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Abstract

Ni-Co-based oxides (Ni-Co-O) are promising oxygen evolution reaction (OER) catalysts due
to their adaptable structures, affordability, abundance, and strong electrochemical performance.
While various studies explored the structure-activity relationships and OER mechanisms in
these catalysts, comprehensive anode development requires a systematic workflow covering all
stages of catalyst optimization. Here, we present an integrated approach for characterizing
commercial Ni-Co-O nanomaterials using a combination of analytics during processing, in
operando, and post-catalysis to gain insights into parameters influencing anode performance.
Key findings include the critical impact of catalyst ink optimization through solvent matrix
screening, enabling high-quality electrode layers via ultrasonic spray coating on Ni plates.
These Ni-Co-O layers, tested as anodes in alkaline OER, were further enhanced by plasma post-
processing, resulting in binder-free surfaces with increased porosity and wettability compared
to untreated samples. Notably, plasma treatment also promoted a more redox reversible catalyst
structure, improved Fe uptake efficiency, and led to a significantly enhanced OER activity by
reducing the overpotential by ~43 mV at 100 mA/cm2 compared to untreated samples. Our

study highlights the importance of a holistic evaluation approach, from catalyst powder to post-



mortem analysis, that enabled us to discover how plasma post-processing can yield binder-free

electrodes with superior electrochemical properties.

1. Introduction

The urgent need to develop renewable and clean energy solutions, driven by the depletion of
fossil fuels and the imperative to combat global warming, has propelled hydrogen as a
promising alternative for energy storage characterized by zero pollution, high specific energy
density, and abundant sources. - Electrochemical water splitting, evolving over two centuries
since its discovery in the 18" century, is becoming pivotal for large-scale hydrogen production.
4 Despite its potential, challenges like production cost and efficiency directly influence its
advancement. ° Even though significant progress in industrial alkaline and acidic water
electrolysis has been achieved, the oxygen evolution reaction (OER) at the anode remains a
critical bottleneck due to the sluggish kinetics. & ” Catalysts play a vital role in enhancing OER
efficiency by reducing overpotential and improving electrocatalytic performance. & ® Current
research efforts are thus concentrated on developing highly active OER electrocatalysts to
advance further in the overall efficiency and materials-stability during electrocatalytic water
splitting. * ' The ideal OER electrocatalyst should possess high intrinsic activity and
demonstrate long-term electrochemical stability to withstand harsh reaction environments. 12
The current benchmark OER electrocatalysts are based on precious metals (e.g., Ir and Ru) and
their oxides (e.g., IrO2 and RuQ,). **® However, their low abundance, high cost, and poor
chemical stability in alkaline media pose a challenge to their tenable application and hence
demand the use of catalysts based on more earth-abundant and economic elements. 1"1° Hence,
significant efforts have been directed toward developing efficient OER catalysts using non-
precious transition metals. 2 2t Examples include materials based on nickel (Ni), cobalt (Co),
iron (Fe), and manganese (Mn) which have garnered substantial interest from researchers due
to their tunable physicochemical properties and electronic structures that could be used to tune
the resulting electrochemical activity. 222® In particular, combinations of different metals from
this library such as Ni and Co are favored for their adjustable chemical reactivity, theoretical
efficiency, and stability under alkaline conditions. 2”?° Ni-Co-based electrocatalysts also
possess suitable atomic and electronic structures exposing more active sites and atomic defects,
which show high activity, stability, and corrosion resistance during the OER process. 2> %
Next to the intrinsic properties of the catalyst, the characteristics of the final anode (the
electrode at which OER occurs) are equally important for defining the electrochemical activity

and stability in a setting relevant to technical application. This includes features such as the
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morphology and particle size, adhesion properties, wetting, and surface roughness of the final
electrode, which can all impact its final performance. To date, several physical, chemical, and
colloidal deposition techniques have been used to obtain anodes. 3! One promising method
among these is ultrasonic spray coating, which involves the spray deposition of an ink
containing the desired material onto a suitable support, thus achieving a compact active layer.
In the case of the electrode fabrication by ultrasonic spray coating, the process involves multiple
stages starting from the powder material preparation followed by the formulation of a stable
catalyst ink and final spray deposition to obtain solid electrodes. This demands characterization
and continuous optimization throughout the entire process chain rather than focusing on only
one stage during the anode development. Optimization of the electrode in each stage is crucial
as this affects the following stage and defines the extrinsic properties of the final anodes and

their performance. 32

However, comprehensive studies encompassing full system
characterization and optimization within a coherent workflow remain rare, particularly for
critically important material systems such as Ni-Co-based anodes for alkaline water
electrolysis.

Herein, we present a coherent workflow for Nickel-Cobalt-oxide (Ni-Co-O) for alkaline OER
through the entire anode development chain. Our investigations start with a thorough
characterization of the commercial Ni-Co-O powder, followed by the development and
formulation of a stable catalyst ink, and final fabrication of electrodes on Ni plates through
ultrasonic spray coating. In each step, we utilized a set of tools to identify and optimize crucial
properties that influence the final application of these electrodes. At the end of the electrode
deposition stage, surface morphology changes along with the removal of the binder are induced
by anode layer post-processing under N»-plasma, significantly enhancing the OER
performance. Our in-depth pre- and post-electrocatalyst analysis by X-ray absorption
spectroscopy together with operando Raman studies between the as-prepared and plasma-
treated films correlate the higher plasma-induced activity to both, an enhanced Fe-uptake
efficiency, and improved structural redox flexibility of plasma-treated anodes compared to their
as-prepared counterparts. By closing the loop from powder studies to layer property assessment
before and after plasma-post-processing, electrochemical characterization, operando, and post-
mortem studies, the developed coherent workflow enables a continuous and knowledge-based

electrode advancement within the available wide parameter space.



2. Results and discussion

2.1. Characterization of the Ni-Co-O powder

2.1.1. Particle size and composition analysis

The Ni-Co-O commercial powder was first thoroughly characterized by a set of complementary
analytical techniques before being used in the subsequent steps, i.e., generating Ni-Co-O
catalyst inks, followed by their coating on Ni plate substrates. Initially, transmission electron
microscopy with energy dispersive X-Ray spectroscopy (TEM-EDX) was employed to evaluate
the morphology of the Ni-Co-O particles as well as their bulk composition. Figure 1 depicts a
typical TEM image together with the crystal structure and EDX maps of the Ni-Co-O particles.
The commercial Ni-Co-O particles exhibit a cube-like shape with largely varying primary
particle sizes in the range 10-150 nm (Figure 1a) with a mean particle size (diagonally measured
on more than 200 particles) of 5441 nm (inset). Figure 1b depicts the selected area electron
diffraction (SAED) analysis performed on the Ni-Co-O particles that evidenced a
polycrystalline structure with crystal reflections along different planes. To verify the crystal
structure, the d-spacings along different planes were measured and compared with standard
JCPDS data for a face-centered cubic (FCC) structure of substituted Ni-Co-O phase with lattice
parameter 4.2156 A. The corresponding standard JCPDS files for NiO (47-1049, a= 4.1771 A
33) and CoO (48-1719, a=4.2612 A 34) were used to illustrate the FCC structure of the Ni-Co-
0.

Interplanar spacings of 2.4, 2.1, and 1.49 nm were measured which correspond to the (111),
(200), and (220) planes of FCC Ni-Co-O. In the case of Ni-Co-O, the estimated d-spacing
values show slight shifts from that of the pristine NiO or CoO, thus confirming a solid solution
mixture. % In agreement with the SAED measurements, the high-resolution TEM (HRTEM)
image in Figure 1c clearly shows crystalline Ni-Co-O particles where the average value of the
interplanar distance measured was 0.24 nm which corresponds to the (111) reflection from the
FCC Ni-Co-O. It is worth noting that the used Ni-Co-O powder does not contain the binary

nickel cobaltite (NiCo204) which exhibits a cubic structure with different crystal parameters.
36
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Figure 1 (a) TEM image of Ni-Co-O powder showing cubic-shaped particles with the size
histogram in the inset; (b) SAED pattern showing the polycrystalline structure with selected
crystal reflections marked; (c) HR-TEM image of a crystalline Ni-Co-O particle with the
measured interplanar spacing marked; (d) EDX map showing a homogeneous distribution of

Co, Ni, and O in each particle. Scale bars are given in the respective images.

The energy dispersive X-ray analysis (EDX) on the Ni-Co-O particles confirmed the presence
of all expected elements (Ni, Co, and O) in each particle as shown in Figure 1d. This excludes
the presence of individual, coexisting NiO and CoO phases in these particles, in line with the
specifications of the manufacturer. The average bulk composition showed almost equal Ni and
Co concentrations (20 and 19.2 at% for Co and Ni, respectively) (Figure S1).

2.1.2. Structure and surface chemical analysis of the powder

After characterizing individual Ni-Co-O particles by TEM, we conducted X-ray diffraction
(XRD), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS) on the powder
ensemble to further confirm the crystal structure, phases, and surface composition. By XRD
analysis on the Ni-Co-O powder (Figure 2a), we identified five major reflections at 26 values
of 36.9, 42.9, 62.2, 74.6, and 78.5° corresponding to the (111), (200), (220), (311), and (222)
crystal planes of a single FCC structure. It has to be noted that all these identified reflections
show a slight shift in their positions from the standard NiO (ICDD # 65-2901) or CoO (ICDD
# 74-2391) phases and thus underline the formation of a different FCC solid solution with a

lattice parameter value of 4.22 A within the space group Fm-3m as determined from Rietveld
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refinement. According to Vegard’s law which defines a linear relationship between the molar
ratios of the constituent elements and the lattice parameter of the resulted alloy, 3 both phases
CoO and NiO are present in an approximately equal ratio of 50:50. These XRD results agree
well with a previously reported study on a NiO-CoO solid solution obtained by calcination of
a Ni(NO3), and Co(NOs), mixture. 38 Overall, the XRD results further confirm the single FCC
phase in the Ni-Co-O powder excluding segregation into individual NiO or CoO phases, and
thus agree well with the previous SAED and HRTEM results.
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Figure 2 (a) XRD pattern; (b) Raman spectrum; (c) Ni2p high-resolution and (d) Co2p high-

resolution XPS peaks of the Ni-Co-O powder sample.

The Raman spectrum of the Ni-Co-O powder is characterized by four major Raman bands
located at 185, 462, 506, and 656 cm™ as shown in Figure 2b. These bands correspond to the
Fog, E2g, F2g, and Aqg vibrational modes of Co-O and Ni-O vibrations and are close to those

reported for NiCoO, thus validating a single-phase Ni-Co-O in the powder. *°
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The surface composition of the Ni-Co-O powder was further analyzed by XPS. Figures 2c¢ and
d show XPS high-resolution spectra of Ni2p, and Co2p regions, respectively. The Ni2p
spectrum is deconvoluted and separated into four components, the two spin-orbit-split Ni 2pz/.
and 2p12 excitations together with two associated satellite peaks (Figure 2c¢). The Ni2ps. and
Ni2p12 peaks are located at binding energy values of ~856.2 and ~873.8 eV aligning with Ni
bound to oxygen, thus excluding the presence of metallic Ni in the powder. *° The Co 2p
spectrum, constituted by the spin-orbit-split 2p peaks and 2 satellite peaks, show binding energy
positions of ~781.2 and 796.8 eVs for the Co 2ps2 and 2p12) peaks (Figure 2d) as well as the
satellite peaks located at ~785.2 and ~803.5 eV. Together with the previous discussions, this
confirms the presence of a Ni-Co-O phase. ** Although the existence of Ni and Co as oxides
can be confirmed, a detailed analysis of the exact oxide phases and quantification of Ni to Co
ratio only from the 2p regions in XPS is challenging because of an overlap of Auger features
of nickel (hydr)oxide in the Co2p region, and cobalt (hydr)oxide in the Ni2p region. > To
estimate the Ni/Co ratio on the surface, the 3p region of Ni and Co was thus analyzed, resulting
in 51 % Ni and 49 % Co in the powder samples. This is in line with the nominal composition
of the Ni-Co-O powder and close to the composition that was previously estimated from XRD
(NiO:CoO ~ 50:50). This also indicates that the Ni-Co-O powder used here shows an almost

equal bulk and surface chemical composition.

2.1.3. Dispersibility by Hansen solubility parameters (HSP)

Understanding the intricate relationship between probe liquids and catalyst materials in a
colloidal dispersion is crucial since liquids are used to transport catalyst materials throughout
the coating and drying process. Hence, after thoroughly characterizing the Ni-Co-O powder in
the dry state, we analyzed the powder-liquid interaction with probe liquids of known polarity
to assess the particles’ surface properties and to rationally select the composition of the
continuous phase for the ink formulation.

According to HSP, the three parameters from dispersion forces (6D), dipolar intermolecular
force (6P), and hydrogen bonds (6H) between probe liquids and catalyst particles can be
represented as coordinates in the three-dimensional Hansen space. >#* In line with our previous
works, we used the two-step procedure of Amin et al. to select the appropriate probe liquids. 4
In the first step, all three initial probe liquids namely ethanol (EtOH), dimethylformamide
(DMF), and tetrahydrofuran (THF), formed good dispersions with Ni-Co-O. This meant that

the material interacted well with all protic, aprotic, and polar probe liquids. Hence, in the second
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step, isopropanol (IPA), acetone (Ace), dimethyl sulfoxide (DMSO), 1,4. Dioxane (Diox) and
toluene (Tol) were added.

The relative sedimentation times, determined from integral extinctions of the sedimenting
dispersions, were used to rank these eight probe liquids from the best to the least compatible
solvent (details in section 4.2.1). The HSPiP program was used to calculate the HSP of the
material using the automated-addition-method developed by SiiR et al. *¢ Accordingly, the
resulting HSP of Ni-Co-O and sphere are shown in Figure 3.

TT25 Material Ni-Co-0O
208 Disperse interactions &p (MPa'?)| 15.2
T
15 S Polar interactions 5p (MPa'’?) 12.3
S—
>
10§ Hydrogen bonding &y (MPa'?) 13.6
g
S
§ Sphere radius (MPa™?) 6.9
Outliers 0
AN
Fitting 1

Figure 3 HSP determination of Ni-Co-O with probe liquid selection done by the two-step
procedure followed by automated addition to determine the final HSP. The HSP of Ni- Co-O
(a) is shown with the sphere outline representing the region of good interaction with solvents,

while HSP coordinates are summarized in the table on the right.

This study reveals a higher contribution to hydrogen bonding interactions and dipolar
interactions allowing the catalyst powder to disperse readily in most of the probe liquids. Here,
it should be noted that water was not considered within the given HSP sphere due to its high
hydrogen bonding capabilities (SH = 42 MPa'?), making a large distance compared to other
chosen solvents. > However, due to cost considerations and since water is one of the commonly

used liquids in generating stable catalyst inks, we included water in the final ink formulations.

47

2.1.4. Ni-Co-0 ink formulation



The sedimentation behavior of catalyst nanopowders in different solvent systems is shown in
Figure 4. Transmittograms “¢ were used to analyze dispersions prepared in both pure water and
a water-ethanol mixture with Nafion binder. These transmittograms, which are contour plots
illustrating time- and space-resolved transmission data, were generated from centrifugation data
to offer insights into sedimentation dynamics and colloidal stability.

In each transmittogram, the x-axis represents the elapsed time since centrifugation began, and
the y-axis shows the radial position within the centrifuge cell. Transmission values are
represented by varying gray tones, with darker tones indicating higher levels of light blockage
due to scattering, corresponding to higher particle concentration at a given time and position.
Figure 4 compares sedimentation profiles for the two solvent systems: (a) pure water and (b) a
1:1 water-ethanol mixture, both containing Nafion as the binder. In the pure water system
(Figure 4a), sedimentation occurs quickly, with high transmission levels appearing early in the
process and minimal gradient development, suggesting rapid particle settling. In contrast, the
water-ethanol mixture (Figure 4b) exhibits slower sedimentation with a more gradual
transmission gradient over time, indicating a reduced particle settling rate and improved
stability.

Under a relative centrifugal acceleration (RCA) of 733.69, complete sedimentation of particles
in the water-based dispersion occurred in approximately 8 minutes, equivalent to roughly 4
days, and 8 hours under stationary conditions (RCA = 1). For the water-ethanol mixture,
complete sedimentation took approximately 25 minutes, translating to around 13 days and 2
hours under stationary conditions. The slower sedimentation rate observed with the water-
ethanol system suggests that this solvent combination improves colloidal stability, potentially
making it more suitable for applications requiring prolonged stability and homogeneous anode

layers. 4°
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Figure 4 Visualization of the time-resolved sedimentation process via transmittograms: (a) Ink
prepared using pure water as a solvent, (b) ink prepared using a mixture of water and ethanol
as continuous phase (1:1 volume ratio), both containing Nafion as a binder.

2.2. Ni-Co-O layer deposition and plasma post-treatment

Coated Ni-Co-O layers were obtained by spray deposition of the Ni-Co-O ink onto Ni plate
substrates (Figure 5a), for details see section 4.3. Ultrasonic spray coating possesses several
advantages in general such as good reproducibility and transfer efficiency, precise conformal
coating, and simplicity. ° After the deposition of the layers on Ni plates, the resulting Ni/Ni-
Co-0 samples were post-treated under a nitrogen plasma. Plasma treatment was applied due to
its capability to induce changes in the surface properties, such as morphology, wettability, as
well as chemical composition, in particular altering the oxide phases which are all crucial in
alkaline water electrolysis. °* %2 A first indication for a successful modification of the surface
is given already by a change in visual appearance, as the plasma-processed electrodes appeared
darker compared to the as-prepared Ni-Co-O layers (Figure S2). A comprehensive analysis of
the plasma-induced changes in the physicochemical properties of the anode is discussed in

detail in the following sections.

2.2.1 Surface topography of the Ni-Co-O layers

To identify the surface of the electrodes before and after plasma treatment, scanning electron
microscopy (SEM) analysis was performed on the coated Ni-Co-O layers. When Kong et al.
applied post-treatment by nitrogen plasma onto NiCo-layered double hydroxide (LDH), the
surface was distorted and roughened, and they found a higher density of micropores and

mesopores which were attributed to the bombardment of the energetic particles and active
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hydrogen-mediated etching inside the plasma. >3 Figure 5b and 5¢ show the surface morphology
of the as-prepared and plasma-treated Ni-Co-O at two different magnifications along with the
corresponding EDX mappings. Also in our case, a significant transformation of the surface of
the coated layers is noted after the plasma treatment. The more spherical particle-like structures
in the as-prepared films turn into a more interconnected flake-like structure with apparent
higher porosity after the plasma treatment. In particular, it is often reported that a more porous
structure of the catalyst layers is advantageous for electrochemical applications because the
electrodes exhibit increased surface area and fast mass diffusion leading to enhanced activity.
% Since the porosity might play a crucial role in their application as electrodes, a more detailed

analysis of the pore structure in these spray-deposited Ni-Co-O layers was indispensable.
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Figure 5 (a) Schematic representation showing the spray deposition of Ni-Co-O layers on Ni
plate substrates and the N> plasma post-treatment on the coated layers. SEM and EDX analysis
was conducted on the (b) as-prepared and (c) plasma-treated Ni-Co-O films deposited on Ni

plate substrates.

TEM analysis was subsequently conducted to determine the overall appearance of the Ni-Co-
O particles on the as-prepared and plasma-treated Ni-Co-O films and to investigate any changes

in the particle size after film deposition and plasma post-treatment (Figure S3). To this end,
12



particles were scratched from the spray-deposited layers on the Ni plate and subsequently
analyzed. The as-deposited Ni-Co-O layers showed an average particle size of 57 nm (Figure
S2a) thus matching the average size obtained for the commercial Ni-Co-O powder (54 nm).
Interestingly, plasma post-treatment led to a size reduction of the primary Ni-Co-O particles
down to ~14 nm which are more irregularly shaped as shown in Figure S2b. The EDX maps
conducted on the as-prepared Ni-Co-O samples identified all expected elements (Ni, Co, and
0), and in addition C from the Nafion binder used for the catalyst ink preparation (see
experimental section for details). In the case of the N2 plasma-treated Ni-Co-O particles, in
addition to the homogeneous distribution of Ni, Co, and O in the layer, N was also detected.

To evaluate the topography of the anodes in more detail, atomic force microscopy (AFM) was
employed and analyzed by multi-stage data quantification (MSDQ). ' Parameters utilized in
primary AFM studies are given in Table ST1. Figure 6a, b shows the surface topography of
the as-prepared and plasma-treated Ni-Co-O samples. The as-prepared sample has a higher
maximum surface height of 3.7 um, which reduces to 2.5 um after plasma treatment. This
visualization indicates that plasma treatment has impacted the surface height variation, aligning
with the previously discussed SEM top-view analysis. To further substantiate this observation,
we analyzed two surface features: surface roughness (representing height variation) and
homogeneity score (indicating the distribution of particles over the measured area of 100 x 100
um?). These features are visualized using a 2D kernel plot in Figure 6¢. *° As expected, the
reduction in surface roughness after plasma treatment correlates with an increased homogeneity
score and it is clearly seen that the exposure to the N2 plasma significantly alters the morphology

and thus microstructure of the anodes.
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Figure 6 AFM-MSDQ analysis: Topographical images of (a) as-prepared Ni-Co-O layer and
(b) plasma-treated layer. (c) 2D distribution of surface roughness and homogeneity score of

as-prepared and plasma-treated anodes.

2.2.2 Cross-section and pore network of the Ni-Co-O layers

To evaluate the differences in pore sizes between the as-prepared and plasma-treated samples,
focused ion beam (FIB)-SEM was employed. Figure 7 shows cross-section images of the as-
prepared, and the plasma-treated Ni-Co-O anodes, respectively. The pore coverage is defined
as the portion of void space within the catalyst layer and is a crucial parameter that affects mass
transport and access to active sites, directly influencing the catalytic performance of the layer.
% The estimated pore coverage in the as-prepared and plasma-treated Ni-Co-O layers (both
with thicknesses in the range 350-400 nm) are 11 and 14 %, respectively, along with a slight
expansion of the coated layer after the plasma treatment. While a clear boundary with less pore
density is observed at the interface between the substrate and the catalyst layer in the as-
prepared films (highlighted by the horizontal dashed line in 7a), the plasma-treated films show

a much smoother interface. We assume that the interaction of the deposited Ni-Co-O layers
14



with the charged species in the plasma might have led to enhancing the contact between the
coated layer and the substrate, likely induced by a layer rearrangement due to the energy input
and the removal of the binder. This results in a more uniform layer and a smoother substrate-
coated layer interface after the plasma treatment. The higher pore density in the plasma-treated
Ni-Co-O films is also further validated by mercury intrusion porosimetry (MIP) measurements
(Figure S4) where in particular the abundance of pores of sizes starting from 200 nm is much
higher in the plasma-treated layers. It is worth noting here that porous structures are expected
to be beneficial for electrocatalytic water splitting as they can provide more surface active sites

and enable easier mass diffusion.
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Figure 7 FIB-SEM images showing the pore coverage in both (a) as-prepared and (b) plasma-
treated Ni-Co-O layers. The horizontal dotted line in (a) indicates the boundary between the

coated Ni-Co-O layer and the substrate and zoom-in images are given for better clarity.

2.2.3 Crystal structure, surface composition, and wettability of Ni-Co-O layers

After understanding the microstructure of the as-prepared and plasma-treated Ni-Co-O samples
in detail, we now turn to the crystal structure and surface chemical state analysis of these layers.
XRD was performed on the coated layers before and after the plasma treatment to identify
changes in the structure compared to the Ni-Co-O powder precursor and due to the plasma
treatment. Figure 8a shows the XRD spectra of the as-prepared and plasma-treated Ni-Co-O
layers on Ni plates. In general, the deposited Ni-Co-O layer exhibits the same crystal structure
as the Ni-Co-O powder (Figure 2a), in addition, the reflections are observed at 20 values of
44.5, 51.8, and 76.4° that can be assigned to the Ni substrate with FCC structure ICDD# 04-
0850. However, no apparent shift in the Ni-Co-O reflections on the layers was observed either

in the as-prepared or plasma-treated layers, confirming that the initial bulk crystal structure of
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the powder is preserved in the spray-deposited films and after the post-plasma processing.
While lattice parameters of the as-prepared and plasma-treated samples exhibit similar values,
the crystallite size decreased after the plasma treatment from ~80 to 74 nm (Figure 8b).

Since XRD is dominated by bulk information, we additionally performed XPS analysis on the
as-prepared and plasma-treated Ni-Co-O layers to further explore plasma-induced surface
chemical changes, which is highly relevant with respect to the application of the samples as
electrocatalysts. *® Figure 8c depicts XPS survey spectra of both as-prepared and plasma-treated
Ni-Co-O layers. The most obvious observation is that the high-intensity F1s peak observed at
ca. 690 eV in the as-prepared sample, attributed to the Fluorine in the Nafion binder (see the
experimental section 4.2.2 for details), is not present anymore in the plasma-treated sample.
Simultaneously, the major C1s contribution in the as-prepared Ni-Co-O is assigned to -CF»-
CF»- from Nafion which disappears after the plasma treatment along with the emergence of N-
containing species (Figure S5). Both changes indicate the surface removal of Nafion due to the
plasma processing of the layer together with the incorporation of nitrogen. Due to the Fluorine-
KLL auger interference (at ~835 eV) in the region of the Ni2p, features analysis of Ni and Co
was restricted to the 3p region (Figure 8d). The O, Ni, and Co signals showed a significantly
increased intensity after the plasma processing due to Nafion removal from the surface of the
Ni-Co-O layer, further corroborating the finding of Nafion removal and the higher availability
of Co and Ni sites on the surface upon plasma treatment. Though no obvious changes in the
Ni3p and Co3p peak shape could be identified (Figure S6), the XPS quantification of the
surface composition showed a significant increase in the Ni:Co ratio after the plasma treatment.
More than twice Ni (than Co) was found on the plasma-treated Ni-Co-O electrode surface
(Figure 8d) due to additional contributions from the Ni substrate.

To compare the surface wettability of the as-prepared and plasma-treated Ni-Co-O layers,
contact angle measurements were undertaken. The as-prepared Ni-Co-O electrode is
characterized by a hydrophobic surface with a contact angle of ~118° (Figure S7). In contrast,
the contact angle of the films after the plasma treatment could not be detected after the layers
had undergone the post-N2-plasma treatment. This is due to the highly hydrophilic surface
attributed mostly to the changes that occurred in the surface morphology together with the

removal of the binder.
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Figure 8 (a) XRD spectra of the as-prepared and plasma-treated Ni-Co-O films with marked
reflections corresponding to the Ni-Co-O FCC phase. The reflections marked by the arrow
correspond to the Ni substrate; (b) crystallite size and lattice parameter values derived from
Rietveld refinement for both films; (c) XPS survey spectra with significant elemental peaks

marked and (d) high-resolution XPS showing Ni and Co 3p region of the films.

2.3. Electrochemical OER performance of Ni-Co-O anodes

After characterizing the morphology, and physicochemical properties of the Ni-Co-O layers,
their electrochemical performance as anodes for the OER was evaluated. Figure 9a, b compares
the constant operation at 100 mA cm2 for 2 h for as-prepared and plasma-treated Ni-Co-O
anodes in a beaker cell configuration, using 1 M KOH electrolyte with controlled Fe

concentrations of 15 ppb and 110 ppb.
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In the initial study with 15 ppb Fe in KOH (Figure 9a), the coated electrodes demonstrated
significantly higher activity, i.e. 1136 mV lower overpotential at the end of the
chronopotentiometry (CP), compared to pristine Ni plate supports. This is logical, as pure Ni
electrodes are mostly inactive in low Fe-electrolytes, > while the addition of Co enhances the
activity of Ni-based electrodes. 8 Furthermore, plasma-treated electrodes showed a notable
improvement in the overall reproducibility of the measurement, with an 82 % reduction in
standard deviation compared to the as-prepared electrodes, as indicated in the legend. This
indicates that plasma treatment effectively altered the surface chemistry and irregularities,
leading to more uniform and compact surface structures, which align with the surface topology
discussed in Section 2.2.1. Comparing the end-potential after the two hours of CP
measurements in the low iron-containing electrolyte, the plasma-treated Ni-Co-O (1.690 V vs.
RHE) showed a ~10 mV reduction compared to as-prepared Ni-Co-O (1.698 V vs. RHE).
Though small, this difference is significant, especially given the low standard deviation of the
plasma-treated samples.

When tested with 110 ppb Fe in KOH (Figure 9b), which is a more realistic iron concentration
for alkaline electrolyzers, the plasma-treated layers exhibited a significantly lower overpotential
after 2 h at 100 mA cm (1.574 V vs. RHE), compared to the as-prepared Ni-Co-O (1.617 V
vs. RHE), as demonstrated in Figure 9b. To further underpin these findings, measurements were
also conducted in a flow cell configuration, where comparable trends were observed (Figure
S8), highlighting the robustness of the plasma-treated catalyst layers across different
electrochemical test setups.

The same trend is corroborated by the activity CVs for all samples (Figure S9a and b). To
better understand this behavior, the conditioning of the electrodes is depicted in Figure 9c and
d. For the low iron-containing electrolyte (Figure 9c), the charge passed during the oxidation
and reduction of the electrodes is similar for the plasma-treated and the as-prepared sample.
However, there is a significant charge increase for the plasma-treated samples in the higher
iron-containing electrolyte (Figure 9d). The transferred charge can be linked to the development
of an OER-active hydroxide layer during the phase transition from Ni(OH): to NIOOH on the
catalyst surface at higher potentials, resulting in the formation of a structure resembling
NixOOH/CoxOOH. > Mattinen et al. have shown that this oxide formation is dependent on the
investigated material but also on the iron concentration in the electrolyte. © Hence, we assume
that plasma treatment favors the faster formation of Nix/Cox-(Fe)OOH, compared to the as-

prepared samples, which is shown in the larger oxidation and reduction peaks. The higher
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porosity of the plasma-treated samples could also facilitate the diffusion of the OH-, resulting

in a faster conversion of the hydroxide.
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Figure 9 (a) and (b): Chronopotentiometry (CP) for 2 h at 100 mA cmof as-prepared and
plasma-treated Ni-Co-O electrodes measured in a beaker cell in 1 MKOH containing (a) 15
ppb and (b) 110 ppb Fe. Electrochemical conditioning of anodes in (c) 15 ppb and (d) 110 ppb
containing 1 M KOH. Shown is the last of 50 cycles with a scan rate of 100 mV s for a potential
window of 0.2 V vs. RHE and 1.45 V vs. RHE.

Interestingly, in the higher iron-containing electrolyte, the performance of the bare Ni support
is better than the as-prepared samples (1.605 V vs. RHE after 2 h CP at 100 mA cm™, Figure
9b). We assume that for the bare nickel, the active NixFex-OOH species forms during the
conditioning of the samples, [59] due to the now elevated iron in the electrolyte. In low iron-
containing electrolytes, conditioning of nickel will still improve its activity, however, the
absolute activity is still significantly worse as compared to higher iron-containing electrolytes.
[58] This process could be faster for the bare nickel compared to the Ni-Co-0O, due to the already
oxidized state of the powder-based anodes, needing more time for the restructuring of the

surface into a similar Nix/Cox/Fex— OOH species.
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It is important to consider that the electrochemical active surface area (ECSA) of as-prepared
and plasma-treated samples may differ due to their distinct surface morphologies (Figure 5b,
c), making an evaluation of ECSA highly relevant. To investigate this, ECSA measurements
were performed for the beaker cell experiments using rapid CV cycling, as described in the
literature. 5 However, the capacitance values obtained should be interpreted with caution, as
the measured double-layer charging may overlap with effects such as continuous Ni and Co
oxidation. Despite this limitation, the capacitance values (Table ST2) showed a clear increase
for the plasma-treated samples compared to the as-prepared ones. While we refrain from
directly correlating this to larger ECSAs, the data qualitatively suggests that plasma treatment
induces noticeable morphological changes.

So far, we hypothesize that plasma treatment may favor the formation of hydroxides, improve
gas bubble transport due to an altered pore structure, remove Nafion from the surface, and
induce defects, thereby exposing more active sites for the reaction. Altogether, this
demonstrates the role of the Fe concentration in enhancing the catalytic performance and —
freelance of the test setup, underscores the effectiveness of plasma-treated Ni-Co-O anodes for
the alkaline OER. To better understand the impact of plasma treatment of Ni-Co-O on the OER
performance, we conducted X-ray absorption spectroscopy (XAS) measurements on pre- and
post-electrochemical samples, along with operando Raman analysis. These results are
discussed in the following section.

2.4. XAS and operando Raman measurements on Ni-Co-O anodes

Since the XPS analysis was complex for the Nafion-containing as-prepared Ni-Co-O films, to
further evaluate the changes of the near-surface electronic structure induced by the plasma
treatment, we applied a multi-element analysis by XAS in total electron yield (TEY) mode at
the N, O and F K-edge, as well as at the Fe, Co and Ni L-edges. To obtain knowledge about
further surface changes induced during electrochemistry, samples were also analyzed after
electrochemical characterization. Comparison of Ni and Co L-edge spectra with different
reference spectra demonstrates that before the plasma treatment, Ni and Co were both mainly
in a 2+ oxidation state (Figures S10 and S11). The main features of the O K-edge spectrum of
the plasma-treated sample coincide with the main features of the Ni- and Co-oxide reference
spectra (Figure 10). The vertical lines in Figure 10 facilitate a direct comparison of the main
spectral features with corresponding references. In the spectrum of the as-prepared sample,

these features are superimposed by the contributions that we assign to O in the Nafion binder.
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These findings are in line with the presence of the mixed oxidic rock salt Ni-Co-O phase in
both, the as-prepared and plasma-treated layers. Spectroscopic changes of the Ni and Co L-
edges after plasma treatment indicate partial oxidation of Ni?* to Ni** (indicated by a slight
intensity increase at 854.6 eV, Figure S10) and Co?* to Co®" (indicated by a notable intensity
decrease at 776.9 eV, 778.2 eV, and 778.6 eV accompanied with an intensity increase at
780.2 eV, Figure S11). The Ni oxidation is also reflected in the feature at 528.9 eV in the O K-
edge spectra of the plasma-treated sample. 52 53

Further, N K-edge spectra confirm that nitrogen is implemented into the surface of the plasma-
treated sample and suggest the formation of nitride species. However, evaluating the electronic
structure of the N species remains challenging because the N K-edge spectrum appears to be
distorted due to an intensity modulation induced by a SisN4 window, which is implemented in
the setup we used (Figure S11). In addition, it was observed that the intensity of the F K-edge
vanishes after plasma treatment. This is in line with EDX results and corroborates the finding
of successful removal of the Nafion binder after the plasma treatment (Figure S13).
Furthermore, TEY XAS allows us to examine differences in the near-surface electronic
structure present after the electrochemical characterization of the material between the plasma-
treated and as-prepared Ni-Co-O. The changes in the O K-edge spectra (Figure 10) together
with the changes in the Ni and Co L-edge spectra (Figure S14-S18) indicate a partial
transformation of the Ni-Co-O phase in both samples into a Ni-Co hydroxide phase, as
demonstrated by comparison with reference spectra. Along with the structural transformation,
the Ni and Co species at the surface of the as-prepared sample become partially oxidized (Figure
S11 and Figure S13). This partial oxidation is particularly pronounced for Co.

In contrast, in the plasma-treated sample, in which Ni®* and Co** contributions were detected,
the Ni and Co oxidation states appear to be slightly reduced after applying the electrochemical
protocol (Figure S12 and Figure S14). The lower metal oxidation states after electrochemical
treatment probably indicate better reversibility of the metal oxidation taking place during OER.
This is an indication of structural changes in the active phase and might be correlated with the
enhanced Ni/Co-ratio on the surface of the plasma-treated sample observed via XPS. It has to
be noted here that the surface sensitivity of XAS in TEY mode is not necessarily identical,
although both are in the nm regime. Such compositional changes influence the OER activity %
and may contribute to the observed differences in electrochemical performance. Most
interestingly the Co oxidation state before and post electrochemistry appears more stable in the

plasma-treated sample compared to the as-prepared anode, which could be explained by the
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lower amount of Co at the surface being stabilized in the bulk, and thus less involvement in the

surface reactions.
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Figure 10 Averaged O K-edge spectra of the as-prepared and the plasma-treated samples

before and after the electrochemical treatment, normalized to their maximum in comparison

with reference spectra. The spectra of the as-prepared samples were scaled by a f The literature

spectra are taken from Bergmann et al.%. The vertical lines serve as a guide to the eye to

facilitate better comparison of the main spectroscopic features with the reference spectra.

Another important observation was made at the Fe L-edges, where a small Fe L-edge
contribution can be seen only in the spectra of the as-prepared sample indicating some Fe
impurities to be present on the surface, which vanished after the plasma treatment (Figure S18).
After the electrochemical treatment, only apparent oxidation (indicated by the change in the
spectral shape) but no obvious changes in the Fe Lz edge intensity were observed for the as-
prepared sample while the Fe signal in the plasma-treated sample showed a strong increase in
the Fe signal significantly exceeding that of the as-prepared anode. This indicates a facilitated
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Fe-uptake for the plasma-treated Ni-Co-O compared to the as-prepared sample. This is perfectly
in line with the observed higher electrocatalytic activity, as the implementation of Fe increased
the activity of Ni-Co catalysts severely. % The presence of these Fe* species (Figure S18 and
S19) can be attributed to the Fe-containing KOH electrolyte used in our work to mimic
application-relevant conditions.

In contrast to the plasma-treated electrode, on which the Nafion was removed by the plasma,
the as-prepared electrode still has Nafion present on its surface after the electrochemical
treatment, as indicated by the F K-edge spectra (Figure S13). Interestingly, the overall intensity
of the F signal even increased after electrochemical treatment, which might originate from the
loss of some loosely bound catalyst particles thus exposing more binder. We hypothesize that
this Nafion coverage reduces the ECSA, which may also contribute to the lower OER activity
of the as-prepared electrode compared to the plasma-treated one. Further, measurement at the
N K-edge (Figure S12) clearly shows a partial nitrogen implementation by the N2 plasma that
partly stays in the sample also after the electrochemical treatment. Consequently, we cannot
exclude the possibility of nitrogen being implemented in the active phase, probably modifying
its activity. Hence, nitrogen implementation may also contribute to the observed performance
differences between the plasma-treated and as-prepared anodes.

As the XAS measurements on the as-prepared and plasma-treated Ni-Co-O layers before and
after electrochemical tests indicated significant differences as mentioned above, to gain a more
dynamic insight into their electrochemical performances, we conducted operando Raman
measurements. For the operando Raman measurements, both samples were first conditioned
using a CV protocol (see Experimental section 4.12 for details) before recording the Raman
spectra. Raman spectra were then collected at selected potentials based on the features observed
from a low scan rate cyclic voltammetry (CV) scan (Figure S20) to identify and compare

dynamic changes in the active phases in these two electrodes.
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Figure 11 Operando Raman measurements in 1M KOH on (a) as-prepared and (b) plasma-

treated Ni-Co-O layers under constant applied potentials in chronoamperometry
measurements. The sequence of applied potentials is shown in the figure legends.

Figure 11 shows the operando Raman measurements conducted on the (a) as-prepared and (b)
plasma-treated Ni-Co-O electrodes. Raman spectra of the as-prepared Ni-Co-O layer exhibit
two major Raman bands located around 460 and 538 cm™ at an applied potential of 1.0 V vs.
RHE which can be assigned to Ni-O vibrations in Ni(OH).. ¢ During the anodic scan, these
bands are consistently observed with a small blue shift with increasing the potential up to 1.48 V
vs. RHE which is reversible upon applying the reductive potentials. This reproducible blue shift
during the anodic scan points to the shortening of the metal-oxygen bond length and thus an
increase of the polarizability due to the change of electron cloud distribution within the catalyst
layer. 8

In contrast, after the plasma treatment, there is only a broad Raman band observed starting at
470 cm™ at 1.0 V (Figure 11b). When the potential is stepwise anodically increased, a second
peak emerges at 541 cm™ which further increases the intensity at the OER onset potential of
1.5 V. The Raman band at 541 cm disappears again during the cathodic scan below 1.3 V. It
is reasonable in this case to expect the existence of (oxy-)hydroxy species during OER in these
catalysts. It has to be noted, that the potentials were not scanned to a region where OER starts
—to avoid interruptions due to bubble formation — and the Raman spectrum of the active phase
of the catalyst during OER might still differ from our results. However, Yang et al. reported the
broadening of the Ni-OOH species derived from Ni(OH). and a shoulder peak along with the
551 cm™ band to the co-existing Ni and Co-OOH in NiCo double hydroxides under applied
potentials in 1 M KOH. % Similarly, also in our operando investigations, a broader nature of

24



the Raman bands is observed in the plasma-treated electrode compared to the more defined
bands observed in the as-prepared Ni-Co-O layer. This suggests that the contribution of
different phases varies between the two samples during electrochemical testing or might also
result from plasma-induced defects in the crystal structure.

The nitrogen plasma treatment introduces significant structural and chemical modifications to
the Ni-Co-O catalyst, enhancing its catalytic performance for OER. Nitrogen plasma likely
induces nitrogen doping, leading to the formation of N-M bonds (M = Ni, Co) and oxygen
vacancies. These modifications are evidenced by the appearance of the 610 cm™ peak,
indicative of partial spinel-like features, and the shift of the 460 cm™ peak, reflecting changes
in lattice dynamics possibly due to nitrogen incorporation. Unlike oxygen plasma treatment,
which promotes oxidation and formation of fully spinel structures like C03Os, nitrogen plasma
enhances the material's conductivity and stability by introducing nitrogen species into the lattice
and partial spinel structures. These changes create additional active sites and prevent over-
oxidation, as observed by the weak 538 cm™ peak (CoOOH phase). Furthermore, plasma
treatment increases the surface area and porosity of the catalyst (Fig. 9c and d), providing
greater accessibility to active sites and improving mass transport. In comparison to the pristine
material, the plasma-treated catalyst demonstrates enhanced OER activity due to nitrogen
doping, which improves electron transport and creates new active sites; defect engineering,
which stabilizes catalytic intermediates; and improved stability, which reduces degradation
during prolonged OER operation.

Still, an accurate assignment of the Raman bands in each case is rather difficult and the focus
is therefore put on the significantly different potentiodynamic behavior of the spectra for the
as-prepared and plasma-treated electrodes where the latter shows a prominent reversible phase
change and a much more “flexible nature” in comparison to the as-prepared Ni-Co-O under
similar applied potentials, which might also be beneficial for activity improvement.

Finally, taking all data together, it is justified to assume that several factors contribute to the
enhanced activity of the plasma-treated Ni-Co-O electrodes:

(i) First, the surface morphology of the plasma-treated Ni-Co-O is significantly different
from that of the as-prepared layers in such a way that plasma-treatment induces a more
homogeneous surface with a larger share of primary particles and thus more surface area
that is exposed to the electrolyte.

(if) Second, the plasma treatment removed most of the organic species from the surface of
the electrodes, thus making the active material more accessible to the electrolyte. Both
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the more favorable surface morphology and binder removal directly affect the
electrochemically active surface area and density of active sites.

(i) Third, the plasma-treated Ni-Co-O films exhibited a highly hydrophilic surface
compared to the hydrophobic nature of the surface in the as-prepared films, due to the
changes induced in the surface morphology and removal of surface binder.

(iv) Fourth, XAS studies highlight a higher Fe-uptake by the plasma-treated electrode than
the as-prepared Ni-Co-O, together with differences in the surface metal-oxide species
between the two types of anodes, and additionally indicate some nitrogen incorporation
due to the plasma processing.

(v) Fifth, the Raman features for the plasma-treated samples appear broader compared to
the as-prepared samples, indicating the presence of a different phase composition or
induced defects in the surface layers.

(vi) Sixth, both XAS and operando Raman studies underline a more reversible oxidation
behavior in the plasma-treated layers when used as anodes in OER which further

influences the activity.

Disentangling the individual effects of each of these phenomena on the OER performance is
beyond the scope of this work, however, our findings pave the way for extensive future research
in this direction. The coherent workflow for multi-stage anode development enabled this
systematic investigation, starting from the micro powder through ink formulation to electrode
coating, surface treatment by N2 plasma, and subsequent application of the electrodes as OER
catalysts (Figure 12). Finally, the effectiveness of the plasma post-treatment on the OER
performance of spray-coated Ni-Co-O is demonstrated as an efficient, potentially scalable way
to obtain binder-free, potent anodes, even from commercial materials, by proper processing.
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Figure 12 Schematic representation of the coherent workflow cycle starting from the initial
powder selection and characterization through ink formulation, catalyst deposition, and
plasma post-treatment-induced changes leading to the observed, significantly enhanced OER

performance.

3. Conclusion

In conclusion, we have demonstrated a systematic approach to characterize transition-metal-
oxide catalysts from their initial powder state along the process chain from catalyst inks to
coated layers, enabling in-depth understanding, comparability, and a multistage optimization
pathway using Ni-Co-O as a model system. At each stage, the material was meticulously
analyzed using a comprehensive set of analytical tools, and insights into powder properties, ink
formulation, and layer characteristics were leveraged to further refine the system. We chose a
commercial Ni-Co-O powder as an example material and first developed a stable catalyst ink
by evaluating its Hansen Solubility Parameters. Subsequently, Ni-Co-O films were obtained
through spray coating onto Ni plate substrates that were post-processed by means of N2 plasma

to modify the active layer in terms of morphology, pore structure, wettability, and surface
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chemistry. The plasma treatment significantly altered the Ni-Co-O films, resulting in a distinct
surface morphology and increased accessibility of the active material by removing organic
species. The plasma-treated Ni-Co-O layers also exhibited a highly hydrophilic surface,
facilitating interaction with the electrolyte. XAS studies indicated a higher Fe uptake from the
electrolyte and nitrogen incorporation upon plasma treatment and further pointed to differences
in the surface metal-oxide composition, while operando Raman studies showed a more
reversible oxidation behavior in the plasma-treated layers. Overall, these modifications
contributed to an enhanced OER performance of the Ni-Co-O anodes due to the plasma post-
treatment with enhanced reproducibility.

The gained, excellent OER performance of the generated anodes underlines the necessity for a
thorough continuous characterization of catalysts throughout the entire process chain and
highlights the decisive role of plasma post-treatment in further optimizing the anode layer
properties. We believe that our approach is easily transferrable to other, similar transition-
metal-based systems where material properties can be fine-tuned to achieve high-performing
binder-free cost-effective catalysts for alkaline water electrolysis.

4. Experimental Section/Methods

4.1. Materials

Commercial NiO-CoO nanopowder, (99 %, CAS number 58591-45-0) was purchased from
Sigma-Aldrich. Deionized water (>18.1 MQ) was obtained from a Milli-Q system. Nafion™
perfluorosulfonic acid (PFSA) 5 % dispersions — D521, which was used as the binder, was
obtained from lon Power GmbH. For the spray deposition of the Ni-Co-O, nickel plates

(Ra<0.1, 99.2 %, HMW Hauner, pre-cut into 1x1 cm? pieces) were used as substrates.

4.2. Dispersion preparation and sedimentation analysis

4.2.1. Hansen solubility parameters

Dispersions were obtained by sonicating the Ni-Co-O powder in probe liquids with an
ultrasonic homogenizer (Branson). The probe liquids were selected according to the two-step
procedure developed by Amin et al. . In the first step, EtOH, DMF, and THF were used to
identify liquids that form good dispersions with the Ni-Co-O powder. Based on the stability of
the dispersion in the first step, additional probe liquids were screened in the second step and the
resulting probe liquids list was used to make the ranking for HSP determination according to

SuR et al.*®.
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Analytical centrifugation was used to sediment the dispersions using artificial gravity. The
dispersions were filled into measurement cells with 2 mm path length and inserted into a
LUMisizer LS651 (LUM GmbH) analytical centrifuge and centrifuged at 2000 rpm for 20 h at
20 °C using 410 nm wavelength light. After the measurement, transmission fingerprints were
generated by resolving the measurement time and position. Furthermore, transmittograms were

plotted from the sedimentation data as well.

4.2.2. Ink formulation

The catalyst ink was prepared in the following way: first 30 mg of the Ni-Co-O powder was
measured into a centrifuge tube followed by the addition of either 30 mL water or 30 mL
ethanol: water mixture (volume ratio 1:1 r.t.p). The so-obtained suspension was homogenized
by applying 18 minutes of probe sonication (Hielscher UP200Ht, Germany, ultrasonic
homogenizer operating at 26 kHz, 20 % amplitude) [37] in three equal intervals of 6 minutes.
Before commencing the last round of sonication, a small amount of Nafion (20 wt%) was also
added to the mixture. During the probe sonication, the ink was kept inside an ice bath to avoid

evaporation.

4.3 Spray coating of Ni-Co-O layers

Ni-Co-O layers were generated by spray coating the Ni-Co-O ink onto Ni plate substrates.
Before the spray deposition, nickel plates were cleaned ultrasonically first with de-ionized
water, followed by 1 M HCI solution, deionized water, acetone, and isopropanol to remove any
surface contaminants. An ultrasonic spray coater (Sono Tek Co., NY) with an air pressure of
30 mbar was used. The Ni plates were heated to 150 °C during spray deposition to facilitate
solvent evaporation from the substrate surface. All inks were applied at a constant flow rate of
0.4 mL/min, with a total of 20 layers deposited. To ensure a uniform coating, the first layer was
sprayed horizontally across the plate. For subsequent layers, the spray direction was alternated
by 90 degrees, with each new layer applied perpendicularly to the previous one. This alternating
pattern was repeated until all 20 layers were deposited. Approximately 8 mL of ink was sprayed
onto the Ni substrates, resulting in an average catalyst loading of ~120 pg/cm2, as confirmed

gravimetrically.

4.4. Plasma post-treatment on coated Ni-Co-O layers
After depositing Ni-Co-O films onto Ni plate substrates, the samples underwent a post-

treatment in a microwave plasma reactor. The plasma setup used in this work is a custom-built
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reactor, specifically designed to incorporate high flexibility in processing capabilities as well
as a high adaptability for later scaling and compatibility with industrial applications. A
commercially available 2.45 GHz IPLAS CYRANNUS I-6" plasma resonator is used as the
basis for the reactor. The samples were positioned on a glass sample holder within the reactor.
To eliminate contaminants, the reactor was first evacuated. Nitrogen gas was then introduced
into the reactor using mass flow controllers while maintaining the vacuum pump at full speed.
A gas flow rate of approximately 400 sccm was carefully adjusted to stabilize the reactor
pressure at 1 mbar. With a microwave power set to 1 kW, the plasma was ignited. E-H tuners
were employed to achieve the desired plasma mode and to minimize the reflected power. After
a treatment duration of 10 min, the plasma treatment was stopped. The gas supply was
subsequently shut off, and the reactor was once again evacuated to remove any residual gas.

Finally, the reactor was vented, allowing for the safe removal of the treated samples.

4.5. Morphology characterization of Ni-Co-O powder and films

4.5.1. TEM-EDX

The morphology, particle size, and elemental distribution of the Ni-Co-O powder were
determined using TEM with in-built EDX. TEM-EDX measurements were conducted using a
JEOL JEM-2200FS microscope and the sample was obtained by drying an aliquot of the Ni-
Co-0 micropowder suspended in an organic solvent on a carbon-coated Cu grid under ambient
conditions. In addition to the micropowder samples, the morphology of the spray-deposited Ni-
Co-0 samples as well as plasma-treated Ni-Co-O films was also analyzed by TEM. In this case,
the spray-deposited and plasma-treated films were scratched from the Ni substrates followed
by suspending them in an organic solvent to obtain a dispersion that could be drop-casted on
the TEM grids. The average particle size in each case was determined by measuring at least 200
particles in ImageJ (version 1.54f) software and then fitting the achieved histogram using a log-

normal function.

4.5.2. Scanning Electron Microscopy

Morphology of the Ni-Co-O films on the Ni plates was characterized using a Phenom desktop
scanning electron microscopy (SEM) from Thermo Fisher Scientific. SEM images were
acquired in the secondary electron mode with an acceleration voltage of 15 KeV. The bulk
composition of the as-prepared films and after plasma treatment were analyzed using an inbuilt
EDX detector in the SEM.
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4.5.3. Atomic Force Microscopy

The surface topography of the coated Ni-Co-O layers, both before and after plasma treatment,
was further characterized using AFM with the TOSCA 400 (Anton Paar Germany GmbH). In
our AFM analysis, we applied multistage data quantification (MSDQ) that we recently
developed to accurately extract quantitative and representative surface features. *’ The
methodologies and conditions followed in this study are consistent with those outlined in our
previous work, and the specific parameters used are detailed in the supporting information,

section S1.

4.5.4 Focused ion beam/Scanning electron microscopy

The FIB-SEM analysis was conducted to evaluate the pore structure in the as-prepared and
plasma-treated Ni-Co-O films. The catalyst layer on a Ni plate was mounted on an SEM sample
holder using copper tape. A Helios NanoLab 600i SEM equipped with a focused ion beam (FIB)
was employed for cross-sectional imaging. A protective platinum line (15 um x 0.5 pm, 0.5 pm
thick) was deposited to shield the underlying structure from high-energy FIBs. A rectangular
area (15 pm x 15 um) next to the platinum line was chosen, and a 2 um deep hole was created
using a 6.5 nA FIB beam current. The undamaged wall beneath the platinum deposition was
polished with lower current ion beams (up to 93 pA) to achieve a smooth cross-section. Finally,
images at various resolutions were captured using SEM. The images obtained were analyzed
using an image processing algorithm developed in Matlab (version R2023a). This algorithm
processes raw images from the FIB-SEM device, accepting formats such as tiff, jpeg, or png.
Initially, the contrast of the image is increased to enhance the pixel intensity difference between
the foreground (catalyst particles) and the background (pores). The preprocessed images were
then binarized, with black pixels representing catalyst particles and white pixels representing
pores. These binary images, essentially data sheets of 1’s and 0’s, are used to determine the
porosity. The ratio of white pixels to the total number of pixels corresponds to the porosity or
pore coverage of the catalyst layer.
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4.5.5. Mercury intrusion porosimetry

The pore size distribution of the catalyst layers was determined using an MIP (Anton Paar
Porosimeter 60). For each measurement, 20 pieces of Ni-Co-O catalyst-coated nickel plates,
each measuring 0.5 cm by 1 cm, were used. The samples were weighed before the
measurements to normalize the volume of mercury intruded, ensuring accurate and consistent
data.

4.6. X-ray photoelectron spectroscopy

Surface compositions of the Ni-Co-O films as well as the micropowder feed were determined
employing XPS. XPS measurements were conducted employing a custom-designed near
ambient pressure (NAP) XPS under ultra-high vacuum (~10" mbar). The system was equipped
with an Al-Ka X-ray source with monochromated X-rays having an energy of 1486.6 eV. The
peak deconvolution as well as data analysis was performed using CasaXPS software (version
2.3.26PR1.0). For the peak deconvolution, a Shirley-type background was used. For the XPS
analysis of the powder, a small amount was spread on a Cu tape while the spray-deposited films
were directly placed on the sample holder using the Cu tape, and a calibration using C1s at
285.0 eV was applied.

4.7. X-ray diffraction

XRD was performed on both the powder and films to evaluate the crystal structure properties.
XRD measurements were carried out using a Bruker D8 Advance diffractometer in the Bragg-
Brentano reflection mode with Cu Ka radiation (A = 1.54 A; 40 kV, 40 mA). For the Ni-Co0-O
micropowder analysis, particles were suspended in acetone and then drop-casted on a silicon
single-crystal sample holder to minimize scattering. Each sample was measured in the2@® range
from 5 to 90° with a step size of 0.01° and a counting time of 1.5 s, resulting in a total
measurement time of 3.5 h per sample. Qualitative phase analysis was done by Diffrac. Suite
EVA V7.1 (Bruker) with the patterns of Ni (#04-0850), Co (#15-0806), NiO (#65-2901), and
CoO (#74-2391) from the ICDD database. Quantitative Rietveld refinement was performed
with the software TOPAS 7.0 (Bruker) to calculate the lattice parameters and crystallite sizes.

4.8. Raman spectroscopy

Micro Raman analysis was used to explore the vibrational modes of the powder and film

samples. Raman analysis was conducted using a Thermo Scientific micro Raman instrument
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(make and model) equipped with a 532 nm excitation laser. However, for the analysis of the

Ni-Co-O powder sample, 783 nm laser excitation was used.

4.9 Contact angle measurements

Contact Angle Measurements of the as-prepared and plasma-treated Ni-Co-O layers were
conducted employing OCA15PRO equipment (Data Physics Instruments GmbH). The
measurements were carried out with 1 M KOH as the liquid which was dropped at a drop-eject-
rate of 5pL st with simultaneous capturing of the image from which the contact angles were

determined.

4.10 Electrochemical OER using Ni-Co-O films as anodes
Ni plates coated with Ni-Co-O layers were tested with and without plasma-treatment for their
electrochemical performance by using them as anodes for the alkaline OER in both flow cell

and beaker cell setups.

4.10.1 Beaker cell electrochemical measurements

Figure S21 shows the electrochemical protocol used in the beaker cell setup. In brief, the
electrodes were first electrochemically conditioned, by 50 CVs from 0.2-1.45 V vs. RHE with
a scan rate of 100 mV s*. Afterward, the initial OER activity is determined with 3 CVs from 1-
1.8 V vs. RHE at a scan rate of 5 mV s%. In the next step, the short-term stability of the samples
is determined by a CP measurement at 100 mA cm? for 2 h. The final OER activity is
determined with the same parameters as the initial activity. Before every protocol step, an
electrochemical impedance spectrum (300 kHz- 1 kHz @OCP with 10 mV rms AC voltage)
was obtained to determine the uncompensated resistance. If not stated otherwise, all potentials
are corrected for 100 % with the real impedance value obtained where the phase angle reaches
its value closest to zero. The measurements were performed at room temperature in 1 M KOH
with a controlled iron concentration of 15 ppb and 110 ppb. For all materials, a triple

determination was performed.

4.10.2 Flow cell electrochemical measurements

The flow cell setup to conduct OER experiments consisted of a two-compartment batch
electrochemical reactor made of PEEK with flow recirculation. This setup was chosen to closely
mimic the conditions encountered in practical applications (Figure S22). The electrode

compartments were separated by an anion exchange membrane (Fumatech fumasep FAA-3-
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PK-130, Quintech), which was activated in 1 M KOH at least 24 h before the experiment. We
used Ni-foam as a counter electrode (99.9 % purity, GoodFellow) and an Ag/AgCl (3.4 M KCI)
leak-free reference electrode (Innovative Instruments, Inc.). The working electrode was the
electrode to be tested, with a 0.95 cm?2 geometric area exposed to the electrolyte. The electrolyte
was 1 M KOH, prepared with KOH pellets (85 % purity, Sigma Aldrich) in ultrapure water
(MilliQ, 18.2 MQ cm). The electrolyte was recirculated from separate reservoirs through the
anode and cathode compartments at a constant flow rate of 9 mL min! by a peristaltic pump
(Minipulse 3 Gilson). N2 gas (99.995 %) was bubbling in both compartments during the
measurements.

We used a Metrohnm Autolab potentiostat/galvanostat PGSTAT204 for the electrochemical
measurements. The electrochemical program applied comprised seven steps:

1) Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) measured at open-circuit
potential (OCP) in a frequency range from 100 kHz to 1 Hz using 10 mV amplitude.

2) Conditioning of the electrode surface by registering 50 cyclic voltammograms (CV) at
100 mV s within the potential window from 0.2 to 1.47 V vs RHE.

3) Three CVs between 1 and 1.8 V vs RHE at 5 mV s™.

4) PEIS at OCP.

5) Chronopotentiometry (CP) at 100 mA cm™ for 2 h.

6) PEIS at OCP.

7) Three CVs between 1 and 1.8 V vs RHE at 5 mV s™.

For each electrode, all the measurements were conducted in triplicate. The recorded potentials
were converted from Ag/AgCI (3 M KCI) scale to the reversible hydrogen electrode (RHE)
scale using equations (1) and (2) * ™

ErHE = Emeasured + EOagiagel + 0.059 pH —1 - Ru 1)
pH =14 + log ([OH-]) + log (y) (2)

Erne: Working electrode potential vs. RHE (V) corrected 100 % manually for ohmic drop,
Emeasured: Measured potential at the working electrode vs. Ag/AgCl (3 M KCI), EcAg/AgCI:
Formal potential of Ag/AgCI (3 M KCI) vs. RHE (0.207 V), pH: pH value determined
considering the OH™ concentration and the activity coefficient of KOH in water (y = 0.766), i:
current in Amperes, Ru: Uncompensated resistance in Ohms, measured at high frequencies in
the Nyquist plots built with PEIS data.
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4.11 X-ray absorption spectroscopy

The XAS measurements were conducted in the near-ambient pressure XPS end station
connected to the ISISS beamline at the BESSY Il synchrotron radiation facility. The chamber
was operated at high vacuum conditions, while the total electron yield (TEY) signal was
collected on the analyzer nozzle, and the total fluorescence yield (TFY) signal was measured
by a photodiode. Two individual spectra were recorded on each spot, and two different spots
were measured on each sample. If not differently stated, the averaged spectra of these individual
measurements are shown. The spectra were divided by the mirror current to correct for flux
differences along the edge and a linear background was subtracted. The NiO and Ni(OH):
reference spectra were recorded with an equivalent strategy at the LiXEdrom experimental
station attached to the U49-2 PGM-1 beamline at the BESSY 11 synchrotron facility .

4.12 Operando Raman spectroscopy

Operando Raman measurements were performed using a commercial in situ Raman cell
obtained from the online platform redox.me coupled with Raman spectroscopy from
Oceanview with an excitation wavelength of 532 nm. The as-prepared and plasma-treated Ni-
Co-O/Ni electrodes were used as the working electrode, Pt wire as the counter, and Ag/AgCI
as the reference electrode in a three-electrode set-up. The electrodes were preconditioned for
300 CVs in 1 M KOH before the recording of the Raman spectra. Afterward, a few CVs with
lower scan rates were conducted to choose the potentials for the chronoamperometry
measurements during which Raman spectra were collected. Each potential was applied for
6 minutes, and Raman spectra were simultaneously recorded with an integration time of

1 minute in each case.

Supporting Information

Supporting Information is available from the Wiley Online Library or the author.
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We present a coherent workflow for Ni-Co-O anode optimization in alkaline oxygen evolution
(OER) reaction covering the entire process chain, integrating ink optimization, layer
development, and plasma post-processing. Plasma treatment enhanced surface morphology,
porosity, wettability, redox reversibility, and Fe uptake, thus overall enhancing the OER

performance compared to the as-prepared layers.
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Figure S2 Photographs showing the (a) as-prepared and (b) plasma-treated Ni-Co-O films

deposited on Ni plate substrates.



57 +28 nm

0 20 40 60 80 100120 140 160 180 200
Particle size (nm)

N
w
=]
F]
3

Ihad

0 20 40 60 80 100 120 140 160 180200

Particle size (nm)

Figure S3 TEM characterization of the (a) as-prepared and (b) plasma-treated Ni-Co-O films
with particle size distributions in the inset and respective EDX mappings showing the

distribution of the elements within the particles.

Table ST1 Parameters utilized in the primary AFM study.

Parameters
Hs (rosy) /-
Hs (ros2) /-
Hs (ros3) /-
Hs (rosa) /-

c/-

E /%
a/%
Xz /-

X /-

AP
0.8707
0.8588
0.8075
0.8786

0.032
2.5
95 %

10

PT
0.8842
0.8290
0.8651
0.8438

0.024

25

95 %

10
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Figure S4 Pore size distribution of as-prepared and plasma-treated Ni-Co-O anodes on Ni

substrate derived from mercury intrusion porosimetry (MIP)
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Figure S5 High-resolution C1s XPS spectra of as-prepared and plasma-treated Ni-Co-O

layers.
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Figure S6 XPS high-resolution spectra showing the Ni3p and Co3p regions in the Ni-Co-O

powder, as prepared and plasma-treated films.
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Figure S7 Contact angle measurements performed on the (a) as-prepared and (b) plasma-treated

Ni-Co-O films showing hydrophilic surface after the plasma treatment.
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Figure S8 Electrochemical measurements in flow cell in 1 M KOH containing 15 ppb KOH (a)
chronopotentiometry (CP) for 2 h at 100 mA cm of as-prepared and plasma-treated Ni-Co-O
electrodes (b) Cyclic Voltammetry (CV) activity curves recorded at the end of the protocol.
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Figure S9 CV activity curves recorded at the end of the protocol (5 mVs-1, 1V — 1.8 V vs.
RHE), for as-prepared and plasma-treated Ni-Co-O electrodes, measured in a beaker cell with
1 M KOH containing either 15 ppb (a) or 110 ppb (b) Fe. The data represents the final of three

cycles from a randomly selected sample within the respective triplicate measurements.



Table ST2 Double layer capacitance of the oxidative sweep for fast CV cycling obtained at a
potential of 1.05 V vs. RHE. The potential was cycled five times between 1.-1.1 V vs. RHE
with scan rates of 5 mV s-1, 10 mV s-1, 25 mV s-1, 50 mV s-1, and 100 mV s-1, respectively.

Sample Double layer capacitance [mF]

Plasma-treated Ni-Co-O

2.25+0.9

As prepared Ni-Co-O

0.13+0.01

Bare Ni

0.13+0.01

L)

L)

VNP —— Plasma-treated
' —— As-prepared

' Ni(OH)x TEY

' Ni(OH)x TFY

' — NiOx TFY
1
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1

1
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Figure S10 Averaged Ni L-edge spectra normalized to the maximum in comparison with
reference spectra. The maxima of the measured spectra are shifted to match the main maxima
of the reference spectra. The position of the maxima of the Ni?* and Ni** Ls-edges are indicated

by the wide-dashed lines.
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Figure S11 Averaged Co L-edge spectra normalized to the maximum in comparison with the
reference spectra. The maxima of the measured spectra are shifted to match the main maxima

of the reference spectra. Literature spectra are taken from Risch et al.! and Indra et al.? The

position of the maxima of the Co2+ and Co3+ L3-edges are indicated by the wide-dashed lines.
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Figure S12 TFY spectra recorded across the nitrogen K-edge. Two individual spectra were
recorded on each spot, two different spots were measured on each sample. This graph shows
the averaged spectra of these four individual measurements for all four samples. No further

correction was undertaken. The literature spectra are taken from Rodriguez et al.® and Pandey

et al.*
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Figure S13 Two individual F K-edge TEY spectra were recorded on each spot, two different
spots were measured on each sample. This graph shows the averaged spectra of these four
individual measurements for all four samples. A linear background was subtracted. The energy
calibration was stable between the measurements on one sample, but the energy shifts between
different samples. This is probably no sample effect, but a feature of the 1SISS beamline. The

features at 710 eV are related to the Fe Lz-edge (see also Figure S18)
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Figure S14 Averaged Ni L3-edge spectra normalized to the maximum in comparison with
reference spectra. The maxima of the measured spectra are shifted to match the main maxima
of the spectra measured on reference materials. The position of the maxima of the Ni?* and Ni®*
Ls-edges are indicated by the wide-dashed lines.
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Figure S15 Figure S12 Averaged Ni L3-edge spectra normalized to the maximum in
comparison with the reference spectra. The maxima of the measured spectra are shifted to match
the main maxima of the reference spectra. The position of the maxima of the Ni?* and Ni** Ls-
edges are indicated by the wide-dashed lines.
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Figure S16 Averaged Co L-edge spectra (not scaled) in comparison with the reference spectra.
The maxima of the measured spectra are shifted to match the main maximum of the reference
spectra. Literature spectra taken from Risch et al.* and Indra et al.? The position of the maxima

of the Co?" and Co®" Ls-edges are indicated by the wide-dashed lines.
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Figure S17 Averaged and scaled Co L-edge spectra in comparison with the reference spectra.
The maxima of the measured spectra are shifted to match the main maxima of the reference
spectra. Literature spectra taken from Risch et al.> and Indra et al.? The position of the maxima

of the Co2+ and Co3+ L3-edges are indicated by the wide-dashed lines.
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Figure S18 Averaged and scaled Fe L-edge spectra of the different samples. The position of

the maxima of the Fe?* and Fe3* Ls-edges are indicated by the wide-dashed lines.
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Figure S19 Averaged and scaled Fe L-edge spectrum of Plasma_Post Electrochemistry in
comparison with reference spectra. The maxima of the measured spectra are shifted to match

the main maxima of the reference spectra.
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Figure S20 Cyclic voltammograms at a scan rate of 5 mv/s from the (a) as prepared and (b)

plasma-treated Ni-Co-O films prior to the chronoamperometry measurements recorded during
the operando Raman measurements.
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Figure S21 Scheme of the experimental protocol used for OER measurements with the beaker

cell.
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Figure S22 a) Scheme of the two-compartment batch electrochemical reactor (flow cell); b)

Scheme of the experimental setup used for OER measurements with the flow cell.
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