyst layers by plasma treatment makes
these electrodes potentially interesting for pairing with a more inten-
sive conditioning protocol. For that purpose, we chose two conditioning
protocols in combination with the plasma treatment: SEQO1, which
generally yields the best activation but leads to delamination on the
NT electrodes, and SEQ03, which offers stable layers but typically leads
to less activation. Fig. 6 displays the activation of NiCoO, exclusively
conditioned electrochemically with SEQO1 and SEQ03 (CD NiCoO,), as
well as the additionally plasma-treated sample (PT-CD NiCoO,). More-
over, their performance is evaluated against the conditioned support
material (CD Ni99.2). The respective conditioning CVs are given in
Figure S16.

Unfortunately, the improved adhesion strength of the PT electrodes
did not fully prevent the delamination of the catalyst layer during
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Fig. 7. EDX determination of elemental composition of PT samples before the
PAD protocol and after further conditioning with SEQO1 and SEQO3 after the
PAD protocol.

conditioning with SEQ01, however, minor amounts of catalyst particles
remain (Figure S9 and S11(c)). In contrast, the PT electrode condi-
tioned with SEQO3 remained intact, confirming our expectations of
enhanced catalyst layer stability. Still, a slightly larger activation is
observed for conditioning with SEQO1. Yet, due to the catalyst delam-
ination, it remains unclear whether the measured activation reflects
the catalyst layer itself or the underlying support. The activation trend
for the PT-CD electrodes is analogous to the CD electrodes, but the
difference between SEQO1 and SEQO3 becomes less pronounced for
the PT-CD electrodes. Specifically, the activation after conditioning
the PT electrodes with SEQO1 is significantly lower compared to their
CD counterparts, while the activation by CD-SEQO03 remains largely
unchanged upon pre-treatment with plasma. This suggests that, de-
spite delamination cannot be fully prevented, it is less severe for PT
electrodes, allowing for at least partial activation of the powder layer.
It is, furthermore, worth comparing the extent of activation of CD-
SEQO1 and PT-CD-SEQO1 to the pure CD Ni99.2 support. CD-SEQO1
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Fig. 8. (a) XPS survey spectra of PT and NT samples with significant elemental peaks marked and (b) high-resolution XPS showing the Ni 2p region of the PT

and PT-SEQO3 electrodes.

NiCoO, and CD-SEQO01 Ni99.2 show similar activation, while that of
PT-CD-SEQO01 NiCoO, is lower. Considering a possible fast delami-
nation of CD-SEQO01 NiCoO,, the extent of activation could be fully
assigned to the conditioning of the Ni99.2 support, explaining their
similar extents. On the other hand, for PT-CD-SEQ01 NiCoO,, initial
particle adhesion might have been improved, potentially allowing some
powder activation during conditioning. Nevertheless, this activation
is followed by a gradual detachment, which leads to exposure of the
Ni99.2 support. The remaining cycles then activate the support, but to
a lesser extent than what a full CD-SEQ01 Ni99.2 electrode experiences.
Fig. 7 depicts the EDX analysis of the PT and PT-CD electrodes. It
supports the assumption that plasma treatment enhances the catalyst
layer adhesion, as small amounts of cobalt remain detectable even
after CD-SEQO1. Furthermore, the layers remain entirely intact after
CD-SEQO03. Additionally, a slight presence of Fe is detected after CD-
SEQO1, which is consistent with the findings of Vinayakumar et al. [27]
The increased porosity of the samples after plasma treatment likely
enhances Fe uptake in the low potential region, which, in turn, directly
improves OER activity. This underscores the importance of optimizing
conditioning parameters for forming highly active OER sites [43].

To elucidate the surface oxidation state after the combined plasma
treatment and electrochemical conditioning, XPS characterization was
performed on freshly coated (as-prepared), PT and PT-CD-SEQO3 elec-
trodes. Fig. 8 summarizes the XPS results. The survey spectra (Fig. 8(a))
show pronounced changes in surface chemistry after plasma treatment.
Consistent with earlier findings [27], the treatment removes the Nafion
binder from the electrode surface demonstrated by the complete loss of
the characteristic F 1s signal at ~690 eV that was clearly present in the
as-prepared sample. This observation supports the EDX results shown
in Fig. 5.

The high-resolution Ni 2p spectra (Fig. 8(b)) provide insights into
the chemical state evolution of nickel species throughout the plasma
treatment and electrochemical conditioning. The PT sample exhibits
deconvoluted Ni 2p3,, and Ni 2p,,, peaks at ~855 eV and ~873 eV
characteristic of a Ni%" species (NiO) and one higher oxidized species
such as Ni(OH), or NiOOH.[14,27]. Notably, after additional condi-
tioning with SEQO03, the Ni 2p spectrum shows a redistribution of peak
intensities with an enhanced contribution from higher binding energy
components. This shift suggests partial oxidation of the Ni species
during the conditioning, consistent with the formation of catalytically
active NiOOH phases that are known to be central to the OER mecha-
nism. Because of the similar binding energies of Co?* and Co®", the
deconvoluted Co 2p spectrum (Figure S17) cannot be reliably used
to assign the cobalt oxidation state in NiCoO,[47,48]. Nevertheless,
a general surface reconstruction away from the initial metal oxide
state is indicated by changes in the satellite features of the Co 2p
spectrum. Before electrochemical conditioning, the electrodes exhibit
pronounced satellite peaks at ~783 eV (for Co 2p3,,) and ~803 eV (for
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Fig. 9. Mean potential of the final 20 min of a 2h CP at 100mAcm~2 for
tested NiCoO, electrodes. The chosen CP is the final of four CPs, as defined
in the PAD protocol (see SI, section S3). Conditioning performed with SEQ01
(-0.35-1.6V vs. RHE, 10mVs~!) and SEQ03 (0.5-1.6V vs. RHE, 10mVs™!)
in 1M KOH at RT with 300 cycles. The delamination of the respective
electrodes is indicated in the legend. Marks are signifying the observation of
delamination.

Co 2p;,»), which disappear after conditioning, consistent with a less
complex coordination environment than typically observed for metal
oxides [49,50].

Finally, the O 1s XPS spectra of the PT samples, shown in Figure
S18(b) exhibit deconvoluted components at ~529.2 eV and ~531 eV,
attributed to lattice oxygen (0%") and surface hydroxyl groups (OH™),
respectively, indicative of a hydroxylated mixed-metal oxide surface
[50]. Following the electrochemical conditioning (Figure S18(a), PT-
SEQO03), these features persist with notable intensity redistribution
towards higher availability of hydroxyl species, while an additional
signal emerges at ~532.1 eV, assigned to weakly adsorbed oxygen
species including physisorbed water adsorbates. This spectral evolution
is widely interpreted as evidence of dynamic surface reconstruction and
the formation of oxyhydroxide phases, such as NiIOOH or CoOOH [51-
53]. The XPS investigations align well with our previous work [14],
confirming our assumptions for the improved OER performance of CD
electrodes.

To ultimately draw conclusions about the efficiency of the different
pre-treatment methods, the absolute potentials of the PAD protocol
were compared. Fig. 9 presents the potential at 100 mA cm™2 (E,) after
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Table 1
OER overpotential at 10mA cm~2 and 100 mA cm~2 derived from activity deter-
mination by CV measurements.

Sample Myo/mV M00/mMV
PT-CD-SEQO1 NiCoO, 250 + 6 294 + 9
PT-CD-SEQ03 NiCoO, 264 + 3 308 + 2
CD-SEQO1 Ni99.2 247 + 6 292 + 5
CD-SEQO03 Ni99.2 289 + 1 343 £ 1

the final 2h CP measurement for all analyzed electrodes. It becomes
again evident that all CD electrodes show improved activity, i.e., lower
potentials, regardless of any layer detachments. As previously noted,
the BM electrodes exhibit the lowest activity among all measured
electrodes. Notably, the CD-SEQO01 Ni99.2 support demonstrates po-
tentials comparable to the PT-CD-SEQO1 electrode probably due to the
delamination of the catalyst layer.

However, when comparing the potential of the PT-CD-SEQ03 elec-
trodes, where the catalyst layer stayed intact, to that of the CD-SEQ03
Ni99.2 support, the powder-coated anode shows a significantly bet-
ter performance, i.e., a potential difference of 37mV. These findings
suggest that conditioning the powder-coated anodes with SEQO1 —
while preventing layer delamination — could potentially lead to an even
higher activity gain. The OER performance of the PT-CD electrodes,
presented as overpotential () at 10 and 100mA cm~2, is compared to
the conditioned Ni99.2 in Table 1. The results clearly indicate that
the combination of plasma treatment and electrochemical condition-
ing yields notable OER performance, comparable to recent reports
on Fe-free Ni-Co oxides (;, = 320mV) [54], and competitive with
state-of-the-art Ni-Fe-LDH electrodes (7,, = 243 mV) [55].

Our results demonstrate that the combined effect of electrochemical
conditioning and plasma treatment can lead to significant activity
increases. Moreover, as we demonstrated in our previous works, op-
timizing coating conditions to enhance microstructural properties can
elevate the performance even more [12,27]. This effect, driven by the
fabrication process and supported by stable catalyst layers, can still
be exploited for future works. This highlights the importance of care-
ful catalyst preparation along the entire production chain, especially
putting a focus on obtaining stable anode layers.

4. Conclusion

In this work, electrochemical conditioning, originally optimized for
bulk electrodes, was translated to Ni- and Co-based powder-coated
anodes, clearly improving their electrochemical activity for the OER.
Longer treatment times are necessary to effectively activate those elec-
trodes as, compared to bulk metal electrodes, they are already in
an anhydrous oxide state and reconstruction into the active hydrous
phase requires more intense treatment. According to our previous
insights, larger potential windows should enhance the restructuring
process. However, adhesion of the catalyst layer was challenging when
cycling into the HER regime. This delamination is likely caused by the
high mechanical stress exerted on the porous anode layers during gas
evolution. To enhance the adhesion, we investigated additional pre-
treatment methods such as ball milling of the catalyst powder before
coating as well as plasma treatment of the coated catalyst layers. While
ball milling proved useful for reducing initial particle size, the resulting
electrodes showed a decreased performance, which is supposedly re-
lated to a stronger coverage of the particles by the added binder. Also,
delamination was still observed.

Plasma treatment successfully improved both the activity as well as
the mechanical stability. This method has previously been shown to
enhance the active surface area by introducing nanoscale porosity as
well as removing excess binder from the catalyst layers [27,33]. This
resulted in a higher relative content of active Ni and Co species. The
incorporation of nitrogen presumably further contributed to improved
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performance by promoting the formation of oxygen vacancies. This
enhancement is also observed for the catalyst layers studied, addition-
ally reducing delamination by an improved mechanical adhesion of the
catalyst layer to the support.

Finally, plasma pre-treated electrodes were subjected to electro-
chemical conditioning combining the positive effects of both tech-
niques. While an improved stability of the catalyst layers was observed,
the delamination within the extended potential window could not fully
be prevented. Thus, besides the activation of the catalyst, the activation
procedure also significantly affects the support leading to similar final
activities with and without the catalyst layer. However, with the mild
conditioning protocol, the catalyst-coated electrode clearly surpassed
the similarly conditioned Ni99.2 support. In comparison to the un-
treated powder-coated electrode, an activity improvement of more than
30mV at 100 mA cm~2 could be achieved by plasma treatment in combi-
nation with mild conditioning. This holds the promise that more intense
conditioning on stabilized electrodes could even further boost the
performance. The XPS analysis supports these conclusions by revealing
that plasma-treated and subsequently conditioned electrodes undergo
additional surface reconstruction during operation. This is visible in the
enhanced O 1s signal and the shift in Ni oxidation states, which indicate
the in-situ formation of catalytically active oxyhydroxide species.

Overall, our findings suggest that the formation of the active cat-
alyst layer is strongly influenced by pre-treatment conditions. Careful
optimization of treatment protocols can significantly enhance activity,
as well as chemical and mechanical stability. Future works should
focus on stabilizing catalyst layers and investigating the underlying
mechanisms governing catalyst layer delamination to fully exploit the
promising combined effects of plasma treatment and electrochemical
conditioning.
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